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THESIS ABSTRACT 

The gastrointestinal (GI) tract and pancreatic islets are key components of the endocrine system, 

responsible for the release of an array of peptide hormones, which orchestrate metabolic 

homeostasis through regulation of energy intake, nutrient digestion, absorption and metabolism. 

Of numerous hormones released from the gut, the incretin hormones, glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), govern the secretion of both 

insulin and glucagon from pancreatic islets. Together, these hormones play a critical role in 

maintaining glucose homeostasis. Disrupted secretion and/or action of the incretins and 

pancreatic hormones underpins the development of type 2 diabetes (T2D) - a global epidemic 

characterised by elevated blood glucose concentrations and associated with devastating 

micro- and macro-vascular complications. Accordingly, an improved understanding of the 

physiology and pathophysiology of GI and pancreatic hormones in health and T2D is of major 

relevance to the development of effective strategies to both prevent and better manage T2D. This 

thesis comprises a series of clinical and preclinical evaluations that provide novel insights into 

the determinants of GI and islet hormone secretion (Chapters 3-6). In addition, it details the 

cross-disciplinary collaborative development of two ‘organ-on-a-chip’ platforms for dissecting 

the secretory function of both intestinal tissues and pancreatic islets (Chapters 7-8).  

 

Chapter 1 provides an overview of the secretion and action of GI hormones arising from the 

complex interaction between luminal nutrients/bioactive compounds and the gut mucosa, and 

details conventional and innovative research tools/platforms that are indispensable for the 

investigation of GI hormone secretion. Chapter 2 summarises the molecular mechanisms 

underlying insulin secretion from pancreatic islets, with a focus on the role of Ca2+ signalling, 

and systematically reviews the development of diverse research platforms that are fundamental 

to progressing islet research.  

 

Given the substantial sex-related differences in glucose metabolism and risk of T2D, the study 

described in Chapter 3 explores the sex disparity in incretin hormone secretion, and compares 

the incretin and glycaemic responses to standardised intraduodenal glucose infusions within the 

physiological range of gastric emptying between healthy young men and women.  
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While insulin resistance and consequently a relative deficiency in insulin secretion are 

recognised as key metabolic derangements in T2D, there is accumulating evidence indicating 

that excessive glucagon secretion also underpins the development of dysglycaemia during both 

the fasting and postprandial phases. In the liver, insulin and glucagon signalling pose counter-

regulatory effects on hepatic glucose production. Alterations in hepatic function have the 

potential to disrupt hepatic insulin and glucagon signalling, leading to pathological changes in 

insulin and glucagon secretion. The study reported in Chapter 4 evaluates the relationships of 

blood glucose, plasma insulin, C-peptide and glucagon, both during fasting and after 75g oral 

glucose, with serum liver enzymes in healthy and T2D subjects, and in T2D subjects before and 

after a mixed meal. Given the major role of the rate of gastric emptying (GE) in determining 

nutrient digestion and absorption, GE may influence the glucagon and glycaemic responses in 

T2D. Therefore, Chapter 5 further examines the relationships of plasma glucagon and blood 

glucose with the rate of gastric emptying (GE) of a standardised mashed potato meal in 

individuals with well-controlled T2D.  

 

Strategies that are effective for modulating GI and pancreatic hormone secretion have the 

potential to improve glycaemic control in T2D. The recent recognition that the GI tract can 

detect a range of physiological and pharmacological bitter substances via a family of type 2 

monomeric G-protein-coupled receptors, namely bitter taste receptors (BTRs), to release GI 

hormones has led to growing interest in the administration of bitter tastants to stimulate GI 

hormone secretion for the management of metabolic disorders, including T2D. However, the 

effects of bitter substances beyond the GI tract have received little attention. Chapter 6 reports 

the effect of a bitter substance, denatonium benzoate (DB), on insulin secretion in a series of in 

vitro and ex vivo experiments using a rodent pancreatic β-cell line, INS-1 832/13 cells, and 

isolated mouse pancreatic islets. In the latter, the effects of DB on the secretion of other islet 

hormones, including glucagon, GLP-1 and somatostatin, were also characterised.  

 

While the currently available cell/tissue models and in vivo tools have substantially advanced the 

knowledge on the physiology and pathophysiology of incretins and islet hormones, there is rising 

demand for sophisticated biomimetic platforms to address the increasingly complicated 
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biological challenges and improve the translational success from benchtop to bedside. To this 

end, the development of a gut-on-a-chip (GOC) system is described in Chapter 7 which 

facilitates continuous monitoring of dynamic GLP-1 secretion from primary mouse intestinal 

tissue. Similarly, the development and customisation of a microfluidic sensing platform is 

described in Chapter 8, allowing quantification of the dynamic changes of Ca2+ and insulin 

concurrently, enabling investigation of the secretory function of isolated islets.  
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1.1 Abstract 

 

The gastrointestinal tract is the key interface between the ingesta and the human body. There is 

wide recognition that the gastrointestinal response to nutrients or bioactive compounds, 

particularly the secretion of numerous hormones, is critical to the regulation of appetite, body 

weight and blood glucose. This concept has led to an increasing focus on “gut-based” strategies 

for the management of metabolic disorders, including type 2 diabetes and obesity. Understanding 

the underlying mechanisms and downstream effects of nutrient-gut interactions is fundamental to 

effective translation of this knowledge to clinical practice. To this end, an array of research tools 

and platforms have been developed to better understand the mechanisms of gut hormone 

secretion from enteroendocrine cells. This review discusses the evolution of in vitro and in 

vivo models and the integration of innovative techniques that will ultimately enable the 

development of novel therapies for metabolic diseases. 

Key words: Nutrient-gut interaction, Metabolic disorders, Incretin hormones, Enteroendocrine 

cells, Enteroids, Intestinal intubation, Intestine-on-a-chip 

 

1.2 Introduction 

 

It is now widely appreciated that the gastrointestinal (GI) tract not only serves to process food, 

but also represents the largest endocrine organ in the body, releasing a wide array of peptide 

hormones to orchestrate metabolic homeostasis [1]. Ghrelin, for example, is released from 

gastric Gr-cells into the circulation during fasting or periods of negative energy balance and 

triggers hunger to drive food intake [2]; ghrelin levels in circulation are subsequently suppressed 

upon feeding [3]. The interaction of nutrients and digestive juices with the intestinal mucosa 

triggers the secretion of a number of postprandial hormones, including cholecystokinin (CCK) 

from enteroendocrine (EE) I-cells [4] and glucose-dependent insulinotropic polypeptide (GIP) 

from K-cells in the upper small intestine, and glucagon-like peptide-1 (GLP-1) and peptide YY 

(PYY) from L-cells located predominantly in the distal small and large intestine [5,6]. A subset 

of EE cells in the proximal small intestine has also been shown to secrete both GLP-1 and GIP 

[7]. GLP-1 and GIP are known as the incretin hormones; both stimulate insulin secretion in a 

glucose-dependent manner [8,9]. GLP-1 also suppresses glucagon and acts with CCK and PYY 

to inhibit appetite, slow the delivery of nutrients from the stomach into the small intestine and 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B9
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retard their subsequent absorption [10]. Accordingly, the integrated responses of GI hormones to 

meal ingestion are critical determinants of energy balance and postprandial glycaemia. 

 

That plasma concentrations of GI hormones are typically increased after enteral, but not 

intravenous, nutrient administration attests to the importance of nutrient-gut interactions to the 

release of these hormones [11]. Accordingly, an improved understanding of the sensor and 

actuator mechanisms through which nutrients or bioactive compounds interact with EE cells, has 

the potential to yield novel “gut-based” approaches for the management of metabolic diseases. In 

the last few decades, a broad range of preclinical and clinical models have been developed to 

study nutrient-gut interactions, with increasing efforts to achieve clinically relevant outcomes. 

To this end, ex vivo studies have extended from the use of EE cell lines towards primary 

intestinal tissues and organoids, and have increasingly incorporated sophisticated culture 

conditions to mimic normal physiology. Clinical studies employing customised intestinal 

perfusion catheters for targeted delivery of nutrients or therapeutic compounds, or novel 

ingestible sensors, have attempted to better characterise the regional specificity of GI responses. 

In this review, we summarise the research tools and models used to investigate nutrient-gut 

interactions, and discuss their advantages and limitations for clinical translation of findings 

(Table 1). 

 

1.3 Cellular Models  

 

The GI mucosa incorporates a monolayer of columnar epithelium with region-specific 

architecture and EE cell composition that is uniquely tuned to secrete specific gut hormones and 

absorb nutrients to fulfil specific metabolic functions. EE cells account for less than 1% of all 

epithelial cells, and their distribution varies substantially along the GI tract (Figure 1) [12]. 

Immortalised cell lines derived from murine and human intestinal tumours have been developed 

for in vitro studies, and retain the capacity to secrete GI hormones in response to nutrient stimuli 

(Table 2). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/table/T2/
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Table 1 Available tools used for investigation of nutrient-gut interactions 
Tools Advantages Disadvantages/Challenges 

Cellular models 
EE cell lines established secretion profiles;  

genetically modifiable;  

readily accessible 

limited resemblance to native L-cells;  

lack of inter-organ interaction;  

limited success in clinical translation 

Tissue-based 

approaches 

intestinal organoids preserved native architecture; 

region-specific functions;  

high plasticity for oriented differentiation 

undefined secretion profiles;  

lack of integrated nervous or immune systems; 

inconsistent culture outcomes 

isolated intestine preserved native intestinal structure; 

access to luminal and basolateral surface 

high physiological relevance 

short viable period;  

lack of inter-organ interaction;  

limited access to human tissue; 

low EE cell density 

Intestinal 

intubation  

in vivo infusion in 

gut 

region-specific delivery;  

direct insights into human (patho-)physiology 

technically demanding; 

restricted to specialised research centre 

Novel 

techniques 

3D culture enhanced anatomical complexity; 

compatibility with co-culture system 

limited cellular variety;  

static culture environment 

intestine-on-a-chip dynamic culture environment;  

recapitulation of luminal events 

sophisticated validation of the system;  

partial resemblance to luminal physiology 

ingestible sensors a broad range of applications;  

high potential for multi-purposed in vivo investigation 

difficulty in signal interpretation; 

lack of stability; 

high cost 

Note: EE cell: enteroendocrine cell 
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Figure 1. The composition of intestinal epithelial cells along the gastrointestinal tract (left); anatomical 

features and typical length of different sections of the gastrointestinal tract (middle); regionally specific 

secretion profile of different gut hormones, including ghrelin, cholecystokinin (CCK), glucose-dependent 

insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (right). 

 

STC-1 cells are a heterogeneous and poorly differentiated EE cell line derived from intestinal 

secretin-producing tumours in mice. They have a high immunoreactivity to anti-proglucagon sera 

and are capable of releasing glucagon-like immuno-reactants [13]. STC-1 cells were 

subsequently shown to secrete multiple gut hormones, including CCK [14], GLP-1 [15,16], GIP 

[17], and PYY [18,19], in a similar manner to native murine EE cells, when stimulated by 

glucose [20], amino acids and fatty acids. As a result, STC-1 cells have been a popular model to 

screen for gut hormone-releasing stimuli. However, the clinical relevance of this model has been 

frequently questioned. For example, treatment with potato protease inhibitor concentrate (PPIC) 

or whey protein does not induce CCK secretion from STC-1 cells [21,22]. By contrast, oral 

administration of PPIC (100 mg/kg per day) stimulates CCK secretion in rodents [21], while 

ingestion of whey protein (55 g) increases plasma CCK levels in humans [23]. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B15
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B21
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B22
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B21
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B23
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Table 2 Enteroendocrine cell models  
Species Model  Origin  Hormones Features 

Mouse  STC-1 Duodenal 

secretin 

tumour cells 

GLP-1, 

GLP-2, CCK, 

GIP, PYY,  

Heterogeneous cell population; responds to 

glucose, amino acids, fatty acids and neural 

stimuli; poor expression of CaSR 

 GLUTag Colonic 

tumour 

GLP-1, 

GLP-2, CCK 

Subcloned homogenous cells; respond to 

glucose, bile acids, fatty acids, amino acids 

Human NCI-H716 Colorectal 

carcinoma 

GLP-1, GLP-2 Heterogeneous cell population; poorly 

differentiated; responds to glucose, fatty acids, 

protein hydrolysates 

 HuTu-80 Duodenal 

carcinoma 

GLP-1, PYY, 

GIP, CCK 

Respond to antioxidant compounds, sweet and 

bitter substances 

Note: CCK: cholecystokinin; GLP-1: glucagon-like peptide 1; GIP: glucose-dependent insulinotropic polypeptide; 

PYY: peptide YY; CaSR: Ca2+-sensing receptor 

 

GLUTag cell line is a subcloned homogeneous EE cell model developed by the Drucker group 

from an endocrine carcinoma of the large bowel in transgenic mice [24]. These cells express both 

proglucagon and CCK genes [25] but produce primarily GLP1(7-36)-amide. GLUTag cells are 

equipped with a wide repertoire of nutrient sensors and transporters, including G-protein coupled 

receptors (GPCRs) [26], glucokinase [27] and the sodium-glucose linked transporter 1 (SGLT1) 

[28] involved in nutrient-induced GLP-1 secretion. In agreement with in vivo findings, GLUTag 

cells exhibit robust release of GLP-1 in response to glucose [29], bile acids [30], fatty acids [31] 

and amino acids [32]. These observations have promoted GLUTag cells as a frontline model of L 

cells, leading to a wide application for studying the mechanisms underlying GLP-1 secretion and 

for screening potential GLP-1 secretagogues. However, clinical studies are still required to 

validate in vitro findings. For example, the treatment of glutamine (10 mmol/L) was shown to 

markedly increase GLP-1 secretion (7-fold) from GLUTag cells [32]. However, oral 

administration of encapsulated ileal-release glutamine (6 g) or intra-duodenal glutamine infusion 

(7.5-15 g) evoked only modest increases in plasma GLP-1 levels in healthy subjects and patients 

with type 2 diabetes (T2D) [33,34]. 

 

The human cell lines NCI-H716 and HuTu-80 have also been used widely to characterise 

nutrient-evoked GLP-1 release. The NCI-H716 cell line was first reported by Park et al [35] 

from human colorectal carcinoma. It contains dense-core granules, expresses chromogranin A, 

and secretes GLP-1 in response to glucose, fatty acids and protein hydrolysates [36]. Studies 

incorporating the NCI-H716 cell line have revealed critical roles of amino acid transporters [37], 

type 1 taste receptors [38] and monoacylglycerol-sensing GPCR [31] in GLP-1 secretion. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B35
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B31
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However, the secretory profile of NCI-H716 cells is more limited compared to murine STC-1 or 

GLUTag cells. For example, NCI-H716 cells secrete GLP-1 and GLP-2 but not GIP, PYY or 

CCK in response to 50 mmol/L KCl, or combined glucose (10 mmol/L), forskolin and 

phosphodiesterase inhibitor (10 µmol/L) [39]. That NCI-H716 cells do not secrete PYY reflects 

their limited resemblance to native L-cells. 

 

The HuTu-80 cell line is an alternative EE cell model of human origin that secretes GLP-1, GIP, 

PYY and CCK [40] and was developed initially to study the biology of GI cancers [41]. Sweet 

and bitter taste receptors are abundantly expressed in HuTo-80 cells as in native human L-cells, 

making them a potential model to investigate tastant-induced gut hormone secretion [42,43]. 

However, unlike native L-cells, bitter tastants, including quinine, denatonium benzoate and 

phenylthiocarbamide fail to trigger GLP-1 secretion from HuTu-80 cells[44]. Relative to the 

three aforementioned cell lines, HuTu-80 cells have been less frequently employed to study 

nutrient-gut interactions. 

 

1.4 Tissue-based Gut Hormone Release ex vivo 

 

The major functional differences between immortalised intestinal cell lines and primary EE cells 

have led to an increased research focus on primary intestinal models to study the endocrine 

function of the gut. These have included the isolation and use of primary EE cells [45-47] and 

the use of ex vivo intestinal tissue preparations from animals [48-51] and humans [52,53]. These 

tissue-based approaches maintain native cell-cell connections and polarity, and have hitherto 

yielded a deep understanding of the mechanisms governing nutrient and drug-evoked 

5-hydroxytryptamine and GLP-1 release [54,55]. However, clinical access to gut endoscopic, 

colonoscopic or surgical tissues, tissue viability and potentially low EE cell density can limit 

these primary models. The purification of primary EE cells is also technically demanding. The 

recent development of intestinal organoids holds the promise to overcome some of these 

limitations. 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B39
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B40
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B41
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B43
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B44
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B45
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B47
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B48
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B51
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B54
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B55
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1.5 Intestinal Organoids 

 

Intestinal organoids, also known as “mini-guts”, are miniaturised intestinal units that display 

many features of gut tissue architecture and function. In 2007, Barker and colleagues identified 

leucine-rich repeat-containing GPCRG-5 (Lgr5) -positive cells as stem cells in the small intestine 

and colon via genetic lineage tracing experiments [56]. Subsequently, a single Lgr5-positive 

stem cell was shown to differentiate into crypt-villus organoids, namely enteroids, that are 

inclusive of all cell types present in the native intestinal epithelium [57]. Of note, enteroids can 

be developed from Lgr5-positive cells originating from any section of the gut. Ex 

vivo characterisation has shown that these enteroids display the basal-apical polarity of mature 

epithelial cells [58,59]. Moreover, they retain many region-specific functions of the original 

location from which the stem cells were taken [60]. 

 

Intestinal organoids can also be developed from human pluripotent stem cells, which are referred 

to as human intestinal organoids (HIOs) [61,62]. HIOs have a similar morphology as enteroids 

and display crypt-villus structures inclusive of all intestinal cell types. By contrast, HIOs contain 

a mesenchyme layer that is composed of myofibroblasts, endothelial cells and smooth muscle 

[63]. Moreover, HIOs do not show region-specific features and eventually grow into an 

unselective population of EE cells [61]. The differentiation process has been shown to be 

enhanced by the Happy Cell Advanced Suspension Medium[64] and by activation of the bone 

morphogenetic protein signalling pathway [65]. 

 

In contrast to primary intestinal epithelium, intestinal organoids remain viable for over 1-year ex 

vivo and show plasticity in cellular composition in response to changes in the culture 

environment or modified gene expression. Accumulating evidence suggests that the density of 

EE cells in organoids is subject to the expression of several translational factors, including 

Neurogenin 3 and Aristaless-related homobox [61,66,67], raising the prospect that EE cells can 

be customised in an organoid. Indeed, exposure of mouse or human enteroids to short-chained 

fatty acids (SCFAs) increases the number of L cells, and hence GLP-1 secretion, over 48 hours 

of SCFA treatment [68]. Similar trends in differentiation have also been observed with enteroids 

treated with dibenzazepine or bile acids [69,70]. However, the secretory profile of intestinal 

organoids in response to nutrients or non-nutritive compounds has not been well characterised. It 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B56
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B57
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B58
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B59
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B60
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B61
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B62
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B63
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B61
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B64
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B61
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B67
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B68
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B70
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should also be noted that delivery of stimuli to the lumen of the organoids requires individual 

microinjection, which is both labour-intensive and technically demanding due to their small size 

[71]. Moreover, the culture of organoids in conventional platforms makes it difficult to mimic 

the continuous movement of luminal contents and the constantly changing nature of the 

extracellular fluid. Finally, it is not yet possible to recreate the architectural complexity of the GI 

tract, including its vascular, nervous, immune, mucous elements and the microbiome, in any 

organoid preparation. 

 

1.6 Intestinal Perfusion in vivo 

 

The development of intestinal perfusion techniques and analytic methods capable of measuring 

GI hormones released into the peripheral circulation has allowed the evaluation of nutrient-gut 

interactions in vivo. In rodents, dietary effects on gut hormone secretion have been investigated 

in models of isolated intestinal perfusion [72,73]. In humans, it is also possible to characterise 

the responses of various regions of the gut to intraluminal stimuli, and to examine the underlying 

mechanisms. 

 

 
Figure 2. Schematic of a multichannel intestinal catheter to study regional specificity of nutrient-gut 

interactions. Multiple channels are opened on the catheter to record the transmucosal potential difference 

(TMPD) and monitor its position. These channels can also deliver investigational compounds of aspirate 

luminal samples in a specific region of the intestine. The balloon is generally designed to create physical 

restriction to prevent the fluid flow or the movement of the catheter. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B71
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B72
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B73
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A rubber feeding tube was initially designed to deliver medication to the intestine and to 

examine luminal contents in paediatric patients [74]. This early design incorporated 1-2 cm wide 

lateral window(s) for infusion/aspiration of liquids and a weighted terminal bulb to facilitate 

passage of the catheter by peristalsis. Subsequently, intestinal catheters have been increasingly 

customised to study gut function. For example, the integration of an inflatable balloon at the 

distal end of the catheter was employed to evaluate the perception of distension or control the 

position of the catheter [75]. The use of a multi-lumen catheter has allowed for multiple 

inflatable balloons, making it possible to isolate segments of the lumen [76], within which 

nutrient absorption can be carefully characterised [77-79]. Incorporation of manometry and 

impedance sensors into the catheter design has further facilitated concurrent recording of gut 

motility [34] and flow events [80]. Positioning these catheters has relied on fluoroscopy, for 

which radiation exposure represents a major limitation. To overcome this, Andersson and 

Grossman established an alternative method of monitoring catheter position by measuring 

transmucosal potential difference (TMPD) between skin or blood and the intestinal lumen [81]. 

Corresponding to the differences in pH between the stomach and the duodenum, TMPD in the 

distal antral channel and the proximal duodenal channel record around -40 mV and 0 mV, 

respectively [82,83]. Accordingly, a change of TMPD from -40 mV to 0 mV reflects the passage 

of channels through the transpyloric area (Figure 2). 

 

Relative to oral administration, intestinal perfusion of nutrients or investigational compounds 

circumvents the impact of inter-individual variations in the rate of gastric emptying – which can 

be substantial [84-86] – such that the exposure of the small intestine to nutrients can be 

standardised. Studies employing intraduodenal infusion of nutrients spanning the normal range 

of gastric emptying (1-4 kcal/min) have established that the stimulation of gut hormones, 

including CCK, GIP, GLP-1 and PYY, is dependent on the rate of nutrient entry into the small 

intestine. In line with the biological distribution of respective EE cells, the secretion of CCK and 

GIP appears to be proportional to the load of glucose, lipid or protein, whereas GLP-1 and PPY 

responses are non-linear, being modest at 1-2 kcal/min and substantially greater at 3-4 kcal/min 

[87]. Moreover, when glucose and fat are infused intraduodenally at an identical rate of 2 

kcal/min, it is observed that fat is significantly more potent than glucose at stimulating GLP-1 

and GIP secretion [88]. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B74
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B75
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B76
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B77
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B79
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B34
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7366065/#B80
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A multi-lumen catheter of adequate length can also be positioned over a long length of small 

intestine to allow targeted delivery of nutrients or investigational compounds into proximal or 

distal sites, to determine the regional specificity of nutrient-gut interactions. In this way, infusion 

of glucose (2 kcal/min) into the jejunum (50 cm distal to pylorus) was shown to elicit more 

GLP-1 and GIP release compared to equivalent duodenal infusion (12 cm distal to pylorus) in 

healthy men [89]. Furthermore, ileal glucose infusion (2 kcal/min, 190 cm distal to pylorus) 

resulted in markedly greater GLP-1 and lower (but more sustained) GIP responses compared to 

intraduodenal infusion, and was associated with a greater incretin effect and GI-mediated 

glucose disposal in both healthy subjects and patients with T2D (Figure 3) [90]. Administration 

of compounds into the rectum can similarly be undertaken using a soft tube with minimal 

discomfort [91,92]. Characterisation of the region-specific profile of gut hormone release has 

shed light on the mechanisms by which Roux-en-Y gastric bypass surgery improves blood 

glucose control in T2D [93]. In addition, this knowledge has directed the precise delivery of 

stimuli to optimise gut hormone response for therapeutic gain. For example, enteric coating of a 

small dose of lauric acid to allow targeted release in the ileum and colon was shown to be 

effective at stimulating GLP-1 secretion and lowering blood glucose in patients with T2D [94]. 

 

 
Figure 3. Comparison of the effect of enteral (proximal or distal) and intravenous (i. v.) isoglycaemic 

glucose administrations on plasma incretin hormone, glucose-dependent insulinotropic polypeptide (GIP) 

and glucagon-like peptide-1 (GLP-1) secretions in healthy subjects and subjects with type 2 diabetes 

(T2D).   
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Access to the intestines via endoscopy and colonoscopy has provided an additional means for 

targeting intestinal perfusion to a specific region, while also allowing for the collection of 

mucosal biopsies to study anatomical and molecular mechanisms underlying nutrient-gut 

interactions (discussed in earlier section). In this way, sweet taste receptors (STRs) 

(heterodimeric T1R2 and T1R3) were found to be involved in intestinal glucose sensing and 

linked to the regulation of glucose absorption in both health and T2D; in patients with T2D, a 

defect in the downregulation of STRs in the face of hyperglycaemia was shown to contribute to 

excessive postprandial glycaemic excursions [95]. Moreover, ex vivo studies using human 

intestinal biopsies have revealed a critical role for both SGLT1 and the facilitative glucose 

transporter 2 in mediating glucose-induced GLP-1 secretion [55].  

 

1.7 Novel Techniques to Study Gut Hormone Secretion  

 

Several novel techniques are emerging to evaluate nutrient-gut interactions with improved 

physiological or therapeutic relevance, while overcoming limitations of clinical studies. 

 

Recent development of culture engineering techniques has allowed the integration of advanced 

culture interfaces into the conventional 2D culture platforms of intestinal organoids and primary 

epithelial cells. This has enabled the provision of culture frameworks that support the growth of 

intestinal cells and facilitate the assessment of tissue function in a more physiologically relevant 

environment [96,97]. For example, culturing intestinal cells on a porous polyester membrane 

provides access to both basolateral and apical sides of the polarised epithelial cells, which is of 

particular importance for the investigation of intestinal function in response to luminal stimuli 

(Figure 4A). In addition, the membrane can be coated with an extracellular matrix containing 

growth factors to induce growth and differentiation of organoids. This experimental platform is 

being increasingly used to study intestinal barrier function [98,99], immune responses [100], and 

drug metabolism [101,102], with a handful of studies focusing on nutrient-gut interactions. 

Kozuka et al [103] developed an intestinal monolayer culture platform utilising Transwell (a 

culture plate with an inserted membrane) with a 0.4 µm or 1 µm pore membrane and 

successfully cultured murine and human intestinal enteroids. Treatment with forskolin (100 µM) 

in the apical chamber stimulated GLP-1 release into the basolateral chamber, consistent with the 
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presence of functional L-cells and GLP-1 deployment mechanisms. With this compartmental 

culture system, it is possible to model the interaction between the intestinal epithelium and 

luminal content and monitor the hormonal response in the downstream chamber. 

 

More advanced and complex intestine models have been achieved by applying microfluidic 

devices in gut function studies, also known as “intestine-on-a-chip”. These microfluidic devices 

have the capacity to provide a dynamic culture environment, including continuously refreshed 

culture media and biomimetic mechanical strain, to more accurately resemble physiological 

conditions (Figure 4B). Current in vitro gut models on microfluidic devices have mainly been 

used to investigate drug metabolism [104] and gut-liver interactions [105]. The application of the 

“intestine-on-a-chip” model for gut hormone secretion study is in its infancy. In 2016, Hsiao et 

al [106] developed a high-throughput automated microfluidic platform to assess the response of 

NCL-H716 cells to sweet and bitter stimuli. Although gut hormones were not measured in the 

study, the microfluidic system recorded dynamic changes in intracellular Ca2+ in over 500 single 

NCI-H716 cells trapped in each micro-well. In another study, Park and his colleagues established 

a co-culture of GLUTag cells and the β-cell line INS-1 to screen compounds of anti-diabetic 

potential [107]. Relative to the use of intestinal cancer cell line, intestinal organoids cultured on a 

microfluidic device display a high resemblance to the native intestine transcriptome, including 

the expression of genes related to cell proliferation, digestion and responses to nutrients [108], 

and may prove to be a useful ex vivo model for studying GI hormone secretion. 
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Figure 4. Emerging advanced techniques to study nutrient-gut interaction. (A) 2D culture of intestinal 

epithelium on a porous membrane. (B) An intestine-on-a-chip model with intestinal organoids cultured in 

a microfluidic device, where constant perfusion and periodic mechanical strain can be applied to the 

system. (C) Ingestible sensors for measuring various parameters relevant to gut functions. 

 

Ingestible sensors are under rapid development in clinical settings. These are typically capsule 

devices of up to 11 mm in diameter and 28 mm in length, to allow easy transit through the gut 

while measuring biomedical parameters (Figure 4C). To date, ingestible sensors have been 

developed for imaging [109-112] and measurements of gases [113], pH, temperature [114-117], 

pressure [118] and luminal contents [119-121]. The pH sensors have been used to assess gastric 

emptying and small intestinal transit, marked by abrupt pH changes between the stomach and 

duodenum (> 3 units) and between the ileum and colon (> 1 unit) [122,123]. The wide 

applications of ingestible sensors will require further technical development to improve stability, 

signal interpretation and reduce costs, but offer an exciting glimpse into the future of GI 

surveillance. 

 

1.8 Conclusions 

 

A better understanding of the mechanisms underlying nutrient-gut interactions is fundamental to 

the development of gut-based therapies for major metabolic disorders. For this purpose, the 
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development of in vitro EE cell models, and techniques suitable for in vivo studies, particularly 

in humans, is of critical importance. EE cell lines of both murine (STC-1 and GLUTag) and 

human (NCI-H716 and HuTo-80) origin are useful for early studies on gut hormone secretion, 

but have had limited translational success. This necessitates the development of more 

physiologically relevant in vitro gut models. The emergence of intestinal organoids and novel 

co-culture systems represents a major advance in this area. In particular, the combination of 

intestinal organoids and microfluidics will provide an unprecedented opportunity to study the 

dynamic hormonal response to stimuli under various conditions. In vivo validation of research 

outcomes derived from these models remains critical. In clinical studies, intestinal intubation and 

the application of novel ingestible sensors, have provided deep knowledge of the region-specific 

nature of nutrient-gut interactions, and ensuing hormonal and metabolic responses. Further 

development of non-invasive techniques suitable for use in humans will expand opportunities to 

translate research findings from the bench to bedside. 
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2.1 Abstract 

Calcium ions (Ca2+) take part in intra- and intercellular signalling to mediate cellular functions. 

Sensing this ubiquitous messenger is instrumental in disentangling the specific functions of 

cellular sub-compartments and/or intercellular communications. In this review, we first describe 

intra- and intercellular Ca2+ signalling in relation to insulin secretion from the pancreatic islets, 

and then outline the development of diverse sensors, e.g., chemically synthesised indicators, 

genetically encoded proteins and ion-selective microelectrodes, for intra- and extracellular 

sensing of Ca2+. Particular emphasis is placed on emerging approaches in this field, such as 

low-affinity Ca2+ indicators and unique Ca2+-responsive composite materials. We conclude by 

remarking on the challenges and opportunities for further developments in this field, which may 

facilitate a more comprehensive understanding of Ca2+ signalling within and outside the islets, 

and its relevance in health and disease. 

 

2.2 Ca2+ Homeostasis and Signalling 

 

The homeostasis of calcium ions (Ca2+, free ionic form unless specified) is critical to a range of 

cellular functions [1-3], including endocrine and exocrine secretions [4] gene expression [5], 

muscle contraction [6], fertilisation [7], and neuronal activity [8]. As a ubiquitous messenger, 

Ca2+ is pivotal to transmitting cascade signalling within and between cells, thus coordinating 

complex cellular activities in response to internal and/or external stimuli. During these processes, 

there are coordinated exchanges of Ca2+ between cellular sub-compartments or among cells, 

leading to dynamic changes in Ca2+ concentration ([Ca2+]) in varying domains. As shown in 

Figure 1a, in the resting state, cytoplasmic concentration of Ca2+ ([Ca2+]c) is maintained at about 

50~100 nM via plasma membrane Ca2+ transport ATPase (PMCA) [9] and Na+/Ca2+ exchanger 

(NCX) [10]; both export Ca2+ from the cytoplasm to the extracellular domain. Ca2+ 

concentrations in the mitochondria ([Ca2+]mito) and nucleus ([Ca2+]n) are comparable (0.1-100 

µM). Ca2+ in the endoplasmic reticulum (ER) ([Ca2+]ER) (or sarcoplasmic reticulum (SR) in the 

case of muscle cells), approximates up to ~500 µM, reflecting its reservoir role for Ca2+ inside 

cells [11]. The concentration of extracellular Ca2+ ([Ca2+]ex) can reach around 1 mM, i.e. four 

orders of magnitude higher than [Ca2+]c [12]. Upon stimulation, influx of extracellular Ca2+ into 

cytoplasm, via plasma membrane Ca2+ channels and release of Ca2+ from the ER (or SR) via the 
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1, 4, 5-triphosphate receptor (IP3R) [13] and ryanodine receptor (RyR) [14], leads to temporary 

rises of [Ca2+]c up to 1 µм. The elevated [Ca2+]c, in turn, re-establishes a concentration 

equilibrium, by extruding Ca2+ back into the extracellular domain or refilling the ER (or SR) and 

mitochondria via Sacro/Endoplasmic Reticulum Ca2+-ATPase (SERCA) [15] and the 

mitochondrial Ca2+ uniporter (MCU) [16], respectively.  

 
Figure 1. Cellular Ca2+ concentrations, signal patterns and sensors commonly used in islet studies. (a) 

Overview of typical [Ca2+] in intra- and extracellular domains, including Ca2+ in the cytoplasm (Cyto, 50-

1000 nM), mitochondria (Mito) and nucleus (N, 0.1-100 μM), endoplasmic reticulum (ER, 50−500 μM), 

and extracellular matrix (ECM, 1 mM) [17]. (b) Schematics of three representative types of cytoplasmic 

Ca2+ signals: transient (left), sustained (middle) and oscillating (right) patterns. (c) Sensing tools 

commonly used for measuring Ca2+ in islet studies, including Ca2+-selective microelectrodes for 

extracellular Ca2+, genetically encoded Ca2+ indicator (GECI) protein-based indicators (e.g. 2mt8RP for 

mitochondrial Ca2+, Ycam-4ER and D4ER) for endoplasmic reticulum Ca2+, and fluorescent Ca2+ 

indicators (e.g. Quin-2, Fura-2 and Indo-1) for cytoplasmic Ca2+. 

 

Within the cytoplasm, variations in Ca2+ signals appear in transient, sustained or oscillatory 

patterns (Figure 1b), in the context of physiological or pathological processes [18]. The transient 

increase in [Ca2+]c reflects a rapid influx of extracellular Ca2+ through Ca2+-permeable channels 

in response to cellular depolarisation, followed by prompt and effective Ca2+ transport into other 

intra- or extracellular compartments (described in the preceding paragraph). The latter drives 

[Ca2+]c to return to its original level in a short timeframe to avoid overloading of Ca2+ [19-21]. 

Accordingly, any impairment in this process may result in prolonged elevation of [Ca2+]c, 

leading to programmed cell death or necrosis [22, 23]. Physiological cellular responses to 
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continued stimulation are therefore associated with oscillatory changes in [Ca2+]c, as well as 

[Ca2+] in other intra- and extracellular domains, although the pattern may be atypical in many 

instances [24-29].  

  

Following the discovery that skeletal muscle contraction is linked to coordinated, and repeated, 

changes in [Ca2+]c [30], Ca2+ oscillations have since been recognised as a universal mechanism 

underlying many biological events, such as egg fertilisation [31], insulin secretion from 

pancreatic β-cells [32], and interleukin production from macrophages [33]. In this review, we 

first discuss the relevance of intra- and intercellular Ca2+ signalling based on the function of 

pancreatic islets, particularly the phenomenon of a pulsatile insulin response to glucose. We then 

outline the chronological development of Ca2+ sensing methodologies (Figure 1c) that are critical 

to the in-depth understanding of these physiological processes in the islets, where we remark on 

the rationale (pros and cons) for the selection of prevalent and emerging indicators, as well as the 

analytical techniques/platforms in the context of various applications. We finally provide an 

outlook on the prospects of Ca2+ sensing in the study of islets and in broader biomedical research, 

highlighting the challenges and opportunities.  

 

This review is not intended to be exhaustive, but instead emphasises the sensing techniques for 

detection/monitoring of dynamic cellular Ca2+ concentrations and associated secretory activity. 

Accordingly, measurement of non-labile calcium (i.e. calcium tightly incorporated within 

cellular structures) is beyond the scope of this work. The extensive range of chemical and 

protein-based Ca2+ sensors and corresponding sensing mechanisms has been summarised 

elsewhere [34-38], and will not be specifically discussed. We anticipate that knowledge relevant 

to the development and selection of Ca2+ sensors in islet studies will be applicable to a broad 

range of research interests, such as monitoring of neuronal activity, cardiovascular functions and 

cancer development [39-41].  

         

2.3 Insulin Secretion and Ca2+ Signalling 

 

2.3.1 Pancreatic islets and pulsatile secretion of insulin 
 

The pancreatic islet is a miniaturised endocrine organ that comprises α-, β- and δ-cells, 

responsible for the secretion of glucagon, insulin and somatostatin, respectively. As illustrated in 
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Figure 2a, these three endocrine cells are distributed in a scattered fashion in the human islet, but 

exhibit region-specific distribution in the mouse islet (with β-cells condensed in the core and 

surrounded by other cells) [42, 43].   

 

 
Figure 2. Physiology of insulin secretion and Ca2+ signalling. (a) Confocal fluorescence microscopy images of 

human and mouse pancreatic islets with immunostaining of insulin (red), glucagon (green) and somatostatin (blue). 

Scale bar, 50 μm. Reproduced with permission [43]. Copyright 2013, Elsevier. (b) Representative of biphasic insulin 

secretion of pancreatic islets, where a transient peak of insulin secretion is followed by a trail of oscillatory insulin 

release of smaller amplitude compared with the preceding phase. (c) Schematics of Ca2+ signalling in the course of 

glucose-stimulated insulin secretion (GSIS). Subsequent to the rise of blood glucose and increased production of 

ATP in β-cells, the closure of KATP channel reduces the hyperpolarising KATP current and induces a depolarising 

current, which leads to the opening of voltage-gated Ca2+ channel (VGCC) and the consequent influx of Ca2+. The 

latter triggers the firing of action potential and the fusion of pre-existing insulin-containing granules with the 

membrane to release insulin, i.e. the phase I secretion. Meanwhile, the production of ATP promotes the synthesis of 

insulin in endoplasmic reticulum, which sustains the slow, oscillatory insulin release, i.e. the phase II secretion. 

During this biphasic secretion process, mitochondria and endoplasmic reticulum (ER) participate in the regulation of 

cytoplasmic Ca2+ concentration by storing (via MCU and SERCA) or discharging (via IP3R) Ca2+. Exocytosis of the 

secretory granules containing insulin and Ca2+ means that insulin and Ca2+ are co-released into the extracellular 

domain (exocytosis of granules containing other molecules is not discussed). The presence of Ca2+ in the 

extracellular domain may in turn activate the Ca2+-sensing receptor to signal VGCC for the Ca2+ influx. (d) Three 

typical patterns of Ca2+ oscillation in cytoplasm during insulin secretion. 



35 

 

 

In both humans and rodents, the secretion of insulin is maintained at a low basal level during the 

fasting state, when blood glucose concentrations usually fluctuate between 3.9-5.6 mM in 

humans [44] and 3.4-7.2 mM in mice [45, 46]. In response to elevated glucose levels (e.g. 

following intravenous glucose administration), insulin is released in a highly coordinated manner, 

comprising an early, rapid release (Phase I) and a later, slower, but sustained oscillatory release 

(Phase II) to facilitate glucose metabolism (Figure 2b).  

 

In 1967, Anderson et al observed a pulsatile pattern of insulin concentrations in the portal vein of 

a dog 14 hours after meal ingestion [47]. Subsequent studies have revealed that insulin is 

secreted in an oscillatory manner from the islets [48-50]. The pulsatility of insulin secretory 

cycles has been reported to vary from 2 to 13 minutes, probably due to the differences in blood 

sampling sites (e.g., portal vs. peripheral vein) and frequencies between studies. However, the 

majority of studies reported 5-10 minutes per cycle [51]. That the oscillatory patterns of insulin 

secretion between the pancreas in vivo and individual islets ex vivo are almost identical, suggests 

that the secretion of insulin is synchronised between -cells both within an individual islet and 

across all stimulated islets in the pancreas [52].  

 

The amplitude of insulin pulses is diminished in patients with type 2 diabetes (T2D), although 

the overall release of insulin may be augmented in the face of insulin resistance. In healthy 

individuals administered somatostatin-14 (which suppresses endogenous insulin secretion), 

administration of exogenous insulin in a pulsatile manner (a 2-minute infusion pulse every 11 

minutes), compared to a constant infusion, was shown to be more effective at lowering blood 

glucose (mean blood glucose nadir 4.66 ± 0.08 mM versus 5.53 ± 0.06 mM) [53]. In patients 

with type 1 diabetes (T1D), the insulin requirement for suppressing hepatic glucose production is 

~40% less when given in a pulsatile manner compared to continuous insulin administration [54]. 

Accordingly, exposure to insulin in a pulsatile pattern appears critical to its glucose-lowering 

efficacy. The attenuated amplitude of insulin pulses observed in first-degree relatives of patients 

with T2D may therefore represent an important deficit, predisposing them to T2D [55-58].  
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2.3.2 Intracellular Ca2+ signalling: a trigger for insulin secretion 

 

Intracellular Ca2+ is an integral messenger that signals a cascade of intracellular activities of 

major relevance to the secretion of insulin. As depicted in Figure 2c, in response to elevated 

glucose, glycolysis driven by the enzyme phosphofructokinase-1 (PFK1) increases adenosine 

triphosphate (ATP), which gives rise to the closure of ATP-sensitive potassium channels (KATP 

channel) and hence cellular depolarisation [59, 60]. The latter is also accompanied by the 

opening of voltage-gated Ca2+ channels (VGCCs, also known as voltage-dependent Ca2+ 

channels) [61, 62]. Due to the stark contrast in concentrations between [Ca2+]ex (~1 mM) and 

[Ca2+]c (100 nM), a burst of Ca2+ influx temporarily drives [Ca2+]c up to 1 µM, triggering an 

action potential and fusion of insulin-containing granules with the cytoplasmic membrane to 

release insulin and other small molecules including Ca2+ [63], i.e. the exocytosis of insulin. This 

process is known as first-phase insulin secretion, associated with an abrupt peak during the first 

10 minutes after stimulation (Figure 2b, Phase I). Elevated cytoplasmic Ca2+ (up to ~1 µM) is 

swiftly transported into the mitochondria (~100 µM [Ca2+]mito) and ER (~500 µM [Ca2+]ER) via 

the aforementioned transporters to allow [Ca2+]c to return to the basal level. Concurrently, 

[Ca2+]mito signals an enhanced synthesis of ATP to ensure energy supply for subsequent insulin 

synthesis [64, 65]. As an intracellular reservoir of Ca2+, the ER buffers intracellular Ca2+ and 

shapes the pattern of [Ca2+]c oscillation during insulin release. The ER also accommodates the 

conversion of preproinsulin to proinsulin, which is subsequently folded and packaged into 

secretory granules, together with proinsulin converting proteases and small molecules such as 

Ca2+ and Zn2+ [66]. Consequently, exocytosis of insulin granules is anticipated to result in an 

increase of [Ca2+]ex [67].  As long as the energy supply from glycolysis continues, synthesis, 

assembly and exocytosis of insulin can be sustained, forming the second phase of insulin 

secretion (Figure 2b, Phase II). These processes highlight (i) the intimate involvement of 

intracellular Ca2+ and (ii) the important role of Ca2+ oscillation in the respective domains [68].  

 

Several lines of observation support the importance of Ca2+ signalling pathways in 

glucose-stimulated insulin secretion (GSIS). Within the cytoplasm, oscillations of [Ca2+]c, with a 

typical periodicity of 5-10 minutes in both dispersed β-cells [69] and coordinated β-cells in intact 

islets [70, 71], coincide with those of insulin secretion, both of which are markedly suppressed 

once VGCC is blocked [72, 73]. Oscillations of [Ca2+]mito are in line with those of [Ca2+]c [74, 
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75]. Silencing MCU [76] or retarding the change of [Ca2+]mito [77], has therefore been found to 

attenuate the synthesis of ATP and second-phase insulin secretion. Similarly, [Ca2+]ER increases 

following the rising [Ca2+]c due to the influx of Ca2+ via SERCAs (including SERCA2b and 

SERCA3), and decreases in phase with the downstroke of [Ca2+]c oscillation [78]. Manipulation 

of the activity of SERCAs thus affects the buffering effect of ER on [Ca2+]c. Indeed, the 

amplitude of glucose-induced [Ca2+]c is augmented in SERCA3 knock-out β-cells and by 

thapsigargin, which blocks all SERCAs [79-81]. Along with an enhanced amplitude of [Ca2+]c 

oscillation, insulin secretion is also amplified [81, 82].  

 

Hitherto, three patterns of [Ca2+]c oscillation have been observed in β-cells, including fast 

oscillation (small amplitude with periodicity at tens of seconds), slow oscillation (large 

amplitude with a cyclical pulse every 5-10 minutes) and compound oscillations (a hybrid pattern 

of fast superimposed on slow oscillations) (Figure 2d) [18]. Given the match of the fast and slow 

frequency between insulin and [Ca2+]c, it is tempting to attribute the pulsatility of insulin 

secretion to the oscillation of [Ca2+]c. However, the role of other metabolic processes in affecting 

the rate of insulin secretion should not be underestimated. For example, the M-type isoform of 

the glycolytic enzyme phosphofructokinase (PFK-M) is known to exhibit oscillatory activity 

with a similar periodicity as that of insulin [83]. In addition, the amplitude of pulsatile insulin 

release in the fasting state is impaired in humans with PFK-M deficiency [84]. Moreover, insulin 

secretion from pancreatic β-cells can be decoupled from changes of [Ca2+]c in MIN6 cells that 

are depolarised by 40 mM KCl [85]. 

 

2.3.3 Intracellular Ca2+ signalling: an integrator for insulin secretion? 

 

The coherent insulin secretory patterns between β-cells within an individual islet, or stimulated 

islets within the pancreas, suggest that a fast signalling factor(s) instantaneously coordinates the 

activities within and between islets. Relative to neurotransmitters, intra-islet hormones and 

gut-derived incretin hormones, extracellular Ca2+ appears to be a dominant factor for 

synchronising insulin secretion, via the Ca2+-sensing receptor (CaSR), a G-protein-coupled 

receptor expressed abundantly on β-cells [12, 86].  

 

As the name suggests, CaSR was initially discovered as a sensor for variations in [Ca2+]ex in 

order to regulate the release of parathyroid hormone [87]. The following extensive investigations 
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have revealed that CaSR signalling is essential to a variety of cellular processes, including 

differentiation [88] and apoptosis [89]. A study performed by De Luisi and Hofer has uncovered 

an important role of CaSR signalling in mediating intercellular communication. In that work, 

non-CaSR-expressing BHK-21 cells (donor cells) and CaSR-expressing HEK293 cells 

(HEK-CaSR, sensor cells) were co-cultured. Treatment with the Ca2+-mobilising agonist 

histamine (selective to BHK-21 cells) increased the [Ca2+]c of BHK-21 cells and induced active 

extrusion of Ca2+ into the extracellular space. An increase in [Ca2+]c was also observed in 

adjacent HEK-CaSR cells (<10 µm away) with a delay of fewer than 10 seconds, suggesting an 

activated intracellular signalling cascade in the HEK-CaSR. By contrast, the stimulated BHK-21 

cells failed to elicit the same change of [Ca2+]c in wild type HEK293 cells. These observations 

provide strong support for the role of CaSR in intercellular communication [90].  

 

In the context of β-cells (e.g. MIN6 cells), activation of CaSR over 48 hours using the 

calcimimetic R568 was reported to double the expression of epithelial-cadherin, indicating an 

increased cell proliferation. Moreover, CaSR activation increased L-type VGCC expression by 

70% compared to control, leading to augmentation of the basal-to-peak amplitude of [Ca2+]c in 

response to ATP and tolbutamide (both of which close potassium channels) [91], and increased 

insulin secretion, particularly in the presence of sufficient [Ca2+]ex
 in the culturing medium [92]. 

Conversely, down-regulation of CaSR expression on MIN6 cells, even when cultured in an islet-

like three-dimensional architecture, was associated with a marked reduction in GSIS [93].  

 
Box 1 Intercellular communication via gap junctions or Ca2+? 

 

Gap junctions (Gjs) comprise specialised proteins/channels that physically connect adjacent cells 

and mediate rapid exchange of small molecules between them. Within the islets, Gjs are spatially 

restricted to adjacent β-cells. However, the cellular network of the endocrine cells differs 

substantially between humans and rodents (Figure 2). Such a distinction in architecture argues 

against the role of Gjs as a universal integrator of coordinated insulin secretion.   

 

Nevertheless, in mouse islets, Gjs facilitate the spreading of membrane depolarisation and 

transmission of stimulatory signals between neighbouring β-cells by selectively transporting 

cations and small molecules [42]. Disruption of Gjs, to some extent, impairs [Ca2+]c oscillation and 

normal GSIS. These observations suggest that the communication between β-cells in mice relies, at 

least in part, on Gjs [94].  
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2.4 Conventions of Sensing Cellular Ca2+ in Islets 

 

Over the last six decades, the development of sensing methodologies has underpinned major 

knowledge gains in relation to cell biology. The invention of Ca2+ sensors and associated 

techniques/platforms has, in particular, played an indispensable role in the understanding of the 

secretory function of pancreatic-cells and islets, as illustrated in Figure 3.  

 

 
Figure 3. Development of understanding of the role of Ca2+ in insulin secretion in relation to the 

evolution of Ca2+ sensing methods. While Quin-2 and Fura-2 have been prominent, there are serial 

relevant indicators invented over this timeframe. Our illustration focuses on concurrent measurements of 

Ca2+ and insulin, but there are many other key developments, e.g. the multiplexed sensing of [Ca2+]c and 

the surrogate markers for insulin exocytosis (such as Zn2+, which is co-released with insulin [85], or 

phosphatidylinositol-3,4,5-trisphosphate (PIP3, which is coupled to the autocrine effect of insulin) [105]. 

RINmSF: an insulin-releasing clonal cell. 

 

In 1966, the omission of Ca2+ but not Mg2+ in the perfusate was found to inhibit insulin secretion 

from isolated rat pancreas in vitro, highlighting that extracellular Ca2+
 is a prerequisite for insulin 

secretion [95]. In the next year, the discovery and application of the luminescent protein, 

aequorin (Aeq), isolated from the Aequorea jellyfish, made it possible to record intracellular 

Ca2+ (i.e., [Ca2+]c) for the first time in living cells [100]. Aeq and its derivatives were popular 
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tools for Ca2+ sensing over the subsequent 20 years, but failed to enrich understanding of 

physiology substantially due to their intrinsic limitations, including low fluorescence and the 

need for continuous replacement of oxidised components. This stagnation emphasises the 

importance and urgency of developing Ca2+ indicators with bright fluorescence and high 

sensitivity to changes of [Ca2+]. Moreover, the upcoming indicators should be introduced into 

cells in a manner less invasive than microinjection, which was used for Aeq. In the 1980s, the 

synthetic Ca2+ indicators (e.g. Quin-2 [101] and Fura-2 [102] of stronger fluorescence than Aeq) 

were developed, and their applications in β-cells revealed the oscillations of [Ca2+]c during the 

GSIS [69, 106]. Conjugation of the membrane-permeable acetoxymethyl (AM) ester with the 

synthetic indicators also enabled non-invasive loading of the Ca2+ indicators into cytoplasm 

[107]. Between 1990-2000s, with the advent and maturation of genetic editing and 

transcriptional regulation techniques, the expression of genetically encoded Ca2+ indicators 

(GECIs), including recombinant Aeq [104] and fluorescent proteins (FPs)-based Ca2+ indicator 

[104], into a specific subcellular compartment of living cells was established. The applications of 

these GECIs in monitoring Ca2+ dynamics in the organelles of β-cells have revealed links 

between insulin secretion and Ca2+ oscillations in the mitochondria (in 1993) [97] and ER (in 

2002) [98]. Complementary to the measurement of intracellular Ca2+, Ca2+-selective 

microelectrodes (CSMs) have advanced the monitoring of [Ca2+]ex in the vicinity of β-cells [108] 

and in the extracellular cavity within a pseudo-islet, such as that formed by INS-1E cells [67]. In 

these models, elevation of glucose levels is found to induce substantial fluctuations of [Ca2+]ex in 

the interstitial space around β-cells, providing the basis for an autocrine/paracrine cell-to-cell 

communication via [Ca2+]ex. However, the point-of-care measurement by CSMs is insufficient to 

elucidate whether and how such an intercellular communication functions in the scale of intact 

islets. Therefore, novel Ca2+ sensors are needed to comprehend the roles of [Ca2+]ex in 

modulating and synchronising insulin secretion.  

 

2.4.1 Chemically synthesised fluorescent indicators for [Ca2+]c 

 

The jellyfish-sourced luminescent protein Aeq, emitting blue luminescence spontaneously after 

binding to Ca2+, was once a spearhead for sensing Ca2+. Its weak fluorescence, however, has 

become a major obstacle to its utility for tracing Ca2+ in biological studies. Therefore, many 

other indicators have been developed; some examples are listed in Table 1. Unless otherwise 
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specified, Ca2+ indicators discussed in this section predominantly refer to those used in islet 

studies.  

 

Chemically synthesised fluorescent indicators are the most widely used cellular Ca2+ sensors. 

They usually consist of a fluorophore, Ca2+ chelator (such as 1,2-bis(o-aminophenoxy)-ethane-N, 

N, N′, N′-tetraacetic acid (BAPTA)), and a linker. The binding affinity of such an indicator to 

Ca2+ depends on the property of the Ca2+ chelator and its intramolecular electronic state after 

conjugation with the fluorophore and linker. The Kd describes the propensity of an indicator to 

bind Ca2+ and, hence, defines the effective sensing range. Accordingly, Kd should be the first key 

consideration when assessing the suitability of a synthetic Ca2+ indicator (Box 2). Another 

consideration relates to the alternations of the optical property of the indicator upon binding to 

Ca2+, including the variation in the intensity of fluorescence and the shift in the peak of 

excitation/emission wavelengths (Box 2). Moreover, the fluorescence signals may vary 

substantially because of the specific experimental setup for Ca2+ imaging/sensing, including the 

use of excitation light and filters as well as the configuration of the photodetector.   

 

There are three principal mechanisms underlying Ca2+-induced optical changes for chemically 

synthesised fluorescent Ca2+ indicators and GECIs, including photo-induced electron transfer 

(PiET), internal charge transfer (ICT) and Förster resonance energy transfer (FRET) [112].  

 

As shown in Figure 4a, i (left), for a PiET-based indicator, the electrons of the fluorophore on the 

highest occupied molecular orbital (HOMO) are re-populated to its lowest unoccupied molecular 

orbital (LUMO) upon light excitation [125]. The consequent electron vacancies are inclined to be 

re-filled by their intrinsic electrons on LUMO via radiative de-excitation. At the same time, the 

electrons on the HOMO of the chelator compete to fill the vacancies, which prohibits the 

relaxation of the fluorophore and the subsequent fluorescence emission. In the case of binding 

between chelator and Ca2+ (Figure 4a, i (right)), the chelator experiences an increase in redox 

potential, pulling its HOMO energy level below the HOMO of the fluorophore, so that electron 

transfer from chelator to fluorophore is effectively suppressed. As a result, radiative relaxation of 

excited electrons on the fluorophore LUMO becomes dominant, producing an emission of an 

unquenched fluorescence. Such a fluorescence response in the absence/presence of Ca2+ is 

depicted in Figure 4a, ii. Since the degree of impedance of the competitive de-excitation channel 
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is sensitive to the availability of Ca2+ to the indicators (i.e., the concentration of Ca2+), its 

fluorescence behaviour is [Ca2+]-dependent (Figure 4a, iii) [38]. The indicator maintains its 

sensitivity to the changes of [Ca2+] as long as the Ca2+-binding sites of the chelators are not 

saturated. 

 
Box 2 Considerations of choosing Ca2+ indicators in practice 

 

Dissociation constant (Kd) 

 

Kd is a fundamental parameter of an indicator, which is used to measure the propensity of its 

binding to the target (i.e., Ca2+ in the current context) [109]. At the equilibrium, Kd, in relation to 

the binding kinetics between Ca2+, the indicator (noted as N), and their complex molecule (noted as 

CaN), is expressed as follow:  

𝐾𝑑 =
[𝐶𝑎2+] × [𝑁]

[𝐶𝑎𝑁]
 

 

The equilibrium concentration of Ca2+ can be calculated by: 

[𝐶𝑎2+] = 𝐾𝑑 (
𝐹 −  𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥 − 𝐹
) 

where F is the fluorescence of Ca2+-bound indicator, Fmin is the background fluorescence in the 

absence of Ca2+ and Fmax is the fluorescence when all indicator molecules are bound to Ca2+. 

 

Based on the law of mass action, 0.1–10 × Kd defines the indicator’s effective sensing range, 

representing the scope of approximately 20–80% of the indicators bound to Ca2+, over which 

fluorescence intensity changes linearly as a function of [Ca2+] on a logarithmic scale [34]. To 

accurately quantify [Ca2+] and its variations at different cellular compartments, the Kd of an 

indicator needs to be taken into account in the search for the most appropriate indicator(s). For 

instance, Fura-2, with Kd at 224 nM, is suitable to track intracellular [Ca2+], but not extracellular 

[Ca2+], since the latter approximates 1 mM (exceeding 10 times of its Kd). Similarly, it is 

suboptimal to use Quin-2 (Kd, 60 nM) to monitor glucose-induced oscillations of [Ca2+]c with 

amplitudes as high as 1000 nM (Figure 1a), beyond the upper limit of the indicator (600 nM) [110].  

 

Intensity-based or ratiometric indicator?  

 

In general, it is challenging to employ an intensity-based indicator for quantitative analysis of Ca2+, 

partly because the signal of an indicator is prone to self-shifting as a function of its concentration, 

thereby interfering with precise quantification of [Ca2+] [111]. Other factors, including its 

heterogeneous distribution, leakage and photobleaching as well as non-uniform excitation 

conditions, further confound efforts to evaluate [Ca2+] quantitatively. 

 

In contrast, a ratiometric indicator has the potential to circumvent the aforementioned limitations 

since, by definition, it relies on ratios of the signal at different wavelengths, i.e. relative intensity, 

so is intrinsically self-calibrated. 

 

ICT-based indicators are constructed by a pair of so-called donor and accepter molecules that 

occupy each end of a fluorophore via a direct conjugation (Figure 4b, i). Both the donor and 
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accepter possess Ca2+-binding sites (without a linker). Upon light excitation, the electron transfer 

from the donor to the acceptor is accompanied by an instantaneous change in the dipole moment 

of the fluorophore. The relaxation of the dipole leads to a Stoke-shifted fluorescence of the 

fluorophore. The flexibility of anchoring the chelator onto either the donor (D) or acceptor (A) 

side allows ICT-based indicators to exhibit blue- or red-shift fluorescence (Figure 4b, ii) [126]. A 

blue shift occurs when both the electron-donating property and conjugation strength of the donor 

are restrained by the chelator; conversely, a red shift appears when the electron-withdrawing 

property of accepter is enhanced by the adjacent chelator [127]. Fura-2 is a representative 

ICT-based fluorescent indicator. As shown in Figure 4b, iii, the excitation spectrum peak of 

Fura-2 shifts from ~380 to ~340 nm with increasing fluorescence intensity in response to the 

increased binding of Ca2+ to its donor side. In addition, the ratiometric feature of Fura-2 at 

340/380 nm offers self-calibrated fluorescence signals and hence minimises the potential 

interference from the sensing environment. In this context, a ratiometric indicator may be 

preferable to an intensity-based indicator for quantification of [Ca2+] (Box 2). 

 

Despite tremendous successes in probing intracellular Ca2+, the advent and development of 

chemically synthesised fluorescent Ca2+ indicators have faced several issues. First, 

photobleaching, a notorious problem with almost all these indicators, interferes with precise 

quantification of [Ca2+] during long-term tracking, resulting in a limited observation window 

[128]. Second, exposure to UV light is associated with phototoxicity, which impairs cellular 

function. Substitution for the visible light-excitable indicators seems to be a rational option to 

circumvent photobleaching and reduce phototoxicity. However, only a few Ca2+ indicators that 

are excitable by visible light have been developed, providing a limited range of Kd and optical 

performance. In light of these limitations, the use of ratiometric indicators appears preferable in 

principle [129]. However, interferences caused by compartmentalisation, leakage and incomplete 

hydrolysis may still disrupt the recording or interpretation of results [34].  
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Table 1. Chemically synthesised indicators for sensing [Ca2+]c 
 

 

 

 

Indicators 

 

 

 

 

Kd 

(nм) 

 

Excitation 

nm 

 

Emission  

nm 

 

 

 

Fmax/Fmin 

(Rmax/Rmin) 

 

 

 

 

Subjects  

 

 

 

 

Note 

 

 

 

 

Ref.  Ca2+ 

free 

Ca2+ 

bound  

 Ca2+ 

free 

Ca2+ 

bound 

Quin-2 60 355 330 495 495 5-8 1, 6 a  [96, 113] 

Fura-2 224 380 340 510 505 (13-25) 1, 2, 3, 4 b  [114-119] 

Indo-1 230 346 330 475 400 (20-80) 2 c  [70] 

Fura-PE3 250 364 334 508 500 (18) 2 d  [81, 120] 

Fluo-3 390 503 506 525 525 40-100 4 e  [71] 

Fura-red 140 470 435 660 660 (5-12) 2, 4, 5 f  [105, 121, 122] 

Note: Fmax/Fmin, the ratio of maximum to minimum fluorescence of indicator; Rmax/Rmin contrast of ratios of 

maximum fluorescence to minimum fluorescence between Ca2+-free and Ca2+ bound states of the indicator. Besides 

the listed references, we also refer to The Handbook: A Guide to Fluorescent Probes and Labelling Technologies (11 

ed.) [123]. Fmax/Fmin or Rmax/Rmin is provided depending on which is available.  

Subjects:  

1. Isolated mouse β-cells 

2. Intact mouse islet 

3. Isolated human β-cells 

4. Intact human islet 

5. MIN6 β-cells (highly differentiated and glucose-responsive murine β-cell line) [124] 

6. Clonal insulin-releasing cell line RINm5F 

Note: 

a. The first-generation indicator, whose absorption and quantum efficiency are lower than fluorescent 

indicators developed subsequently [34]. 

b. A ratiometric indicator featuring high compartmentalisation and strong protein binding characteristics.  

c. A ratiometric indicator with dual emissions [70]. 

d. A Fura-2 derivative developed for monitoring leakage resistance of cytoplasmic Ca2+ (i.e., the efflux 

process). The absorption peak of Fura-PE3 undergoes a significant blue shift upon binding Ca2+.  

e. An indicator featuring enhanced fluorescence and visible excitation light (thus, reduced photodamage).   

f. A ratiometric indicator, characteristic of a long-wavelength emission, such as red, and used for 

multiplexing sensing in conjunction with other ion-sensitive indicators.  
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Figure 4. Schematic of fluorescent principles and optical responses of synthetic fluorescent indicators 

upon binding Ca2+. (a) Photo-induced electron transfer (PiET)-based fluorescent indicator: (i) Energy 

scheme and reversible process of binding/unbinding Ca2+ in the regulation of the optical responses; (ii) 

Fluorescence enhancement of PiET-based indicator in the presence of Ca2+, where a spectral shift is 

usually negligible even if it occurs; (iii) Fluorescence enhancement of PiET-based Fluo-3 proportional to 

increase in [Ca2+] (excitation 488nm, emission ~525 nm). (b) Internal charge transfer (ICT)-based 

fluorescent indicators: (i) Schematic of Ca2+-modulated ICT process. In the absence of Ca2+, ICT occurs 

as the charge transfer from the electron donor (denoted by D, e.g. dialkylamino-) to the electron acceptor 

(denoted by A, e.g. carbonyl). When a Ca2+ chelator is linked to D (negatively charged), binding of Ca2+ 

suppresses the electron transfer from D to A (blue); on the contrary, Ca2+-binding with the chelator linked 

to A enhances the ICT (red); (ii) A reduced ICT leads to a blue shift of the emission band, while an 

enhanced ICT undergoes a red shift; (iii) Shift of excitation spectra of Fura-2 (an ICT-based fluorescent 

indicator) in response to Ca2+. 

 

2.4.2 Genetically encoded Ca2+ indicators for [Ca2+]c 

 

GECIs, also known as fluorescent Ca2+ indicator proteins (FCIPs), are another mainstay optical 

toolkit for sensing [Ca2+]c. As described in Figure 5a, the nucleic acid sequence of the indicator 

is tagged with a selected promoter sequence from the target organelle. The fused cDNA is then 

transfected into the target cells, mostly via lipofection [103] or viral transduction [130]. Under 

the guidance of a promoter gene, GECIs can be precisely expressed in the target subcellular 

compartment, e.g. mitochondria, ER, nucleus, Golgi and plasma membrane. Similar to 

chemically synthesised indicators, the optical property (mostly the fluorescence intensity) of 

GECIs is altered upon binding Ca2+. For the selection of a suitable GECI, both Kd and the optical 

property remain key considerations.  
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As shown in Figure 5b, four types of GECIs are widely used: 

(i) Recombinant Aeq, is a type of protein that is produced by reconstructing the native Aeq 

sequence using genetic engineering techniques. This can be achieved by transfecting cells with 

Aeq cDNA fused with a tag sequence for targeted expression [131]. Similar to the native Aeq, 

the recombinant Aeq expressed in cells exhibits spontaneous fluorescence at 470 nm when 

binding to Ca2+ [103]. The emission of fluorescence is accompanied by the oxidation of 

coelenterazine to colenteramide in the recombinant Aeq molecule (Figure 5b). Recombinant Aeq 

used in islet studies has allowed recording of the [Ca2+]mito, showing that [Ca2+]mito increased and 

oscillated in MIN6 cells treated by KCl (22 mM) or glucose (30 mM) with a higher peak 

concentration than that of [Ca2+]c (2 µM [Ca2+]mito vs. 900 nM [Ca2+]c) [132]; KCl-evoked 

elevation in [Ca2+]mito induced an immediate increase in cytosolic and mitochondrial free ATP, 

suggesting that the [Ca2+]mito is essential for mitochondrial metabolism, i.e., the production of 

ATP [75].   

 

(ii) Bioluminescence resonance energy transfer (BRET)-based GECI, also called hybrid 

recombinant Aeq, is composed of a recombinant Aeq and a fluorescent protein, in which the 

excitation spectrum of the fluorescent protein is overlapped with the emission of Aeq, hence 

leading to BRET. As shown in Figure 5b, ii, as Ca2+ binding induces a conformational change to 

the indicator, the distance between Aeq and the fluorescent protein reduces, and then the BRET 

takes place and is stoked. As a result, the fluorescent protein is excited by the luminescence of 

Aeq without the need for an external light source [133]. While BRET-based GECIs have 

improved the intensity of fluorescence signal compared with pure Aeq, their application in islet 

studies is limited by the demand for constant replacement of the oxidised component, i.e., the 

coelenterazine.  
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Figure 5. Transfection and sensing principles of representative GECIs. (a) Schematic of viral transfection 

or lipofection loading of GECIs into a target cell. The viral vector or liposome carrier embedded with the 

fusion recombinant gene transfects the host cell by releasing the fused DNA. The indicator DNA is added 

into the host gene by integrase and subsequently expressed in the target compartment after DNA 

transcription and mRNA translation. (b) Fluorescence principles of representative GECIs: (i) In the 

presence of Ca2+, recombinant Aeq, undergoing internal oxidation of coelenterazine to coelenteramide, 

releases a coelenteramide and gives emission at 470 nm. Its reversible pathway - refunctionalisation of 

Aeq - proceeds with the provision of coelenterazine; (ii) Bioluminescence resonance energy transfer 

(BRET)-based GECI comprises a single green fluorescent protein (GFP) and its conjugated Aeq, showing 

GFP’s fluorescence once Ca2+ binding switches on the emission of Aeq since the latter overlaps with the 

absorption of Aeq; (iii) A representative of Förster resonance energy transfer (FRET)-based GECI, 

typically consisting of a cyan fluorescent protein (CFP), a yellow fluorescent protein (YFP), a 

Ca2+-binding peptide calmodulin (CaM, linker in black) and a CaM-binding peptide M13 (linker in red). 

Conformational changes of CaM and M13 induced by binding Ca2+ lead to a reduced distance between 

CFP and YFP. Under external light excitation, the shortened distance between CFP and YFP accelerates 

the FRET, i.e., a portion of fluorescence of CFP will be absorbed by YFP for its own emission; (iv) 

Single fluorophore-based GECI, for example, a GFP conjugated with CaM and M13. The binding of Ca2+ 

induces conformational changes to both CaM and M13, hence modulating the optical properties of the 

GFP.  

 

(iii) FRET-based GECI, is constructed by connecting two FPs with a linker, e.g., Ca2+-binding 

protein calmodulin and calmodulin-binding protein M13. The most frequently used FPs belong 

to the chameleon family. As shown in Figure 5b, iii, an exemplified FRET-based GECI is 

constituted by the cyan fluorescent protein (CFP) and the yellow fluorescent protein (YFP). In 

the absence of Ca2+, the emission of CFP at 480 nm dominates. Upon binding to Ca2+, an 
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intramolecular conformational change occurs and pulls the two FPs closer, causing an enhanced 

FRET. Therefore, YFP is switched on by the emission of CFP and emits fluorescence at around 

530 nm [104]. In islet studies, for example, its use (e.g. Ycam-4ER, Kd = 100-1000 µM, and 

D4ER, Kd = 65 µM) [104, 134] has enabled the direct measurement of [Ca2+]ER in response to 

varying stimuli and provided insights into the roles of Ca2+ transporters in the organelles of 

β-cells. In particular, [Ca2+]ER imaging using Ycam-4ER showed that [Ca2+]ER increased in 

MIN6 cells with 20 mM glucose treatment. In addition, resting [Ca2+]ER was markedly reduced 

after the suppression of SERCA2b but not SERCA3, suggesting that SERCA2b is the principal 

ER Ca2+-ATPase in MIN6 cells [98]. Simultaneous monitoring of [Ca2+]c and [Ca2+]ER, using 

Fura-PE3 and D4ER, respectively, revealed that [Ca2+]ER oscillated concurrently with [Ca2+]c 

under glucose stimulation. This study also demonstrated that the increase in [Ca2+]ER was not 

abolished but only slightly decreased when SERCA3 was knocked out, reflecting the 

predominant role of SERCA2a in the regulation of [Ca2+]ER within β-cells [82, 98].  

 

(iv) Single fluorophore GECI, as a GCaMP family member, can be represented by indicators 

containing a circularly permuted GFP, conjugated with the Ca2+-binding protein calmodulin on 

one side and M13 on the other side [135]. Conformational changes in calmodulin induced by the 

presence of Ca2+ increase the interaction between calmodulin and M13, which in turn impacts 

the intramolecular protonation state of the fluorophore GFP. As such GFP fluorophore gives rise 

to enhanced emissions in proportion to the concentration of Ca2+ (Figure 5b, iv) [136]. One 

selected example is the derivative of Pericam, 2mt8PR (Kd = 1.7 µM), which was invented for 

targeted expression in the mitochondria of living cells [137]. The application of 2mt8PR in 

mouse β-cells showed that the increase in [Ca2+]mito induced by 17 mM glucose followed the 

elevated [Ca2+]c with a temporal delay for around 80 seconds. In the same study, the increase in 

[Ca2+]mito was substantially impaired when the expression of mitochondrial Ca2+ uniporter (MCU) 

was suppressed using shRNA. However, the fact that the increase in [Ca2+]c was not affected by 

MCU silencing suggested an alternative pathway for clearing increased [Ca2+]c in mouse β-cells 

[74]. 

 

Clarifying the complex interaction of multiple bio-factors that constitute the signalling network 

underlying insulin secretion is critical to the understanding of islet biology. For this purpose, 

multiplexed sensing, deploying multiple sensors for concurrent monitoring of [Ca2+]c and other 
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regulatory factors, is of importance. For example, cyclic adenosine monophosphate (cAMP) is an 

intermediate regulator that has been considered to enhance intracellular Ca2+ signal and 

exocytosis via protein kinase A (PKA)-dependent and -independent pathways. While cAMP 

signalling is pivotal to the insulinotropic effect of gut hormones, the correlation between 

intracellular cAMP and [Ca2+]c was unclear. Simultaneous monitoring of [Ca2+]c and cAMP has 

identified that cytoplasmic cAMP oscillates in β-cells or MIN6 cells with the provision of 11 

mM glucose. The pattern of cAMP oscillation resembled [Ca2]c and partially relied on [Ca2+]c 

oscillation, as inhibition of the [Ca2+]c change using the VGCC blocker methoxyverapamil (50 

µM) did not abolish cAMP oscillation. Therefore, the multiplexed sensing of [Ca2+]c and cAMP 

has clarified that cAMP, while oscillating with [Ca2+]c, is not directly driven by the latter [105]. 

This enlightening work has stimulated further studies, which, for example, found that the 

suppression of cAMP formation by inhibiting adenylyl cyclase (the enzyme that converts ATP to 

cAMP) reduced GSIS from β-cells, and that the effect of cAMP on modulating pulsatile insulin 

secretion could be mediated by a cAMP-dependent guanine nucleotide exchange factor, Epac2. 

Together, these observations have provided a novel understanding of the formation of pulsatile 

insulin secretion (Figure 6a) [105, 138].  

 

Knowledge about the interaction between [Ca2+]c and mitochondrial activity in β-cells has also 

been advanced with the aid of multiplexed sensing methodology. Simultaneous measurements of 

NADH (by autofluorescence), [Ca2+]c (by Fura-red) and mitochondrial membrane potential (by 

Rh123) in mouse β-cells under 10 mM glucose have shown that: (i) NADH oscillates around 

every 5 minutes; (ii) these oscillations are almost coherent with those of [Ca2+]c; (iii) [Ca2+]c and 

NAD(P)H oscillations are both abolished with inhibition of L-type VGCC by nifedipine; and (iv) 

the effect of [Ca2+]c is dependent on glucose, as elevated [Ca2+]c augmented NADH 

autofluorescence of β-cells at 3 mM glucose but lowered NADH autofluorescence at 10 

mM glucose. These observations suggest that slow oscillations of NADH within intact islets are 

modulated by [Ca2+]c, such that intracellular Ca2+ represents a key element of feedback 

regulation of the respiratory activity in mitochondria (Figure 6b) [121]. Another illustration of 

multiplexed sensing relates to the simultaneous recording of [Ca2+]c (by Fura-red) and 

cytoplasmic ATP concentrations (by Perceval, a protein-based ATP indicator) (Figure 6c), which 

has revealed that glucose induces pronounced oscillations of intracellular ATP, whose 
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concentration is negatively correlated with [Ca2+]c. Of note, ATP oscillations were abolished 

once L-type Ca2+ channels were blocked by methoxyverapamil. 

 

2.4.3 Ca2+-selective microelectrode (CSM) for [Ca2+]ex 

 

A CSM, generally comprising an amplifier, a voltmeter and sensing and reference electrodes, is 

made by combining an ion-selective functionality with a microelectrode (capable of measuring 

cell membrane potential, resistance and net ion transport). CSMs have been developed to trace 

concentration changes of a specific ion, such as Ca2+, Na+, K+, H+ and Cl- [139].   

 

 
Figure 6. Illustration of multiplexed sensing of [Ca2+]c, where simultaneous sensing is enabled by using 

long-wavelength emission of Fura-red (λex/λex = 435/660 nm) in combination with sensors for other 

concerned intracellular molecules, including: (a) Sensing of [Ca2+]c by Fura-red, cyclic adenosine 

monophosphate (cAMP) by a cAMP biosensor (λex/λex = 485/535 nm) and cytoplasmic membrane 

potential by patch-clamp [105, 138]. (b) Sensing of [Ca2+]c by Fura-red, NADH by autofluorescence 

(λex/λex = 365/480 nm) and mitochondrial membrane potential by Rh123 (λex/λex = 510/535 nm) [121]. (c) 

Sensing of [Ca2+]c by Fura-red, ATP by Perceval (λex/λex = 488/527 nm) and pH by BCECF (λex/λex = 

442/485 nm) [122].  

 

Figure 7a is a schematic of a typical Ca2+ sensing electrode, which consists of a Ca2+-selective 

ionophore cocktail (lipophilic liquid phase with ion-exchange properties), electrolyte (usually 

concentrated KCl solution containing Ca2+), and a reference electrode (containing Ca2+-free 

electrolyte) [140]. Once there is a [Ca2+] difference between the sample and internal electrolyte, 

Ca2+-selective ionophores specifically bind Ca2+ and transport Ca2+ between the sample and 
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electrolyte, towards a concentration equilibrium. Alongside the transportation of Ca2+, changes in 

the electric potential are induced between the microelectrode and the reference electrode, and the 

corresponding voltage is recorded by the voltmeter. Since the varying potential is proportional to 

the logarithm of [Ca2+] (based on the Nernst equation), CSMs will extract the dynamic changes 

of [Ca2+] accordingly [141].   

 

Perez-Armendariz and Atwater have made a pioneering contribution by exploiting CSMs to 

probe [Ca2+]ex in the intercellular space of β-cells [142]. They observed that, in a measurement 

lasting for ~1 minute, there is an instant depletion of 0.5 mM [Ca2+]ex under glucose stimulation 

(11 mM), before reverting to the basal level. This observation has clarified that there is a 

correlation between the fast oscillatory [Ca2+]ex and stimulation of the islet by glucose. Moura 

combined CSM (placed in the vicinity of the cell) with a potential-sensitive microelectrode 

(impaled within the β-cell) for multiplexed sensing of [Ca2+]ex and membrane electrical activity. 

This work showed that the addition of glucose (11 mM) depolarised the β-cells and induced 

biphasic electrical activity accompanied by small oscillations of [Ca2+]ex in an islet (Figure 7b). 

The respective waveforms of [Ca2+]ex and membrane potential were essentially concomitant, 

with a delay of only 1 minute between the oscillatory behaviour of [Ca2+]ex and the membrane 

potential. These outcomes are in good agreement with the Ca2+ signalling process, i.e., 

membrane depolarisation first induces Ca2+ influx from the extracellular space, followed by the 

transport of Ca2+ into the extracellular space during repolarisation [108]. Gerbino et al. measured 

[Ca2+]ex in the intercellular cavity by placing a CSM close to an INS-1E pseudo-islet (Figure 7c). 

They found that exposure of the pseudo-islet to both high glucose (20 mM) and non-nutrient 

insulinotropic compounds raised [Ca2+]ex, which increased with exocytosis of Ca2+-rich granules 

(Figure 7d) [67]. 

 

The characteristics of a variety of prevailing optical-based Ca2+ indicators and CSM techniques 

are summarised in Table 2. In brief, CSMs are capable of probing [Ca2+] in a range of nM to mM 

[143]. Their sensing principle avoids the issues of photobleaching and diffusion that affect 

fluorescence-based indicators. CSMs thus permit a stable, long-term tracking of [Ca2+]ex. In view 

of the large tip size and possible mechanical damage to cells, the CSM-based sensing technique 

is preferable for measurements in the interstitial space [144]. The measurements mainly relate to 

the vicinity of the tip, so they do tend to be spatially limited.  
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2.5 The State-of-the-Art Sensors for [Ca2+]ex 

 

The potential for [Ca2+]ex to coordinate intercellular signalling has given rise to the demand for 

sensors for in situ real-time tracking of [Ca2+]ex. An ideal sensor for this purpose should: (i) 

accurately quantify [Ca2+]ex in the order of mм i.e., with a high-value Kd (or low affinity to Ca2+); 

(ii) faithfully discern small fluctuations of [Ca2+]ex from the high basal level, e.g., up to hundreds 

of μм changes over around 1.2 mM extracellular Ca2+; (iii) selectively and instantaneously 

respond to Ca2+; and (iv) track [Ca2+]ex over a protracted period. In addition, the increasing 

demands for multiplexed sensing require high compatibility of indicators for both [Ca2+]ex and 

other related bioactive molecules. In this section, we review the sensors that meet these criteria 

despite their applications may not be prevailing in islet studies.  

 

 

Figure 7. Applications of a Ca2+-selective microelectrode (CSM) in islet studies. (a) Schematic of a CSM 

tip in measuring Ca2+, where Ca2+-selective ionophores can transport Ca2+ reversibly between the sample 

and the inner electrolyte. (b) CSM measuring [Ca2+]ex in combination with potential electrode measuring 

plasma membrane potential. Upper panel: Variations in β-cell membrane potential upon increasing 

glucose from 0 to 11 mM; lower panel: corresponding changes of [Ca2+]ex during this process. 

Reproduced with permission [108]. Copyright 1995, Elsevier. (c) Microscope image illustrates the 

placement of a double-barrelled selective microelectrode in proximity to an INS-1E pseudo-islet. Scale 

bar, 100 μm. Reproduced with permission [67]. Copyright 2012, Elsevier. (d) Response of extracellular 

[Ca2+] of the pseudo-islet under stimulation with 20 mM glucose, measured by CSM inserted in the 

intercellular space. Reproduced with permission [67]. Copyright 2012, Elsevier. 
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2.5.1 Low-affinity synthetic Ca2+ indicators 

 

A simple way to develop low-affinity indicators is to engineer conventional chemically 

synthesised indicators by reducing the ratio of Ca2+ binding sites (e.g., the carboxylic group) to 

its fluorophore molecules. A typical example is to truncate the carboxylic groups of the 

BAPTA-based indicators, which usually comprise four carboxylic groups for binding Ca2+ [123, 

156]. The truncated indicator developed by He et al. exhibits increased fluorescence intensity by 

~34% per 1 mM Ca2+ in the range of 0.3-2.2 mM (Figure 8a, i left), and also maintains the high 

selectivity for Ca2+ over Mg2+ [151]. An alternative method is to increase the ratio of 

fluorophores to the binding sites. For example, conjugation of an increased amount of 

fluorophore, BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) with the truncated BAPTA 

resulted in an indicator with Kd up to ~0.92 mM and high selectivity for Ca2+ (about 9 times over 

other metal ions under physiological conditions) (Figure 8a, ii right) [152].  

 

Other than modifying the BAPTA-based Ca2+ indicators, the renaissance of chemically 

synthesised indicators for extracellular Ca2+ also deserves attention.  Of a list of commercial Ca2+ 

indicators, Rhod-5N emerges as a promising low-affinity Ca2+ indicator (Kd ~0.32 mM, as 

specified by the manufacturer) for sensing [Ca2+]ex. The apparent Kd of Rhod-5N was increased 

to 3.29 mM in the cell culture medium (Dulbecco's Modified Eagle Medium, DMEM) where the 

high selectivity to Ca2+ was not compromised (Figure 8b, i). This suggests that Rhod-5N is 

suitable for measuring Ca2+ between 0.33-33 mM, a range covering both physiological and 

pathophysiological variations in [Ca2+]ex. Moreover, the sensing profile of Rhod-5N for Ca2+ was 

retained in both raw and filtered human serum samples (Figure 8b, ii left). In DMEM or 

DMEM+10% FBS mixture (Figure 8b, ii right), the fluorescence enhancement of Rhod-5N 

exhibited a linear dependence on logarithmic [Ca2+] [17]. The work by Rusakov and Fine 

demonstrated that the fluorescence of Rhod-5N responded to 0-2 mM [Ca2+] in an almost linear 

pattern, with a ~2% increase per 100 µM [153]. This was realised by encapsulating Rhod-5N 

(dispersed in a Ca2+-free buffer) into a concentric shell attached to a micropipette with tip size 

2-3 µm (Figure 8b, iii left). A constant pressure was applied to the pipette to hold the Rhod-5N 

buffer at the tip. Upon contact with Ca2+-containing aqueous solvent, fluorescence at the tip area 

increased in response to the diffusion of Ca2+ into the shell (Figure 8b, iii right).  
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Table 2. Summary of conventional Ca2+ sensors for islet studies 

 

Aggregation-induced emission (AIE) fluorogens-based Ca2+ indicators are another emerging 

sensor for measuring [Ca2+]. When embedded into Ca2+-chelating ligands, AIE fluorogens emit 

fluorescence upon aggregation of fluorogens induced by Ca2+. As illustrated in Figure 8c, i, one 

such sensor can be synthesised from chelator-conjugated polyacrylic acid (PAA) and AIE 

fluorogen tetraphenylethene (TPE) into a polymer gel form. In the presence of Ca2+, the 

conformational changes of PAA pull the TPE appendants closer to trigger fluorescence [157]. 

Subject to the relative amount of TPE content (x), Kd of PAA-TPEx varies from 0.43 to 2.8 mM. 

For example, g-PAA-TPE0.02 exhibits 10% and 3% changes in fluorescence intensity when [Ca2+] 

oscillates between 0.1-1.1 mM or 1.1-1.3 mM, respectively. Of note, the optical signal strength 

drops by ~ 20% after 5 cycles (about 25 minutes) [154]. SA-4CO2Na represents another 

AIE-based Ca2+ indicator, which is similarly generated by incorporating the AIE fluorogen 

salicyladazine (SA) into the negatively charged iminodiacetate groups (Ca2+ chelator). Upon 

exposure to Ca2+, SA-4CO2Na forms highly emissive fibrillary aggregates, leading to a linear 

increase in fluorescence over 11 folds in response to increasing [Ca2+] from 0.6 to 3 mM (Figure 

8c, ii left). SA-4CO2Na also shows a high selectivity to Ca2+ over other metal ions and 

biomolecules (Figure 8c, ii right). Furthermore, SA-4CO2Na remains viable for sensing Ca2+ in 

 
 

Synthetic indicators 

GECIs 
 

CSMs 
Recombinant Aeq 

Fluorescent 

proteins 

[Ca2+] 

sensing 

(μM) 

0.04 – 1 [69, 114, 145] 50 – 500 or 0.1 – 70 [78] 500 – 1500 [67] 

Kd (μM) 0.06 – 0.39 [123, 146, 147] 0.2 – 50 [146, 147] 1.7 – 1000 [34, 148] 10-4 – 102 [149, 150] 

Signal 

strengths 
●●●●● ● ●●● ●●●● 

Advantages 

- high signal-noise ratio 

- good localisation 

- instantaneous 

response 

- free from excitation 

light 

- precise localisation 

- low photobleaching 

- precise 

localisation 

- low 

photobleaching 

- highly selective 

- stable signal reading 

- good selectivity 

Limitations 

- photobleaching 

- prone to aggregate 

- non-specific binding 

-non-ratiometric 

- very poor signal 

- pH-sensitive 

- relatively weak 

signal 

- low spatial resolution 

- concern of 

mechanical damages  

- slow response to Ca2+ 
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solid analytes, including psammomatous meningioma slices, microcracks on bovine bone surface 

and micro-defects on a hydroxyapatite-based scaffold [155].   

 

The sensors that have been developed to probe serum/blood Ca2+ represent a less explored group 

for tracing [Ca2+]ex. Moirangthem et al showed that a cholesteric liquid crystalline (CLC) 

polymer film could sense [Ca2+] in the range of 0.1-10 mM. The polymer film utilised benzoic 

acids as metal-binding sites, and the emission of the film exhibited a blue shift in response to 

Ca2+ as the wavelength changed from green to blue (Δλ = 70 nm). The Ca2+-induced wavelength 

corresponded to distinct colour changes, making the application of this film suited for rapid 

detection of blood Ca2+, e.g. diagnosis of hypocalcemia or hypercalcemia [158]. Ding et al 

utilised 3-aminopropyltriethoxysilane-coupled carboxylic acid (APS-CCA) to sense Ca2+ in the 

blood, and observed that the fluorescence of APS-CCA increased over 2 folds in response to 2 

mM Ca2+. The fluorescence response to other metal ions was negligible even at 

supraphysiological levels (2 mM). Incorporation of APS-CCA with a hydrophobic 

substrate-based microarray results in a high-throughput fluorimetric microarray, which facilitates 

high-throughput screening of blood Ca2+ (0.01-2 mM, over 20 blood samples in one 

measurement), with a sensitivity of 0.005 mM [159].   

 

2.5.2 Nano-structured sensors for [Ca2+]ex 

 

Nano-structured Ca2+ sensors are an array of hybrid materials that can convert the change of 

[Ca2+] into discernible optical, electrical or magnetic signals. The signal type and detection range 

of these sensors depend on the modality of the nanomaterials and the binding affinity of the 

chelators. There is a growing list of nano-structured sensors that meet the requirement for 

measuring [Ca2+]ex [160]. In this sub-section, we focus on the nano-structured Ca2+ sensors of 

low binding affinity. 
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Figure 8. Emerging low-affinity Ca2+ indicators for measuring high concentrations of Ca2+. (a) (i) A 

truncated BAPTA-based low-affinity Ca2+ indicator. As illustrated, the molecular structure (left) consists 

of Ca2+ recognition units and a fluorophore (4-amino-1,8-naphthalimide). Reproduced with permission 

[151]. Copyright 2008, Elsevier; (ii) The optical responses (λex = 477 nm) of truncated BAPTA in HEPES 

buffer (pH 7.4) upon addition of a series of Ca2+ stimuli. Reproduced with permission [152].  Copyright 

2016, Wiley. (b) (i) Ion-selectivity investigation of Rhod-5N to Ca2+ in the presence of common 

extracellular cations, the concentrations of which were set to mimic the extracellular environment, 

including Mg2+ (1 mM), Na+ (150 mM), K+ (5 mM), Fe2+ (50 µM), Cu2+ (50 µM), Zn2+ (50 µM), and Al3+ 

(50 µM). The data represent relative fluorescence changes (F – F0)/F0 of 50 µM Rhod-5N with (red bars) 

and without (blue bars) addition of Ca2+ (λex/λem = 530/580 nm), where F and F0 are the fluorescence of 

Rhod-5N in the presence and absence of the respective metal ions (left). The titration curve of 50 µM 

Rhod-5N, obtained by fitting its fluorescence at 580 nm (with Ca2+ from 1 μM to 1 M in the cell culture 

medium at 37 ℃) via Hill’s equation, where Hill’s coefficient (nh) was determined as 0.94 ± 0.06, and Kd 

as 3.29 ± 0.41 mM, with an R2 of 0.9994 (right); (ii) Sensing [Ca2+]ex in biomedical scenarios: 

fluorescence of Rhod-5N increases linearly in response to a wide range of [Ca2+] in unfiltered and filtered 

human serum samples (left). [Ca2+]-dependent fluorescence enhancement of Rhod-5N in Dulbecco’s 

Modified Eagle Medium (DMEM) with and without fetal bovine serum (FBS, 10%) (right). Reproduced 

with permission [17]. Copyright 2020, American Chemical Society. (iii) A micro-pipette probe filled with 

3 mм Rhod-5N for sensing extracellular Ca2+ (left). The probe displays a linear fluorescence signal 

change in response to [Ca2+] from 0 to 2 mM (right). Reproduced with permission [153]. Copyright 2008, 

Elsevier. (c) (i) Schematic illustration of one aggregation-induced emission (AIE)-based fluorescent 

indicator (g-PAA-TPE) for Ca2+ sensing. Reproduced with permission [154]. Copyright 2016, Springer 

Nature. (ii) Relative fluorescence intensity changes of SA-4CO2Na at 560 nm as a function of different 

[Ca2+] (left); Relative fluorescence of SA-4CO2Na in response to various metal ions and biological 

molecules in phosphate-buffered saline (PBS) (right): Ca2+ (3.0 mM), Li+ (1.0 mM), Na+ (150 mM), K+ 

(150 mM), Zn2+ (50 µM), Mg2+ (2.0 mM), Co2+ (50 µM), Cu2+ (50 µM), Fe3+ (50 µM), [Bovine serum 

albumin, BSA] = [Porcine haemoglobin, PHB] = [FBS] = 0.05 mg/mL, [SA-4CO2Na] = 1.0 mM; λex/λem 

= 351/560 nm. Reproduced with permission [155]. Copyright 2018, American Chemical Society. 
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For gold nanoparticles (AuNPs), the specific electromagnetic fields (e.g., incident light) acting 

on the particles can drive resonant oscillations of electrons of the conductor at the NP interface, 

namely surface plasmon resonance (SPR) characteristic, which has been utilised for sensing 

provided that there are analyte-induced changes at the NP-environment boundary (e.g., variations 

in the size and shape of AuNPs and absorption of molecules onto the surface) [165]. In general, 

SPR wavelength shift reflects such variations. As exemplified in Figure 9a, i, Russell et al. 

functionalised AuNPs with carbohydrate moieties (lactose), and showed that the degree of AuNP 

clustering and associated colourimetric changes were dependent on [Ca2+] in the range of 0.8-2.2 

mM (overlapping part of physiological [Ca2+]ex) and 10-35 mM. The authors suggested that the 

sensing range is closely related to the length of the linker that bridges AuNPs and the chelator, 

such as ethylene glycol [166]. As shown in Figure 9a, ii and iii, calsequestrin (CSQ)-AuNPs 

aggregate in the presence of Ca2+ (but not other metal ions) and undergo a linear colourimetric 

shift when serum Ca2+ changes from 2.4 to 3.5 mM [161].  

 

Another development of nano-structured Ca2+ sensors is largely driven by their capacity for 

assembling or encapsulating fluorescent Ca2+ indicators into a nanoscale matrix [167]. Its salient 

feature includes protection of the indicators from unwanted interferences of the surroundings and 

acting as new carriers for delivery [168]. Compared to native indicators, the nanoscale capsule 

may mitigate the photobleaching issue (e.g., negligible impairment over a 40-minute exposure to 

UV light) and reduce the leaking rate (<3% leakage over 24 hours) [169]. One construction is to 

encapsulate the probes with biologically localised embedding (PEBBLE) (Figure 9b, i), where 

polyacrylamide or poly-(decylmelacrylate) works as the matrix to accommodate different Ca2+ 

indicators, such as Rhod-2 [162], Calcium Green [170] or Fluo-4 [171]. PEBBLE nanosensors 

with dimensions of 20 to 600 nm, have been generated for the detection of various bioactive 

molecules, including cellular Ca2+ (Figure 9b, ii). As shown in Figure 9b, iii, a PEBBLE 

nanosensor incorporating Rhod-5N exhibits a Kd of ~1.25 ± 0.006 mM, which is suitable for 

measuring high [Ca2+] [162]. Such nano-structured Ca2+ sensors are also generated by utilising 

silica NPs as the host matrix. Conjugation of dextran-encapsulated silica NPs with both the 

Fluo-4 and a reference dye can generate a ratiometric sensor that responds to Ca2+ up to 50 µM 

[172]. Its sensing range can be enlarged by replacing Fluo-4 with a low-affinity Ca2+ indicator, 

e.g. calcein.  
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Figure 9. Nano-structured Ca2+ biosensors. (a) (i) Sensing mechanism of Ca2+ chelator-functionalised 

gold nanoparticles (AuNPs). The presence of Ca2+ induces aggregation of NPs, leading to the SPR peak 

shift and colour change; (ii) Illustration of the process that calsequestrin (CSQ)-functionalised AuNPs 

undergo aggregation and exhibit colourimetric responses in the presence of Ca2+; (iii) Correlation of the 

ratio change of absorbance at 630 and 530 nm (A630/A530) as a function of [Ca2+]. Reproduced with 

permission [161]. Copyright 2009, Wiley. (b) (i) Sensing mechanism of Ca2+ probes encapsulated by 

biologically localised embedding (PEBBLE), in which the fluorescence of the indicator increases upon 

binding to Ca2+; (ii) A representative PEBBLE sensor constructed by anchoring a reference dye, such as 

Hilyte, onto the surface of the polymer matrix, for ratiometric sensing capacity for Ca2+; (iii) Fluorescent 

responses of Rhod-dextran/Hilyte (blue) and Rhod-5N/Hilyte (red) PEBBLEs as a function of [Ca2+]. 

Reproduced with permission [162]. Copyright 2012, American Chemical Society. (c) (i) Sensing 

mechanism of a nano-optode constructed by Ca2+-selective ionophore and pH-sensitive chromoionophore; 

(ii) Ion-exchange process in a polymeric lipophilic nanospheres embedded with Ca2+-selective ionophore 

(ETH 129) and chromoionophores (calix[4]arene-functionalised bodipy, CBDP). The ionophore 

selectively transports Ca2+ into the nanosphere in exchange with H+, leading to a change in the 

fluorescence of CBDP; (iii) The emission spectra of CBDP-encapsulated nanospheres as a function of 

[Ca2+] from 1 µM to 1.5 mM in PBS solution, pH 7.4 (λex/λem = 480/516 nm). Reproduced with 

permission [163].  Copyright 2016, American Chemical Society. (d) (i) Sensing mechanism of 

metal-organic frameworks (MOFs). The optical property of MOFs is susceptible to the conformational 

changes induced by the guest metal ions; (ii) Structure of Zn2(oba)2(4-bdph) TMU-5, a Ca2+-responsive 

MOFs: 6-coordinated Zn2(−COO)4(−PY)2 paddlewheel secondary building units are linked via oba and 

4-bpdh ligands resulting in three-dimensional azine-functionalised interconnected pores; (iii) Emission 

spectra of TMU-5S dispersed in distilled water with and without 2×10-6 M Ca2+ (λex = 355 nm). 

Reproduced with permission [164]. Copyright 2020, American Chemical Society.  
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More recently, nano-structured optical Ca2+ sensors have also emerged from ion-selective 

nano-optodes, which are composed of Ca2+-responsive ionophores (that are often used in CSM), 

ion-exchanger and lipophilic-sensing components (chromoionophore), such as a pH indicator, in 

a polymeric lipophilic matrix [173]. As depicted in Figure 9c, i, the ionophores selectively 

transport Ca2+ into the optode, driven by the concentration gradient. Subsequently, H+ is released 

to maintain the electroneutral state inside. As a consequence, the internal pH of the sensor 

changes, which further influences the optical properties of the embedded lipophilic-sensing 

components (e.g. chromoionophore). Figure 9c, ii illustrates a representative of Ca2+-responsive 

nano-optode, which consists of Ca2+ ionophore II (ETH 129) and chromoionophore 

calix[4]arene-functionalised bodipy (CBDP). In response to [Ca2+] from 1 µM to 1 mM, this 

sensor shows a gradual decrease in fluorescence intensity (Figure 9c, iii). Similar to PEBBLE 

sensors, the encapsulation of nano-optode in a polymer also prevents disturbance from the 

environment, which is advantageous for tracing [Ca2+] over a prolonged time. The other nano-

optode sensors, containing either CBDP or 

9-(diethylamino)-5-[(2-octyldecyl)imino]benzo[a]phenoxazine (ETH 5350) as chromoionophore, 

exhibit stable fluorescence in the first 3 hours after being loaded into Hela cells (an immortal cell 

line derived from human cervical cancer), followed by around 40% decrease over 24 hours [163]. 

The sensing range of nano-optodes appears to depend on the binding affinity of the Ca2+-

selective ionophore. Therefore, the effective sensing range is flexible to be tuned for different 

sensing purposes, including measurement of [Ca2+]ex by adopting low-affinity ionophores. In 

comparison to CSM, the response time of nano-optode is improved by orders of magnitude, as 

short as ~1 second to date, but this remains barely competitive with the temporal resolution of 

chemically synthetic or protein-based Ca2+ indicators. Such a temporal resolution may result in 

the distortion or dismissal when extracting transient Ca2+ signals. 

 

An emerging high-performance sensor is based on metal-organic frameworks (MOFs), a type of 

crystalline solid constructed by connecting metal cations or groups of cations (nodes) via organic 

ligands (linkers that have multiple binding sites) to form single- or multi-dimensional extended 

coordination networks [174-176]. Of note, MOFs fluoresce upon either irradiated metal 

components or organic ligands. In addition, the optical characteristics of MOFs are dependent on 
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node-to-ligand or ligand-to-ligand interaction, or the interaction between MOFs and the 

surrounding environment [177]. With different pore sizes and combinations of metal ions and 

ligands, it is feasible to customise MOFs to sense various molecules that are smaller than the 

pore of MOFs (Figure 9d, i) [178]. For example, Ca2+-responsive MOFs have been developed 

from a three-dimensional lanthanide anionic structure based on 

{K5[Tb5-(IDC)4(ox)4]}n·n3(20H2O)n. K
+ in its one-dimensional channel can exchange with Ca2+ 

to induce a remarkable increase in fluorescence at ~480 and 550 nm. However, these MOFs also 

respond to other metal ions, such as Fe2+ and Cu2+ [179]. The poor selectivity towards Ca2+ thus 

restricts their biological application. Figure 9d, ii shows the spectra of a MOF-based ratiometric 

Ca2+ sensor, TMU-5S, [Zn(C14O5H8 (C14H14N4)0.5]·(C3NOH7)1.5(RhB)0.002, which was 

synthesised by integrating rhodamine B with the MOF. Upon addition of 2 µM Ca2+ (in a 

cell-free experimental setup), fluorescence of of TMU-5S is increased, in association with a blue 

shift (from 485 nm to 465 nm, and from 585 nm to 575 nm, respectively) (Figure 9d, iii). The 

results also showed that TMU-5S preferentially binds to Ca2+ over other metal cations at 

physiological concentrations, and exhibits a 5-second response (the time required to obtain the 

90% real value) and 40-second recovery (the time for releasing up to 90% from a specific target) 

[164]. The temporal responsiveness is sufficient for tracing slow Ca2+ changes, but may be too 

protracted for fast-tracking or instantaneous reading of [Ca2+] changes. 

 

2.5.3 Microfluidics-based multiplexed sensing platforms 

 

A microfluidic sensing platform typically comprises three core modules: perfusion controller(s), 

customised microfluidic chip and (multi-) analytical station(s) [180]. The perfusion system 

customises the perfusion rate, in the micro- or nano-liter range per minute, via peristaltic pumps 

(for long-term perfusion) or syringe pumps (for short-term perfusion). The second component, a 

microfluidic chip, is central in the system. It incorporates the mechanism to immobilise 

biological samples and provide them with a biomimetic environment, while the channel 

structures in the microchip regulate the shear stress that the trapped tissues are exposed to, which 

impacts the viability of the tissues to be studied. Moreover, the microfluidic chip features the 

flexibility and compatibility required for simultaneous multiplexed tracing of bioactive 

molecules. Subject to the specific research question, analytical modules such as optical 

microscope and on-chip immunoassay based on antigen-antibody reactions can be incorporated, 
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allowing for tracking small molecules (e.g., ions and ATP) or large biomolecules (e.g., peptide 

and protein).  

 

For the first module, the selection of the perfusion controller is based on the perfusion 

requirements as mentioned in the preceding paragraph. The major variation between microfluidic 

chips lies in the design of the microchannels and trapping structures, which should ensure 

effective capturing and immobilisation of the samples of interest, e.g. the primary pancreatic 

islets and islet spheroids. 

 

Figure 10 illustrates four types of frequently adopted tissue-trapping structures in microfluidic 

sensing platforms. Under hydrodynamic force, the U-cup tissue array is able to sequentially 

immobilise individual primary pancreatic islets in each cup while reducing the shear stress 

imposed on the trapped tissue via directing the branch of the perfusion flow into the cup (Figure 

10a) [17, 184]. The U-cups are selective for islets with a specific range of dimensions, as the 

smaller islets would either escape the capture of the cup via the neck or stack within the cup, 

while the larger ones drift downstream along the channel and are not directed into the cup. 

Regarding the other chambers, a dam-wall-like tissue chamber is preferable to load tissue of 

different sizes, despite that the flow imposed on the trapped islets has been shown to dampen the 

glucose-stimulated Ca2+ response of the periphery of the islet where fluid shear stress is greatest 

(Figure 10b) [185].  

 

In addition to acting as trapping sites for primary tissues, the chambers are adaptable to enable 

the on-chip formation of islet organoids/spheroids. As shown in Figure 10c, the microwell 

chambers have been used to host islet organoids that grow from stem cells captured from the 

perfused medium by gravity [182]. It has been suggested that the capturing function of wells is 

consistent when the flow rates are less than 2 µL/min, which however may be too slow to grow 

healthy organoids [186]. Though the fabrication of the microwell is relatively simple, the 

challenge lies in the uneven provision of nutrients in the well, because the fluid exchange at the 

bottom is much slower than on its surface [187]. To mitigate these issues, a microchamber with 

15 microtraps based on 7 circularly patterned micropillars is developed, allowing for efficient 

exchange of interstitial fluid and capturing of the suspended cells in a perfused medium (e.g., 

2×106 cells/mL) (Figure 10d). The fluidic dynamic simulation has suggested there is a stable, 
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uniform flow with negligible shear stress in these microtraps. This may account for 

good-differentiation and high survival rates of islet organoids in the micropillar trap – over 

72-hour culturing, 85% of cells are viable in the micropillar trap in contrast to 45% in the 

microwell trap) [183]. 

 

 
Figure 10. Illustration of selected microfluidic chips. (a) Layout of a U-cup-based microfluidic chip, with 

two Y-shape inlets, two sections of serpentine channel, a column of U-cups, an optical window and an 

outlet. Reproduced with permission [17]. Copyright 2020, American Chemical Society. (b) A schematic 

of a microfluidic device that utilises a dam-wall design to capture pancreatic islets. Islets and media are 

delivered into the device by flow from the inlet to outlet ports with tubing. This two-layer device contains 

a 125 μm tall main channel and a 25 μm tall dam wall. The schematic of the zoomed-in holding area 

shows that islets in this channel are prevented from moving down the channel by the drop in height. This 

design maintains the islets stationary with flow directed at the islets. Reproduced with permission 

[181]. Copyright 2013, Royal Society of Chemistry. (c) Schematic diagram of organoids on the chip with 

well traps. The device consists of four parts: top and bottom PDMS layers separated by a through-hole 

PDMS membrane and a polycarbonate porous membrane. The microwell array of the upper layer allows a 

three-dimensional culture of islet organoids under dynamic medium perfusion. A polycarbonate porous 

membrane is applied to separate the media flow of the upper channel from the lower. Reproduced with 

permission [182]. Copyright 2019, Royal Society of Chemistry. (d) Layout of a microfluidic system with 

microchambers for the collection and culture of multiple islet cells. The culture chamber consists of 15 

round microtraps (280 μm × 280 μm) and 7 micropillars each (145 μm × 145 μm × 200 μm), which 

support the construction of islet-like tissue (islet diameter ~185 μm). Reproduced with permission [183]. 

Copyright 2019, Elsevier.  

 

As introduced in Section 2, insulin secretion is initiated by multi-step intracellular Ca2+ 

signalling and synchronised by intercellular communication. Multiplexed sensing is in great 
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demand, to provide a comprehensive understanding of the steps involved, since it carries the 

following advantages: (i) it provides biologically relevant perfusion and enables organ-crosstalk 

that mimics in vivo conditions; (ii) it is compatible with different sensing agents and modules, 

allowing for simultaneous monitoring of multiple bioactive molecules that are involved in insulin 

secretion; and (iii) it has the flexibility to include temporal and spatial sensing modalities that are 

needed for precise comprehension of a signalling network. 

 

Provision of dynamic and bio-mimicking environments for the immobilised islets in a 

microfluidic chip is advantageous for maintaining the viability and bioactivity of islets in 

response to stimuli. In contrast to conventional culture in a petri dish, the application of a 

microfluidic setup was shown to preserve the GSIS from around 72 hours to over 240 hours 

[188]. However, the disruption of the capillary vascular system of isolated islets is unlikely to be 

compensated solely by providing a biomimetic perfusion environment [189, 190]. As such, there 

is growing research into incubating islet-like tissues in the microfluidic chip, such as islet 

micro-tissues and islet spheroids (organoids) from dispersed primary islet cells and pluripotent 

stem cells, which retain the biological features of primary islets, including islet morphology, 

cellular composition and secretory profiles [191]. Consequently, the observation window for the 

evaluation of islet function can be extended to 28 days for the islet micro-tissue [191] and 45 

days for islet spheroids [182]. Based on a dam-wall islet trap, a microfluidic chip system has 

been developed to provide glucose at either a constant or pulsatile rate with varying amplitudes 

(0.5, 1, 1.5 on the basis of 11 mM mean glucose level) and periodicities (spanning from 20 to 2 

minutes). Upon these varied waveforms, [Ca2+]c resonates and reaches the apex of its oscillation 

only when glucose is perfused with a periodicity resembling in vivo glucose oscillation (around 

5-10 minutes per cycle) [50, 192]. The improved responsiveness to glucose is further supported 

by the amplified insulin release at the second phase of GSIS under the same pattern of glucose 

stimulation [99].     

 

The microfluidic chip is also a unique sensing platform for the investigation of organ crosstalk 

that may participate in the regulation of insulin secretion. In the body, adipocytes secrete 

nonesterified fatty acids (NEFAs) that have been shown to exert a bimodal effect on insulin 

secretion, i.e., short-term exposure (less than several hours) to NEFAs enhances insulin secretion 

[195, 196] while chronic exposure (over 1-2 days) suppresses it [197]. It is difficult to gain 
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in-depth knowledge of the dynamic interaction between adipocytes and pancreatic islets based on 

the conventional static incubation method. As shown in Figure 11a, adipocytes (3T3-L1, a mouse 

adipose cell line) and primary mouse islets can be co-cultured in a microfluidic sensing platform. 

In this setup, Lu et al demonstrated that signals derived from adipocytes in the upper stream of 

the perfusion augmented glucose-induced (11 mM) insulin secretion from the downstream islets 

substantially [193]. 

 

Likewise, the gut-derived incretin hormone, glucagon-like peptide 1 (GLP-1), stimulates insulin 

secretion in a glucose-dependent manner. GLP-1 mimetics are now a mainstay in the 

management of T2D [198]. Screening for effective stimuli for GLP-1 secretion represents an 

approach to identifying new therapies for T2D [199]. To this end, a microfluidic chip system was 

developed to co-culture GLUTag cells (GLP-1 secreting cells) and INS-1 cells (β-cell line) 

(Figure 11b). The functionality of the cultured cells in the two chambers was evaluated 

independently by measuring insulin and GLP-1 secretion when the glucose concentration was 

increased from 3 to 20 mM. The results showed that insulin secretion was increased by around 5 

ng/106 cells in the INS-1 chamber and GLP-1 secretion by 0.6 ng/106 from the GLUTag chamber. 

In addition to glucose concentration, the flow rate also influenced the secretion of both hormones, 

as insulin and GLP-1 increased from 21 to 32 ng/106 cells and from 0.6 to 4.8 ng/106 cells, 

respectively, when the perfusion rate was increased from 2 µL/min to 10 µL/min. This study 

further demonstrated that the co-culture with GLUTag cells improved the insulin output by 

around 1 ng/106 cells/minute compared with the culture of the INS-1 cells alone [194]. It should 

be noted that both of the cells used in the experiment were cancer cell lines, and the implications 

of these observations remain to be validated in primary tissues or animal models.   
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Figure 11. Multiplexed microfluidic sensing systems. (a) Top view of a microfluidic chip for 

investigation of the role of adipocytes in the control of islet function. Solid lines indicate the microfluidic 

channels. The large circles on the left represent the adipocyte chambers drilled through the glass (light 

image of adipocytes shown underneath). The shaded section of the chip indicates the parts that are heated 

during experiments. In this setup, the perfusate containing adipocyte-derived secretory products (dashed 

lines) is delivered into the islet chamber together with glucose from the side channel. Insulin secretion 

from the islets is monitored by electrophoretic competitive immunoassays, for which 

fluorescence-labelled insulin (FITC-ins) and insulin antibodies are infused into the channel guided by 

electro-osmotic flow (red arrow). The laser-induced fluorescence (LIF) detection point, sited 1 cm beyond 

the injection cross (indicated by the star), monitors the dynamic concentration of insulin secretion. 

Reproduced with permission [193]. Copyright 2018, American Chemical Society.  (b) Schematic of the 

endocrine system-on-chip: (i) The cells are loaded into their respective chambers via a syringe pump. 

Culture medium is supplied via the inlet. The perfusate from the outlet is collected for further analysis. 

The two chambers are joined by a connection tube; (ii) Dimensions of the three-dimensional microfluidic 

chip. Micropillars divide the microfluidic channel into a central cell culture compartment and two side 

channels for perfusion of the culture medium. Reproduced with permission [194]. Copyright 2017, IOP 

Publishing. (c) Simultaneous monitoring of dynamic Ca2+ and insulin in a biologically relevant 

environment. Oscillatory patterns of both Ca2+ and insulin well align with the set frequency. The temporal 

delay between the two measurements reflects the time required for the perfusion flow to travel from the 

optical window (for measuring Ca2+) to the channel outlet (for sample collection to measure insulin), 

which can be corrected based on the flow rate. Reproduced with permission [17]. Copyright 2020, 

American Chemical Society. (d) Multiparametric microfluidic sensor for simultaneous monitoring of 

various bioactive molecules during GSIS. The concentration of glucose is set to vary between 5 and 30 

mM. Multiplexing is achieved by incorporation of respective indicators, i.e., NAD(P)H (blue trace) via 

autofluorescence, λex/λem = 366/450 nm, oxygen consumption rate (OCR) via implanted miniaturised 

oxygen probe, and insulin secretion rate (ISR) via enzyme-linked immunosorbent assay (ELISA). 

Reproduced with permission [187]. Copyright 2017, Springer Nature. 
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The microfluidic sensing system is characterised by high spatial and temporal resolutions for 

tracing multiple physiological factors through the integration of different analytical modalities. 

For example, our recent work (a pseudo-islet study) has shown concurrent measurements of 

[Ca2+]ex and insulin concentration via integrating optical modalities for on-chip monitoring of 

Ca2+-induced fluorescence of Rhod-5N and off-chip insulin quantification via enzyme-linked 

immunosorbent assay (ELISA). The temporal resolutions for measuring [Ca2+]ex and insulin are 

10s and 1 minute, respectively (Figure 11c) [17]. In other work, a microfluidic chip was 

integrated with a fluorescence microscope for multiplexed imaging of Ca2+ (by Fura-2) and 

mitochondrial membrane potential (by Rh123) within the trapped islets. The concurrent 

monitoring of the excitation ratio of Fura-2 at 340/380 nm and the fluorescence of Rh123 at 535 

nm revealed the dynamic changes of [Ca2+]c and mitochondrial activity at the same time. These 

observations validated the feasibility of multi-parametric monitoring of signalling kinetics via an 

integrated system [200].  

 

Schulze et al developed a multiparametric microfluidic sensor for simultaneous monitoring of 

oxygen consumption, [Ca2+]c, insulin secretion and intracellular NAD(P)H, where insulin was 

measured off-chip by ELISA, and [Ca2+]c and NAD(P)H were indicated by reading on-chip 

optical signals of Fura-2 and NAD(P)H (autofluorescence), respectively. The dynamic oxygen 

consumption was recorded by oxygen sensors (Pst3 sensor and Fibox4 meter) mounted on the 

inlet and outlet of the microfluidic chip. The pre-determined flow rate and perfusion distance 

would allow for temporal corrections for correlating the kinetics of molecules measured at 

different locations (Figure 11d) [187]. When necessary, other analytical techniques, such as 

patch-clamp [201], amperometry [202] and capillary electrophoresis immunoassay (CEI) [203, 

204], can be incorporated into the microfluidic system [205].    

 

2.6 Conclusions and Outlook 

 

There is a wide recognition that Ca2+ acts as an indispensable messenger within and outside cells 

to signal cellular functions in a range of physiological and pathological processes [206], 

including but not limited to immune responses [207], brain function [208], cancer [209], cell 

death [210] and insulin secretion from pancreatic β-cells [211]. In general, Ca2+ oscillates in 
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different cellular domains as a result of dynamic Ca2+ exchange between intra- and extracellular 

compartments. The increases in [Ca2+]mito and [Ca2+]ER are usually related to the uptake of 

cytoplasmic Ca2+ into mitochondria and ER. Oscillations of Ca2+ within each of these cellular 

compartments are intertwined with critical steps of, for example, pulsatile insulin secretion in 

response to glucose stimulation. Specifically, [Ca2+]c participates in the firing of action potentials 

to trigger exocytosis of insulin granules. [Ca2+]mito oscillation induces oscillatory production of 

ATP, while [Ca2+]ER buffers the sharp change in [Ca2+]c to maintain cell vitality. Within the 

pancreatic β-cells, disruption of Ca2+ oscillations in the cytoplasm and mitochondria markedly 

attenuates pulsatile insulin secretion. Inhibition of Ca2+ transportation in ER, at least acutely in 

the first phase, augments [Ca2+]c and insulin secretion. [Ca2+]ex has also been found to be 

oscillatory in the vicinity of β-cells under glucose stimulation, due probably to Ca2+ influx via 

VGCC (that decreases [Ca2+]ex) and Ca2+ extrusion pathways including exocytosis with insulin 

and export of cytoplasmic Ca2+ (that decrease [Ca2+]ex). There is increasing evidence suggesting 

that extracellular Ca2+ may signal intercellular communication via CaSR, an unexpected pathway 

that may be responsible for the synchronisation of insulin secretion from a group of β-cells.  

Hitherto, it remains to be elucidated as to what are the intrinsic pacemakers that dictate the 

frequency and amplitudes of Ca2+ oscillations, and the extent to which cytoplasmic Ca2+ shapes 

the pulsatility of insulin secretion.    

 

Understanding of Ca2+ signalling has been paired with the advent and advancement of 

contemporary Ca2+ sensors and sensing methodologies. Since the first observation of dynamic 

changes in intracellular Ca2+ by a bioluminescent protein (i.e. Aeq), three major types of Ca2+ 

sensors have been established and widely used, including chemically synthesised fluorescent 

Ca2+ indicators, GECIs and CSMs. Abundant synthetic fluorescent Ca2+ indicators have provided 

options for the spectral property and binding affinity, which are particularly suitable for sensing 

cytoplasmic Ca2+, albeit with limitations of poor localisation and the issue of leaching within 

cellular domains. GECIs can be precisely expressed in a specific subcellular compartment, but 

their organelle-targeting efficiency is often hampered by the expression level and maturation 

speed of the protein indicators [137]. Another aspect that may be overlooked is that fusion of 

GECIs with a tag sequence is likely to change their binding affinity (or Kd) towards Ca2+. In situ 

fluorescence titration is thus recommended to re-determine the modified binding kinetics after 
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the indicators are expressed in the cells. Such post-characterisation is necessary to validate their 

ability to sense Ca2+ in the specific target domain. CSMs are of limited use for measuring 

intracellular [Ca2+] due to their inevitable mechanical damage to the cell and are, therefore, 

mainly employed for monitoring [Ca2+]ex. However, CSMs are suitable for a point-of-care 

measurement, though not for mapping the kinetics or tracing the change of [Ca2+]ex in 

multi-cellular or tissue level. 

 

The demand for sensors competent for measurement of [Ca2+]ex has stimulated the search for 

new-generation Ca2+ sensors or sensing methodologies. One straightforward strategy is to tune 

down the binding affinity of an indicator (e.g. BAPTA-based) to Ca2+. This can be achieved by 

increasing the relative ratio of the fluorophore to the Ca2+ binding sites, either by conjugating 

more fluorophores or truncating carboxyl groups (the binding sites) of the Ca2+ chelator, or both. 

In addition, Ca2+ chelator-conjugated AIE-based indicators have been synthesised with low 

binding affinity to Ca2+. Both modified BAPTA-based and AIE-based Ca2+ indicators have a 

sensing range between 0.5 and 3 mM, which is suitable for measurement of [Ca2+]ex, while 

maintaining excellent Ca2+ selectivity over other physiological metal ions. Other than CSMs, 

which measure electric potentials, optical indicators commonly face the issue of photobleaching, 

regardless of their applications for intra- or extracellular Ca2+.  

 

Recently, nano-structured Ca2+ sensors have been explored for sensing [Ca2+]ex. These sensors 

are typically based on the encapsulation/conjugation of Ca2+-responsive materials into/onto 

materials at the nanoscale. The incorporation of diverse Ca2+ chelators and fluorophores into 

nano-materials has led to a library of Ca2+ sensors of varying sensing. Protected by 

biocompatible and viable matrix materials, nano-structured Ca2+ sensors exhibit minimal 

cytotoxicity and high photobleaching resistance. However, their applications in the long-term 

tracing of cellular Ca2+ are still currently restricted due to the aggregation of nanomaterials that 

is difficult to avoid. 

 

Given the intimate involvement of Ca2+ in the complex signalling network, the development of 

multiplexed platforms capable of sensing Ca2+ and other biological targets is of major interest. 

At a single cell level, multiplexed sensing has been achieved by simultaneously utilising multiple 

indicators for different bioactive molecules including Ca2+, ATP, pH and O2, in combination 
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with the autofluorescence of small molecules (e.g. NAD(P)H) and electrophysiological sensors 

(e.g. patch clamp). In the context of a group of cells or tissue, microfluidic chips appear to be an 

advantageous sensing platform for at least three reasons. First, microfluidic chips, as opposed to 

the conventional sensing experiment in a static setup, e.g., a petri dish, generate a dynamic 

culture environment, including continuous provision of refreshed culture media and 

chemical/physical stimulation for the biological subject of interest, which better mimics the 

physiological environment [199]. As such, cultured cells or tissues experience improved viability 

and sustained functionality, and cellular responses obtained in such a biomimetic system are 

more likely to reflect actual reactions that would occur in vivo. Second, microfluidic chips have 

high combability with a variety of sensing modules, the integration of which has uncovered the 

links of dynamic intra- and inter-cellular Ca2+ signalling and metabolic activity (e.g., glycolysis 

and ATP production) with insulin secretion. However, photocytotoxicity could be a concern for 

multiplexed sensing studies in the case that the optical module is incorporated (where external 

light excitation is applied). Third, the microfluidic platform permits the reconstruction of 

cell-cell or even organ-organ crosstalk, allowing delineation of complex intercellular or 

inter-organ communication. 

 

Despite not the focus of this review, the advanced optical microscopy techniques have also made 

a great contribution to the understanding of intracellular activities. For example, the integration 

of laser-scanning microscopy and intravital microscopy with Ca2+ sensors (e.g., GECIs) has 

allowed for intracellular Ca2+ imaging in both transplanted islets [212, 213] and endogenous 

islets in vivo [214]. Similarly, monitoring of Zn2+ release from beta cells by intravital microscopy 

has been shown to be useful to trace insulin secretion [215].   

 

Ca2+ signalling continues to be a major target of interest in various fields of biomedical research. 

In the study of islets, decoding Ca2+ oscillations is expected to reveal how the pulsatile insulin 

secretion is coordinated and what factors modify the secretory response. To date, understanding 

of Ca2+ signalling in live cells/organisms has mainly relied on the improvement of Ca2+ sensors. 

Emerging innovative Ca2+ sensing materials and platforms, represented by the low-affinity Ca2+ 

indicator, nano-structured Ca2+ and microfluidic sensing platforms, are able to unveil new roles 

of [Ca2+]ex, particularly in intercellular communication and synchronised cellular behaviours. 

The convergence of intra- and intercellular Ca2+ signalling may shed light on fundamental 
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mechanisms relating to insulin pulsatility, which can potentially unlock useful therapeutic targets 

for T2D.  
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3.1 Abstract 

 

Pre-menopausal women are at a lower risk of type 2 diabetes (T2D) compared to men, but the 

underlying mechanism(s) remain elusive. The secretion of the incretin hormones, 

glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), from 

the small intestine is a major determinant of glucose homeostasis and may be influenced by sex. 

This study compared blood glucose and plasma insulin and incretin responses to intraduodenal 

glucose infusions in healthy young males and females. In Study 1, 9 women and 20 men received 

an intraduodenal glucose infusion at 2 kcal/min for 60 minutes. In Study 2, 10 women and 26 

men received an intraduodenal glucose at 3 kcal/min for 60 minutes. Venous blood was sampled 

every 15 minutes for measurements of blood glucose, and plasma insulin, GLP-1 and GIP. In 

response to intraduodenal glucose at 2 kcal/min, the incremental area under the curve between 

t=0-60 minutes (iAUC0-60min) for blood glucose and plasma GIP did not differ between the two 

groups. However, iAUC0-60min for plasma GLP-1 (P = 0.016) and insulin (P = 0.011) were 

~2-fold higher in women than men. In response to intraduodenal glucose at 3 kcal/min, 

iAUC0-60min for blood glucose, plasma GIP and insulin did not differ between women and men, 

but GLP-1 iAUC0-60min was 2.5-fold higher in women (P = 0.012). Healthy young women exhibit 

comparable GIP but a markedly greater GLP-1 response to intraduodenal glucose than men. This 

disparity warrants further investigations to delineate the underlying mechanisms and may be of 

relevance to the reduced risk of diabetes in pre-menopausal women when compared to men. 

Keywords: type 2 diabetes, blood glucose, incretin hormones, insulin, intraduodenal glucose, 

gender 

 

3.2 Introduction 

 

Compared with men, the risk of type 2 diabetes (T2D) is noticeably lower in women, particularly 

when the later are in the pre-menopausal phase [1-3]. Furthermore, in post-menopausal women, 

hormone replacement therapy (i.e. oestrogen and progestin) is associated with a reduced risk of 

T2D [4]. These observations are indicative of a sex-driven disparity in glucose metabolism.  

 

There is recent evidence that oestrogen signalling is coupled to the secretion of the incretin 

hormone, glucagon-like peptide-1 (GLP-1), which, together with glucose-dependent 
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insulinotropic polypeptide (GIP), modulates the secretion of both insulin and glucagon from the 

pancreatic islets to drive glucose disposal in health and T2D [5]. For example, in ovariectomised 

mice, there are impairments in GLP-1 and insulin secretion, as well as glucose tolerance [6], 

while supplementation of oestradiol in ovariectomised mice augments GLP-1 secretion, 

associated with increased insulin, suppressed glucagon and improved glucose tolerance [6]. 

Moreover, 10-week treatment with oestradiol in a rodent model of menopause reduced energy 

intake and body weight, effects which were markedly attenuated by the GLP-1 receptor 

antagonist, exendin(9-39). These observations provide a strong support for an ‘oestrogen-GLP-1’ 

pathway in modulating metabolic health [7].   

 

In humans, both GLP-1 and GIP are secreted mainly in response to meals, as a result of direct 

interaction between ingested nutrients and enteroendocrine L- and K-cells scattered along the 

gastrointestinal tract. There is a specific threshold, between 1-2 kcal/min, for glucose-induced 

GLP-1 secretion in the small intestine [8], while the secretion of GIP is more sensitive, which 

could be triggered by lesser glucose in the small intestine [8, 9]. In contrast to animal models, the 

impact of sex on nutrient-induced GLP-1 and GIP secretion has not been well studied and 

limited clinical studies have yielded inconsistent findings. It was reported that the postprandial 

GLP-1 response after a standardised breakfast is 50% higher in normal-weight young women 

than men [10]. In combined analyses of subjects with and without T2D, plasma GLP-1 levels 

following 75 g oral glucose, or a mixed meal were reported to be higher in women than men [11, 

12]. In another study, while the GLP-1 response to 75 g oral glucose was ~20% higher in 

normoglycaemic women than men, there was no difference in GLP-1 secretion between men and 

women with prediabetes and T2D [13]. In pre-menopausal healthy women, the GLP-1 levels in 

response to 50 g oral glucose were shown to be substantially higher during the luteal than 

follicular phase [14]. However, it should also be appreciated that these studies did not take into 

account variation in the rate of gastric emptying, which exhibits a substantial inter-individual, 

but much lesser intra-individual, variation (~1-4 kcal/min) [15, 16], may be influenced by sex 

[17, 18] and, in women, the menstrual cycle [14, 19]. Consequently, any difference in gastric 

emptying, and by definition, exposure of nutrients to the small intestine, would affect the ‘early’ 

glycaemic response [16, 20, 21] and secretion of GLP-1 and GIP [8, 22-24]. For these reasons, 
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the lack of standardisation of gastric emptying may compromise the capacity to determine 

potential differences in GLP-1 and GIP secretion between men and women.  

 

Accordingly, the current study compared plasma GLP-1 and GIP, as well as plasma insulin and 

blood glucose, in response to standardised intraduodenal glucose infusions, at two different rates 

within the physiological range of gastric emptying, between healthy young men and women. 

 

3.3 Methods  

 

3.3.1 Participants 

 

We derived data from sixty-five healthy participants who were recruited from the community by 

advertisement for previous studies evaluating nutritional and/or pharmacological therapies for 

T2D [24-29]. Participants were excluded if they reported significant gastrointestinal symptoms, a 

history of gastrointestinal surgery, or a requirement for medication known to affect 

gastrointestinal function or appetite. Female participants who used oral contraceptives or were 

pregnant were also excluded. Participants were screened to exclude renal dysfunction (based on 

the estimated glomerular filtration rate) and/or liver disease (based on serum liver enzymes). The 

studies were approved by the Royal Adelaide Hospital Human Research Ethics Committee and 

conducted in accordance with the principles of the Declaration of Helsinki as revised in 2000, 

and all participants provided written informed consent. 

 

3.3.2 Protocol 

 

Healthy young female and male participants were evaluated in two independent experimental 

settings (i.e. Studies 1 & 2) (Table 1). In Study 1, 9 female and 20 male participants received an 

intraduodenal glucose infusion at a rate of 2 kcal/min. In Study 2, 10 female and 26 male 

participants received an intraduodenal glucose at 3 kcal/min. Female participants were studied 

exclusively during the follicular phase of the menstrual cycle to limit potential cyclical variations 

in gastrointestinal function [14]. All subjects were evaluated on a single study visit after 

refraining from strenuous physical activity for 24 hours and consuming a standardised evening 

meal (beef lasagne, McCain Foods, Victoria, Australia; 591 kcal) at 19: 00 pm the previous 

evening. Following the latter, subjects were instructed to abstain from food and nutrient 
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beverages, but were allowed to drink water until midnight, before attending our clinical research 

laboratory at The University of Adelaide the following day at ~0800 h.  

 

Upon arrival, a multi-lumen silicone catheter (Dentsleeve International, Ontario, Canada) was 

inserted transnasally and allowed to pass into the duodenum by peristalsis, with its position 

monitored continuously by measurement of the antral and duodenal transmucosal potential 

difference, as discussed previously [30, 31]. An infusion port was positioned ~12 cm distal to the 

pylorus. An intravenous cannula was inserted into a forearm vein, which was kept warm for 

repeated sampling of ‘arterialised’ venous blood. Subsequently, a standardised glucose solution 

was infused via the infusion port at a rate of either 2 kcal/min (Study 1) or 3 kcal/min (Study 2) 

between t = 0 to 60 minutes. Blood samples were collected at t = 0, 15, 30, 45 and 60 minutes for 

measurements of blood glucose and plasma insulin, total GIP and GLP-1 concentrations. At the 

end of each study visit, participants were given a meal before they were discharged from the 

laboratory. 

 

3.3.3 Measurement of blood glucose and plasma insulin, total GIP and GLP-1 

 

Blood glucose concentrations were assessed using a glucometer (Optium Xceed, Abbott 

Laboratories, USA), and reported as the mean of duplicate measurements at each time point. 

Plasma insulin was measured by ELISA immunoassay (RRID: AB_287762, 10-1113, Mercodia, 

Uppsala, Sweden) with a sensitivity of 1.0 mU/L and intra- and inter-assay coefficients of 

variation (CVs) of 3.2% and 4.7%. Plasma total GIP was measured by radioimmunoassay (RRID: 

AB_518352) with some modifications of a previously published method [32]. The standard 

curve was prepared in buffer rather than extracted charcoal stripped serum and the 

radio-iodinated label was supplied by Perkin Elmer (Boston, MA, USA). The standard curve was 

prepared in buffer rather than extracted charcoal-stripped serum, and the radio-iodinated label 

was supplied by PerkinElmer. The sensitivity of the assay was 2 pmol/L, and the intra- and 

inter-assay CVs were 6.1% and 15.4%, respectively. Plasma total GLP-1 concentrations were 

measured by radioimmunoassay (RRID: AB_2757816, GLPIT-36HK; Millipore, Billerica, 

1447475M 

A, USA) with a sensitivity of 3 pmol/L and intra- and inter-assay CVs of 4.2% and 10.5%, 

respectively. 
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3.3.4 Statistical analysis 

 

The incremental areas under the curve (iAUCs) (calculated as the total AUCs subtracting the 

baseline value) for blood glucose and plasma hormones were calculated using the trapezoidal 

rule. Demographic data for male and female subjects were compared using unpaired Student’s 

t-tests after confirming the normality of distribution. Fasting blood glucose and plasma hormone 

concentrations and their iAUCs during intraduodenal glucose infusions in male and female 

participants were compared using unpaired Student’s t-tests, or Mann-Whitney U tests if data 

were not normally distributed, before and after adjustment for body weight or BMI. The 

relationships of GLP-1 iAUC0-60min with BMI and body weight in men were evaluated using 

univariate linear regression analysis. Blood glucose and plasma hormone responses to 

intraduodenal glucose infusions were also evaluated by two-way repeated measures analysis of 

variance (ANOVA) using group and time as factors. Post hoc comparisons, adjusted for multiple 

comparisons by Bonferroni’s correction, were performed if ANOVAs revealed significant 

interactions. All analyses were performed using Prism 9.4 software (GraphPad, La Jolla, CA, 

USA). Data are presented as means ± SEM or medians (25% and 75% interquartile ranges); P < 

0.05 was considered statistically significant. 

 

3.4 Results 

 

The demographic data of subjects in both studies are summarised in Table 1. There was no 

difference in age (female vs. male: 25.0 (21.5, 26.0) vs. 21.0 (19.0, 27.8) years, P = 0.19, in 

Study 1, and 25.0 (21.8, 27.0) vs. 23.5 (21.0, 28.0) years, P = 0.50, in Study 2) or BMI (female 

vs. male: 21.5 (20.1, 23.7) vs. 22.7 (21.8, 24.2) kg/m2, P = 0.28, in Study 1, and 23.2 (20.2, 31.5) 

vs. 24.3 (22.7, 28.3) kg/m2, P = 0.51, in Study 2) between female and male participants in either 

study (Table 1). However, in Study 1, female participants had a significantly lower body weight 

(55.0 (51.5, 62.3) vs. 67.8 (65.3, 79.5) kg, P = 0.001), and a trend for a lower body weight in 

Study 2 (71.4 ± 7.1 vs. 82.7 ± 4.8 kg, P = 0.09). 
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Table 1. Characteristics of study participants  

Note: Normally distributed data are expressed as means ± SEM, while data that are not normally distributed are expressed as median (25% and 75% interquartile range) 

 Study 1 (intraduodenal glucose at 2 kcal/min) Study 2 (intraduodenal glucose at 3 kcal/min) 

 Female (n = 9) Male (n = 20) 

P 

(no 

correction

) 

P 

(corrected 

for body 

weight) 

P 

(corrected 

for BMI) 

Female (n = 10) Male (n = 26) 

P 

(no 

correction

) 

P 

(corrected 

for body 

weight) 

P 

(corrected 

for BMI) 

Age (years) 25.0 (21.5, 26.0) 21.0 (19.0, 27.8) 0.19 - - 25.0 (21.8, 27.0) 23.5 (21.0, 28.0) 0.50 - - 

Weight (kg) 57.1 ± 2.9 72.9 ± 4.1 0.001 - - 62.3 (54.3, 92.6) 73.8 (67.1, 90.1) 0.09 - - 

BMI (kg/m2) 21.5 (20.1, 23.7) 22.7 (21.8, 24.2) 0.28 - - 23.2 (20.2, 31.5) 24.3 (22.7, 28.3)  0.51 - - 

Fasting blood glucose 

(mmol/L) 
5.3 ± 0.2  5.2 ± 0.4 0.95 0.32  0.47 5.4 ± 0.2  5.4 ± 0.1  0.83 0.93 0.81 

Glucose iAUC0-60min 

(mmol/L*min) 
135.7 ± 13.9 144.2 ± 10.4 0.75 0.35 0.44 99.8 ± 11.7 110.4 ± 8.0 0.47 0.59 0.51 

Fasting plasma insulin 

(mU/L)  
2.9 ± 0.4  2.4 ± 0.3 0.45 0.33 0.48 4.7 (2.4, 6.8) 5.0 (2.2, 13.3) 0.71 0.18 0.51 

Insulin iAUC0-60min 

(mU/L*min) 

1631.3 (1278.4, 

2137.9) 

834.3 (66.24, 

1114.1) 
0.005 0.011 0.025 

1738.9 (1345.9, 

4772.1) 

1897.1 (1093.1, 

4252.5) 
0.99 0.86 0.85 

Fasting plasma GIP 

(pmol/L) 
10.9 ± 1.7  10.3 ± 1.4  0.81 0.61 0.62 11.2 (7.5, 16.5) 11.5 (6.6, 14.5) 0.79 0.96 0.95 

GIP iAUC0-60min 

(pmol/L*min) 
1283.9 ± 121.7 1352.1 ± 105.3 0.96 0.82 0.78 1006.2 ± 131.6 1030.3 ± 68.6 0.86 0.74 0.83 

Fasting plasma GLP-1 

(pmol/L) 
19.5 ± 2.0 23.0 ± 1.5  0.17 0.08 0.07 16.7 (14.6, 19.6) 15.7 (10.3, 20.7) 0.46 0.61 0.63 

GLP-1 iAUC0-60min 

(pmol/L*min)  
524.8 ± 104.6 264.3 ± 57.2 0.025 0.016 0.039 

640.5 (280.2, 

1002.4) 

205.5 (87.8, 

274.3) 
0.011 0.012 0.005 
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3.4.1 Blood glucose 

 

Fasting blood glucose concentrations did not differ between the two groups in either study (Table 

1). In both studies, during intraduodenal glucose infusion (t = 0-60 minutes), blood glucose 

increased progressively (time effect: P < 0.001 for each group), without a difference between the 

two groups (Study 1: P = 0.87 for group difference; Study 2: P = 0.35 for group difference, 

Figure 1A-B). Similarly, the blood glucose iAUC0-60min did not differ between the two groups 

before, or after adjustment for body weight or BMI in either study (Table 1). 

 

3.4.2 Plasma insulin 

 

Fasting plasma insulin concentrations did not differ between the two groups in either study 

(Table 1). During intraduodenal glucose infusion (t = 0-60 minutes), plasma insulin increased 

progressively in both groups (time effect: P < 0.001 for each), with concentrations being higher 

in female than male subjects in Study 1 (group effect: P = 0.006, group by time interaction: P < 

0.001), with a significant difference at t = 60 minutes, Figure 1C), but not in Study 2 (group 

effect: P = 0.97, group by time interaction: P = 0.74). Similarly, the insulin iAUC0-60min was 

greater in female than male participants both before and after adjustment for body weight or BMI 

in Study 1, without any difference in Study 2 (Table 1). 

 

3.4.3 Plasma total GIP 

 

Fasting plasma total GIP did not differ between the two groups in either study (Table 1). During 

intraduodenal glucose infusion (t = 0-60 minutes), plasma GIP increased promptly and plateaued 

between t = 30-60 minutes (time effect: P < 0.001 each), without any difference between the two 

groups in either study (Study 1: P = 0.83 for group difference, P = 0.97 for group by time 

interaction; Study 2: P = 0.79 for group difference, P = 0.81 for group by time interaction, Figure 

1 E-F). Similarly, the GIP iAUC0-60min did not differ between the two groups, before or after 

adjustment for body weight or BMI, in either study (Table 1). 
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Figure 1. Blood glucose (A-B), plasma insulin (C-D), plasma total GIP (E-F), and plasma total GLP-1 

(G-H) concentrations in response to intraduodenal glucose infusion at 2 kcal/min and 3 kcal/min in 

healthy male and female participants. Two-factor repeated-measures ANOVA, with group and time as 

factors, was used to compare the differences between males and females. *P < 0.05 for males vs. females. 

Post hoc comparisons, adjusted for multiple comparisons by Bonferroni’s correction, were performed if 

ANOVAs revealed significant interactions. Data are means ± SEM 
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3.4.4 Plasma total GLP-1 

 

Fasting plasma total GLP-1 did not differ between the two groups in either study (Table 1). 

During intraduodenal glucose infusion at 2 kcal/min (t = 0-60 minutes), plasma total GLP-1 

increased marginally in the first 30 minutes, but subsequently returned to the baseline level in 

male participants (time effect: P < 0.001). However, there were marked and sustained increases 

in plasma GLP-1 in female participants (time effect: P < 0.001). Accordingly, the GLP-1 

response was greater in females (P = 0.01 for group difference; P = 0.001 for group by time 

interaction, with significant differences between t = 45-60 minutes). During intraduodenal 

glucose infusion at 3 kcal/min (t = 0-60 minutes), plasma total GLP-1 increased progressively in 

both male and female participants (time effect: P < 0.001 for each), with the magnitude of 

increase being substantially greater in females (P = 0.003 for group difference, P < 0.001 for 

group by time interaction, with significant differences between t = 45 to 60 minutes (Figure 1 

G-H). The GLP-1 iAUC0-60min was also greater in females, both before and after adjustment for 

body weight or BMI, in both studies (Table 1). 

 

3.5 Discussion  

 

The current study showed that the secretion of GLP-1 in response to small intestinal glucose 

infusion (at either 2 or 3 kcal/min) was substantially greater in healthy women than men. 

Although the latter was not accompanied by any difference in blood glucose, due probably to 

compensation for glucose disposal by other gluco-regulatory mechanisms in these healthy young 

participants, the sex-related disparity in GLP-1 secretion warrants further investigations to 

delineate the underlying mechanisms and clarify its relevance to the risk of T2D. 

 

The use of intraduodenal infusions allowed standardisation of small intestinal exposure to 

glucose, by circumventing the influence of gastric emptying on postprandial incretin hormone 

secretion. The rates of intraduodenal glucose infusion, i.e. 2 and 3 kcal/min, were within the 

physiological range of gastric emptying, and were well tolerated. We observed that the plasma 

total GIP levels increased rapidly and plateaued after t = 30 minutes of intraduodenal glucose 

infusion, with a similar response to glucose infusion at 2 and 3 kcal/min. This secretory pattern 

of GIP is consistent with the distribution of GIP-releasing K-cells in the proximal small intestine 
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[5, 33]. By contrast, plasma GLP-1 was modestly elevated in response to glucose infusion at 2 

kcal/min, and increased progressively following glucose infusion at 3 kcal/min, reflecting the 

need for glucose to exceed the absorptive capacity of the proximal small intestine and reach 

more distal regions of the intestine, where GLP-1-releasing L-cells predominate [5, 33].  

 

Previous studies evaluating incretin responses to orally ingested meals or glucose have reported a 

modestly higher GLP-1 secretion (~20-50%) in women than men [10-13] or no difference 

between women and men [13, 34]. In the present study, we observed a profoundly higher GLP-1 

response to intraduodenal glucose (at both 2 and 3 kcal/min) in healthy young women than men 

(>2 fold). The discrepancy between current and previous findings is likely to be attributable to 

the different study design. As discussed, gastric emptying varies substantially between 

individuals [16], and is often slower in women than age-matched men [17, 18], which would 

influence the nutrient exposure to the small intestine and confound comparisons of the secretory 

capacity of GLP-1 between women and men. In a previous study in healthy young women, the 

GLP-1 response to a 50 g oral glucose drink was found to be substantially greater during the 

luteal vs. follicular phase, in association with slower gastric emptying and attenuated 

postprandial blood glucose levels [14]. In the current study, female participants were evaluated 

in the follicular phase; it is, therefore, likely that the sex-related difference in GLP-1 response to 

intraduodenal glucose infusions could have been greater if female participants were studied in 

the luteal phase.  

 

By contrast, we did not observe any sex-related disparity in GIP secretion in response to 

intraduodenal glucose. However, we noted that intraduodenal glucose infusions at 2 and 3 

kcal/min appeared already to have achieved near-maximal GIP responses [24], which may have 

limited our ability to differentiate GIP secretion between the two groups.  

 

Despite the differences in GLP-1 secretion in both experimental settings, insulin secretion was 

only modestly higher in women than men, following intraduodenal glucose infusion at 2 

kcal/min, and there was no significant difference in blood glucose concentrations between the 

two groups in either setting. These observations may have reflected the fact that GIP is the major 

incretin hormone in health, and that other gluco-regulatory mechanisms beyond GLP-1 are 

involved in glucose disposal in healthy young participants. It is also plausible that the 
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observation window for blood glucose was too brief (only 60 minutes, within which blood 

glucose had not returned to baseline) to detect any potential differentiation in blood glucose.  

 

Although the insulinotropic action of endogenous GIP is markedly diminished in T2D [31], the 

action of GLP-1 is largely preserved [5]. In a given individual, the greater GLP-1 response to 

small intestinal nutrient stimulation is also predictive of slower gastric emptying [35], which is 

highly desirable for limiting postprandial glycaemic excursions in the management of T2D [16, 

21]. Dietary and/or pharmacological interventions that stimulate GLP-1 secretion are effective 

for slowing gastric emptying and reducing postprandial glycaemia in T2D [36-39]. Accordingly, 

the sex-related disparity in GLP-1 secretion may be relevant to glucose disposal in the context of 

dysglycaemia and T2D risk between women and men, and gaining an understanding of the 

underlying mechanism(s) may reveal novel therapeutic strategies for boosting endogenous 

GLP-1 secretion.  

 

Preclinical evidence suggests a major role of oestrogen signalling in the incretin axis. In mice, 

ovariectomy is associated with a marked reduction in postprandial GLP-1 secretion, which can 

be restored by oestradiol replacement [6]. It would therefore be of interest to investigate whether 

the onset of menopause decreases GLP-1 secretion and, if so, whether oestrogen replacement 

therapy (or targeted activation of the intestinal oestrogen receptor) would correct this defect. 

 

Several limitations should be noted in the current study. First, only young healthy male and 

female participants were enrolled. Generalisation of our findings to a wider population should be 

undertaken with caution. For example, there is evidence that both fasting and postprandial 

GLP-1 levels are reduced, at least modestly, with ageing [40]. Second, our sample size was 

relatively small, however, the findings were clear-cut. Third, although the cofounding factor of 

gastric emptying was circumvented, small intestinal transit which is likely to be a determinant of 

the nutrient-induced GLP-1 response was not evaluated in the current study. Fourthly, dietary 

patterns, which may also affect gastric motility [41] and incretin responses [42], were not 

evaluated. Fifth, the current study evaluated incretin responses to glucose only. Future studies 

involving other macronutrients or physiological meals are therefore warranted. Finally, we noted 

that, although BMI was well matched between the two groups in both study settings, female 

participants had lower body weight and hence less body fluid volume, which potentially 
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represents a confounder for the evaluation of plasma hormone concentrations. However, 

correction for body weight did not alter our conclusions. Moreover, we did not find any 

relationship between BMI/body weight and GLP-1 iAUC0-60min in men (data not shown). 

Accordingly, we believe that the differences in body weight between the two groups are unlikely 

to be of major relevance to their disparate GLP-1 responses.  

 

In summary, we have demonstrated that healthy young women exhibited comparable GIP and 

blood glucose, but a greater GLP-1 response, to intraduodenal glucose infusions at 2 and 3 

kcal/min than men. These observations are indicative of a major disparity in GLP-1 secretion 

between women and men, which warrants further investigation of the underlying mechanisms 

and the relevance to the risk of impaired glucose tolerance and T2D.  
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4.1 Abstract 

 

The liver plays a key role in glucose homeostasis. Serum liver enzyme levels, including alanine 

transaminase (ALT), aspartate transaminase (AST) and gamma-glutamyl transferase (GGT), are 

reportedly predictive of the risk of T2D. However, the link between the liver enzyme profile and 

metabolic derangements in T2D, particularly the secretion of both insulin and glucagon, is not 

clear. This study evaluated its relationships with glycaemia, insulin and glucagon both during 

fasting and after an oral glucose load or a mixed meal in T2D. 15 healthy and 43 T2D subjects 

ingested a 75g glucose drink. 86 T2D subjects consumed a mixed meal. Venous blood was 

sampled for measurements of blood glucose and plasma insulin, C-peptide and glucagon. Blood 

glucose, plasma insulin, C-peptide and glucagon concentrations, both fasting and after oral 

glucose, correlated directly with ALT, while fewer and weaker correlations were observed with 

GGT or AST. Subgroup analysis in T2D subjects ascertained that plasma insulin, C-peptide and 

glucagon concentrations after oral glucose were higher with increasing ALT. Similar findings 

were observed in the T2D subjects who received a mixed meal. In conclusion, serum liver 

enzyme profile, particularly ALT, reflects dysregulated fasting and nutrient-stimulated plasma 

insulin and glucagon concentrations in T2D. 

Keywords: alanine transaminase, insulin, glucagon, type 2 diabetes 

 

4.2 Introduction 

 

Hepatic glucose production and disposal are key metabolic processes in glucose homeostasis [1, 

2]. During fasting, the liver releases glucose via both the breakdown of glycogen (glycogenolysis) 

and glucose synthesis from precursors including alanine and lactate (gluconeogenesis) [3]. 

During the postprandial phase, the liver is responsible for the disposal of about a third of 

ingested glucose [4]. Hepatic regulation of blood glucose is coordinated predominantly by 

insulin and glucagon released from the pancreatic islets; the secretion of insulin increases 

glucose uptake in the liver [5], while glucagon augments hepatic glucose production [6, 7]. 

Impairments in insulin secretion and hepatic insulin sensitivity, as well as an augmentation of 

both fasting and postprandial glucagon secretion, underpin the elevation of blood glucose in type 

2 diabetes (T2D) [8, 9]. Accordingly, characterisation of the relationship between the secretion 
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of insulin and glucagon and liver function is potentially of major relevance to the understanding 

of the pathophysiology and rational management of T2D. 

 

In clinical practice, a serum panel of liver enzymes, including gamma-glutamyl transferase 

(GGT), alanine transaminase (ALT), alkaline phosphatase (ALP) and aspartate transaminase 

(AST), are assessed usually under ‘liver function tests’ [10]. Liver enzyme levels are typically 

elevated in hepatic steatosis (particularly GGT and ALT), hepatocellular injury (ALT and AST), 

or cholestasis (ALP and GGT) [11]. ALT is released mainly by hepatocytes [12], but other ‘liver’ 

enzymes (particularly AST and ALP) are also produced by extra-hepatic tissues, so their 

elevations are not specific to the liver [13, 14]. There is increasing evidence that the liver enzyme 

profile is predictive of the risk of metabolic disorders, including T2D [14]. For example, a 

cross-sectional analysis revealed that plasma glucose at 2 hours after a 30g oral glucose load was 

associated directly with serum GGT in non-diabetic middle-aged men (n = 2419) [15]. In a 

subsequent cohort study of middle-aged men without diabetes (n = 7458), a relative or absolute 

increase in serum GGT was found to be an independent risk factor for the development of T2D 

[16]. Similarly, ALT and AST have been reported as potential markers of diabetes risk in 

individuals without hepatitis [17-22]. These observations necessitate a deeper understanding of 

the mechanistic links between metabolic derangement and liver enzymes.  

 

In subjects with normal glucose tolerance, ALT, AST and GGT have been found to correlate 

positively with insulin levels during fasting and following a 75g oral glucose load [23]. 

Moreover, in healthy men and women, both GGT and ALT correlated positively with hepatic 

insulin resistance, assessed by the gold standard euglycaemic-hyperinsulinaemic clamp, with 

fasting glucagon related positively to ALT [24]. Accordingly, an increase in liver enzymes may 

represent an early marker of hepatic resistance to insulin and hyperglucagonaemia. Although 

T2D patients with increased liver fat and ALT also displayed greater hepatic insulin resistance 

than those with normal liver fat and ALT [25], the relationships of the secretion of both insulin 

and glucagon with serum liver enzyme levels in patients with T2D have not been well 

characterised. We have therefore examined the relationships of blood glucose, plasma insulin, 

C-peptide and glucagon during the fasting state and following a 75g oral glucose load and a 

mixed meal with liver enzymes in T2D.  
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4.3 Methods 

 

4.3.1 Participants 

 

T2D patients managed by diet and/or metformin monotherapy, and healthy controls matched for 

age, gender and body mass index (BMI), were recruited from the community by advertisement 

for studies to evaluate nutritional and/or pharmacological therapies for T2D in our centre 

(ACTRN12616001059459 and ACTRN1261600055415, ACTRN12612001005842 and 

ACTRN12614001131640) [26-29]. After excluding subjects who participated in multiple 

protocols (n = 7) or had missing data (n = 3), a total of 15 healthy older subjects and 129 T2D 

patients were included in this retrospective analysis. In all subjects, during a screening visit, a 

fasting blood sample had been collected for serum biochemistry (including renal and liver 

function), and for HbA1c in the case of T2D, and analysed in a commercial laboratory (SA 

Pathology, Adelaide, Australia). None of the participants had gastrointestinal symptoms, eGFR 

of < 60 mL/min, or elevation of liver enzymes, including ALT, GGT, AST and ALP, more than 

two-fold the upper limit of the reference range. The studies were approved by the Royal 

Adelaide Hospital Human Research Ethics Committee and all participants provided written 

informed consent. 

 

4.3.2 Protocol 

 

Each subject was evaluated on a single occasion with either a 75g oral glucose challenge (Study 

1), or a standardised mixed meal (Study 2). Prior to their study visit, subjects were instructed to 

refrain from intensive physical activity for 24 hours, and consumed a standardised evening meal 

(McCain beef lasagne, [592 kcal, McCain Foods, Melbourne, VIC, Australia], together with 

bread, a non-alcoholic beverage and one piece of fruit) at ~7 pm. Subjects then fasted from all 

food and nutrient beverages, but were allowed to drink water until midnight, before attending the 

clinical research laboratory at The University of Adelaide the following morning. 

 

Study 1: oral glucose tolerance test (OGTT)  

 

A total of 15 healthy subjects (9 males and 6 females, age 67.2 ± 2.3 years, BMI 30.3 ± 0.7 

kg/m2) and 43 T2D patients (29 males and 14 females, age 65.7 ± 1.1 years, BMI 31.5 ± 0.7 

kg/m2, HbA1c 7.1 ± 0.1%) (Table 1) were evaluated with a 75 g oral glucose challenge, during 
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which an intravenous (IV) cannula was inserted in one forearm vein for blood sampling and kept 

warm for collection of ‘arterialised’ venous blood. At t = 0 minutes, a glucose drink (75 g 

glucose dissolved in water to a final volume of 300 mL) was consumed within 5 minutes, and 

subjects remained seated throughout the study. Blood samples were collected immediately before 

(t = 0 minutes) and at t = 15, 30, 60, 90, 120, 150 and 180 minutes after the glucose drink, and 

were centrifuged at 3200 rpm for 15 minutes at 4˚C within 15 minutes of collection. Plasma was 

separated and stored at -80˚C until subsequent assays were performed. 

 

Study 2: mixed meal test 

 

86 T2D subjects (54 males and 32 females, age 64.7 ± 0.7 years, BMI 29.9 ± 0.6 kg/m2, HbA1c 

6.6 ± 0.1%) (Table 2) were evaluated in a similar procedure to Study 1, except that subjects 

consumed a semisolid meal comprising 65 g powdered potato (Deb Instant Mashed Potato; 

Continental, Epping, Australia) and 20 g glucose, reconstituted with 200 mL water and one egg 

yolk (368.5 kcal: 61.4 g carbohydrate, 7.4 g protein and 8.9 g fat) between t = 0-5 minutes. 

‘Arterialised’ venous blood was sampled before (t = 0 minutes) and at t = 15, 30, 60, 90, 120, 

180 and 240 minutes after the meal.  

 

4.3.3 Measurements  

 

Blood glucose concentrations were measured in duplicate at each time point using a glucometer 

(Optium Xceed; Abbott Laboratories, Lake Bluff, IL, USA), and the mean value was recorded. 

Plasma insulin concentrations were measured by ELISA (10-1113, Mercodia, Uppsala, Sweden), 

with a sensitivity of 1.0 mU/L, and intra- and inter-assay coefficients of variation (CVs) of 2.9% 

and 6.7% respectively. Plasma C-peptide concentrations were measured by ELISA (10-1136-01, 

Mercodia), with a sensitivity if 15 pmol/L and intra- and interassay CVs of 7.7% and 3.7% 

respectively. Plasma glucagon concentrations were determined by radioimmunoassay (RIA, 

GL-32k; Millipore, Billerica, MA, USA), with a sensitivity of 20 pg/mL, and intra- and 

inter-assay CVs of 10% and 3.1% respectively. We noted that there was a shift in the 

performance of the Millipore RIA kit after the introduction of a new batch of antibodies for 

glucagon in 2019 [30]. The glucagon data reported here were therefore derived from RIA kits 

produced before 2019, which we have validated against the highly specific sandwich ELISA kit 

that detects both the N- and C-terminus of glucagon (i.e. the Mercodia ELISA kit) [30]. Insulin 
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clearance was reflected by the molar ratio of C-peptide AUC0-180min to insulin AUC0-180min [31]. 

Whole-body insulin sensitivity and hepatic insulin resistance were assessed by the Matsuda 

index and homeostatic model assessment for insulin resistance (HOMA-IR), respectively. The 

Matsuda index was calculated by the following:  

10000

√𝐺0 × 18 × 𝐼0 × 𝑚𝑒𝑎𝑛 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 18 × 𝑚𝑒𝑎𝑛 𝑖𝑛𝑠𝑢𝑙𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 

where G0 was the fasting blood glucose (mmol/L), I0 was the fasting plasma insulin (mU/L) [32]. 

HOMA-IR was calculated by the following [33]:  

𝐺0 × 𝐼0

22.5
 

 

4.3.4 Statistical Analysis 

 

Areas under the curves (AUC) for blood glucose, plasma insulin and plasma glucagon were 

calculated using the trapezoidal rule. Demographic data were either compared using one-way 

ANOVA (three subgroups) or unpaired Student’s t-tests (designated subgroups) except for 

gender and medication use, which were compared by Chi-square tests.  

 

In Study 1, the relationships between parameters (including the combined healthy and T2D 

subjects who received 75 g oral glucose) were examined by either Pearson correlation analyses 

(when the data were normally distributed) or Spearman correlation analyses (when the data were 

not normally distributed). Sensitivity analyses, which excluded healthy subjects, were also 

performed. Given the strong correlation between metabolic parameters and ALT, T2D subjects 

were also stratified into three subgroups, including T1 (ALT ≤ 29 U/L, n = 15), T2 (ALT = 

30-40 U/L, n = 15) and T3 (ALT > 40 U/L, n = 13) (Table 1). In Study 2, because the majority of 

the subjects had relatively low ALT values, they were divided into two subgroups, with Lower 

(≤ 29 U/L, n = 45) or Higher (≥ 30 U/L, n = 41) ALT levels (Table 2). Blood glucose, plasma 

insulin and plasma glucagon curves were compared between the subgroups by two-way repeated 

measures ANOVA using ‘group’ and ‘time’ as factors. If ANOVA revealed significant 

interactions, post hoc comparisons were performed with Bonferroni’s correction. All analyses 

were performed with GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). Data are 

presented as means ± SEM. P < 0.05 was considered statistically significant. 
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4.4 Results 

 

 
Figure 1. Blood glucose (A), plasma insulin (B), plasma C-peptide (C) and plasma glucagon (D) 

responses to a 75 g oral glucose load in healthy subjects (n = 15) and individuals with type 2 diabetes 

(T2D, n = 43) in Study 1. Repeated-measures two-way ANOVA was used to determine statistical 

differences. ANOVA results are reported as P values for differences between groups, over time, and due 

to group by time interactions. Post hoc comparisons were adjusted by Bonferroni’s correction. Data are 

means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 for healthy vs. T2D. 

 

Both protocols were well tolerated. Demographic and biochemical data of subjects included in 

Studies 1 and 2 are summarised in Table 1 and Table 2, respectively. In Study 1, healthy and 

T2D subjects were well matched for age, BMI and gender, but ALT was higher, and AST 

non-significantly higher, in the T2D group (Table 1). As expected, blood glucose concentrations, 

both fasting (P < 0.0001) and after oral glucose (group effect: P < 0.0001, group by time 

interaction: P < 0.0001), were substantially higher in T2D than healthy subjects (Figure 1A). 

Fasting insulin was higher (P < 0.0001), and the insulin response to oral glucose occurred later 

(peak at ~120 minutes vs. 60 minutes) in T2D subjects (P = 0.0048 for group by time interaction, 

Figure 1B). Similarly, fasting C-peptide was higher (P < 0.0001), and the C-peptide response to 

oral glucose occurred later (~120 minutes vs 90 minutes) in T2D subjects (group by time 

interaction: P < 0.0001, Figure 1C). Fasting glucagon was numerically (P = 0.4) higher in T2D 

subjects. However, while plasma glucagon was suppressed after oral glucose in healthy subjects, 

it increased to a peak at t = 30 minutes in the T2D group before returning to baseline. 

Accordingly, the glucagon response to oral glucose was greater in T2D than healthy subjects 
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(group by time interaction: P < 0.0001) (Figure 1D). In T2D subjects in Study 2, blood glucose, 

plasma insulin, and plasma glucagon all increased following the mixed meal, with glucose and 

insulin peaking at around 90 minutes and glucagon peaking at around 30 minutes after the meal, 

as reported previously [28, 29, 34].   

 

 

Figure 2. Relationships of BMI (A), fasting blood glucose (B), plasma insulin (C), plasma C-peptide (D), 

plasma glucagon (E) and HOMA-IR (F) with alanine transaminase (ALT) in the combined subjects 

without (n = 15) and with type 2 diabetes (T2D, n = 43) in Study 1. Spearman correlation analysis was 

employed to examine these relationships.   
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Table 1. Characteristics of healthy and type 2 diabetes (T2D) participants in Study 1 

Parameters Healthy (n = 15) 
T2D (n = 43) 

Overall T1 (n = 15) T2 (n = 15) T3 (n = 13) P 

Gender (M/F) 9/6 29/14 13/2 9/6 7/6 0.2 

Age (year) 67.2 ± 2.3 65.7 ± 1.1 66.4 ± 2.1 64.9 ± 1.3 65.9 ± 1.4 0.9 

BMI (kg/m2) 30.3 ± 0.7 31.5 ± 0.7 29.6 ± 1.0 31.7 ± 1.1 33.5 ± 1.2 0.08 

HbA1c (%)  7.1 ± 0.1 6.9 ± 0.2 7.2 ± 0.2 7.2 ± 0.2 0.3 

Medication (Diet/Metformin)  4/39 3/12 1/14 0/13 0.17 

Total Bili (µmol/L) 10.9 ± 1.4 11.7 ± 0.8 12.9 ± 1.3 10.3 ± 1.0 12.0 ± 1.3 0.4 

GGT (U/L) 23.8 ± 3.2 43.3 ± 6.8 23.0 ± 4.2 37.5 ± 10.6 73.2 ± 13.1 0.008 

ALP (U/L) 74.7 ± 4.1 76.8 ± 3.5 66.1 ± 2.8 80.5 ± 7.6 84.8 ± 4.7 0.07 

ALT (U/L) 24.4 ± 1.7 36.7 ± 2.9**** 20.8 ± 1.1 33.3 ± 0.8 59.0 ± 4.6 <0.0001 

AST (U/L) 23.0 ± 1.2 28.6 ± 2.0 20.5 ± 1.1 25.3 ± 1.0 41.6 ± 3.9 <0.0001 

Fasting glucose (mmol/L) 5.6 ± 0.1 7.9 ± 0.2**** 7.7 ± 0.3 7.9 ± 0.3 8.1 ± 0.5 0.7 

Fasting insulin (mU/L) 3.0 ± 0.6 6.7 ± 0.6**** 4.7 ± 0.5 6.9 ± 1.3 8.6 ± 0.8 0.03 

Fasting C-peptide (pmol/L) 346.1 ± 34.3 698.7 ± 42.9**** 557.5 ± 49.4 694.1 ± 82.3 866.8 ± 68.4 0.003 

Insulin clearance 11.8 ± 1.5 12.6 ± 0.7 15.3 ± 1.3 11.2 ± 1.1 11.1 ± 1.2 0.027 

Fasting glucagon (pg/mL) 57.2 ± 3.7 66.2 ± 3.8 57.1 ± 3.6 64.8 ± 7.2 78.2 ± 7.8 0.08 

HOMA-IR (dL/mg*L/mU) 0.8 ± 0.2 2.3 ± 0.2**** 1.6 ± 0.2 2.4 ± 0.5 3.1 ± 0.3 0.02 

 

Data are means ± SEM. The Mann-Whitney test (or unpaired student t-test for normally distributed data) was used to evaluate differences between the healthy 

and T2D groups, except that the distribution of gender and medication were compared using a Chi-square analysis. *P < 0.05, **P < 0.01, ***P < 0.005, ****P 

< 0.001 for healthy vs. T2D (overall). T2D subjects were stratified into three subgroups, including T1 (ALT≤29 U/L, n = 15) T2 (ALT = 30-40 U/L, n = 15) and 

T3 (ALT > 40, n = 13). One-way ANOVA was used to determine statistical differences between the three subgroups, except that the distribution of gender and 

medication were compared using Chi-square analysis. 
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4.4.1 Relationships between metabolic parameters and liver enzymes in fasting and after an 

oral glucose load and before and after a mixed meal 

 

In the pooled analysis of both healthy and T2D subjects who received oral glucose (Study 1), 

BMI (r = 0.33, P = 0.011), fasting blood glucose (r = 0.31, P = 0.02), plasma insulin (r = 0.53, P 

< 0.0001), plasma C-peptide (r = 0.54, P < 0.0001) and plasma glucagon (r = 0.34, P = 0.009), as 

well as HOMA-IR (r = 0.57, P < 0.0001), correlated directly with ALT (Figure 2). The 

relationship between HbA1c and ALT (r = 0.28, P = 0.07) did not reach significance (Table 3). 

BMI (r = 0.29, P = 0.03), HbA1c (r = 0.38, P = 0.01), fasting plasma insulin (r = 0.41, P = 0.001), 

C-peptide (r = 0.36, P = 0.005) and HOMA-IR (r = 0.43, P = 0.0007) correlated directly with 

GGT, but no significant correlations between fasting blood glucose or plasma glucagon and GGT 

were observed (Table 3). Likewise, fasting plasma insulin (r = 0.42, P = 0.001), C-peptide (r = 

0.4, P = 0.002), glucagon (r = 0.30, P = 0.024) and HOMA-IR (r = 0.45, P = 0.0005) correlated 

directly with AST. The relationship between fasting blood glucose and AST (r = 0.23, P = 0.078) 

did not reach significance, and there were no significant correlations observed of either BMI or 

HbA1c with AST (Table 3). 

 

Table 2. Characteristics of Study 2 participants in the total group and classified according to 

serum ALT 
Parameters Overall Lower (n = 45) Higher (n = 41) P 

Gender (M/F) 54/32 26/19 28/13 0.3 

Age (year) 64.7 ± 0.7 65.6 ± 0.9 63.7 ± 1.1 0.18 

BMI (kg/m2) 29.9 ± 0.6 29.0 ± 0.8 30.9 ± 0.7 0.04 

HbA1c (%) 6.6 ± 0.1 6.5 ± 0.1 6.8 ± 0.1 0.14 

Medication (Diet/Metformin) 37/49 19/26 18/23 0.9 

Total Bili (µmol/L) 10.1 ± 0.7 9.3 ± 0.6 10.9 ± 1.2 0.63 

GGT (U/L) 38 ± 4.9 25.0 ± 2.0 43.4 ± 4.1 <0.0001 

ALP(U/L) 74.1 ± 2.0 74.6 ± 2.8 73.6 ± 2.8 0.8 

ALT(U/L) 31.4 ± 1.8 20.6 ± 0.8 43.3 ± 2.6 <0.0001 

AST(U/L) 26.8 ± 1.0 22.3 ± 0.7 31.5 ± 1.6 <0.0001 

Fasting glucose (mmol/L) 8.1 ± 0.2 8.1 ± 0.2 8.2 ± 0.2 0.9 

Fasting insulin (mU/L) 6.6 ± 0.6 5.1 ± 0.5 8.3 ± 1.1 0.007 

Fasting glucagon (pg/mL) 74.1 ± 2.1 71.2 ± 2.5 77.2 ± 3.3 0.1 

Matsuda index (dL/mg*L/mU) 7.3 ± 0.6 8.8 ± 0.9 5.7 ± 0.7 0.0007 

HOMA-IR (mmol/L*mU/L) 2.5 ± 0.2 1.8 ± 0.2 3.0 ± 0.4 0.006 

Data are means ± SEM. Participants were divided into two subgroups, with lower (≤ 29 U/L, n = 45) or higher (≥ 

30 U/L, n = 41) ALT levels. Mann-Whitney test (or unpaired student t-test for normally distributed data) was used 

to determine the statistical difference between the Lower and Higher subgroups, except that the distribution of 

gender and medication were compared using Chi-square analysis. 

 

After the 75g oral glucose load, the AUC0-180min for blood glucose (r = 0.27, P = 0.04), plasma 

insulin (r = 0.35, P = 0.007), C-peptide (r = 0.33, P = 0.01) and glucagon (r = 0.44, P = 0.0006) 
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correlated directly (Figure 3A-D), whereas insulin clearance (r = -0.35, P = 0.008) and the 

Matsuda index correlated inversely (r = -0.57, P < 0.0001), with ALT in the pooled analysis 

(Figure 3E-F). The Matsuda index also correlated inversely with GGT (r = -0.37, P = 0.004), but 

there was no significant correlation between the AUC0-180min for glucose, insulin, C-peptide or 

glucagon and GGT (Table 3). There was a direct relationship between the glucagon AUC0-180min 

and AST (r = 0.38, P = 0.004), and an inverse relationship between the Matsuda index and AST 

(r = -0.46, P = 0.0004). However, no significant correlations were observed between the 

AUC0-180min for glucose, insulin or C-peptide and AST, nor between any of the aforementioned 

parameters and ALP, in the pooled analysis (Table 3).  

 

Table 3. Relationships between liver enzyme levels and baseline characteristics in healthy and 

T2D subjects (n = 58 in total) in Study 1  
 GGT ALP ALT AST 

Parameters r P  r P  r P r P 

BMI (kg/m2) 0.29 0.03 0.03 0.8 0.33 0.011 0.15 0.28 

HbA1c (%) 0.38 0.01 0.02 0.9 0.28 0.07 0.25 0.11 

Fasting glucose (mmol/L) 0.18 0.17 0.04 0.7 0.31 0.02 0.24 0.08 

Glucose AUC0-180min (mmol/L*min) 0.13 0.34 0.05 0.7 0.27 0.04 0.2 0.13 

Fasting insulin (mU/L) 0.41 0.001 0.10 0.4 0.53 <0.0001 0.42 0.001 

Insulin AUC0-180min  (mU/L*min) 0.19 0.15 0.13 0.3 0.35 0.007 0.23 0.07 

Fasting C-peptide (pmol/L) 0.36 0.005 0.15 0.27 0.54 <0.0001 0.4 0.002 

C-peptide AUC0-180min (pmol/L*min) 0.21 0.1 0.24 0.07 0.33 0.01 0.2 0.1 

Insulin clearance -0.14 0.3 -0.02 0.9 -0.35 0.008 -0.2 0.1 

Fasting glucagon (pg/mL) 0.01 0.94 -0.02 0.9 0.34 0.009 0.30 0.024 

Glucagon AUC0-180min  (pg/mL*min) 0.1 0.47 0.1 0.4 0.44 0.0006 0.38 0.004 

Matsuda index (dL/mg*L/mU) -0.37 0.004 -0.16 0.2 -0.57 <0.0001 -0.46 0.0004 

HOMA-IR (mmol/L*mU/L) 0.43 0.0007 0.12 0.4 0.57 <0.0001 0.44 0.0005 

Spearman test (or Pearson test for normally distributed data) was used to determine the relationship. 

 

Sensitivity analysis was also conducted between metabolic parameters and ALT in Study 1 by 

excluding significant outliers (Figure S1 and S2), which did not affect the aforementioned 

relationships, except that the correlation between the AUC0-180min for blood glucose and ALT 

became less apparent (r = 0.25, P = 0.058). After the exclusion of healthy subjects, the 

relationships between the metabolic parameters and liver enzymes were generally unchanged, 

except that the correlations of liver enzymes with blood glucose were no longer apparent (Table 

S1).  
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Figure 3. Relationships of the area under the curve (AUC) for blood glucose (A), plasma insulin (B), 

plasma C-peptide (C), plasma glucagon (D) between t = 0-180 minutes, insulin clearance (E) and 

Matsuda index (F) with alanine transaminase (ALT) in the combined subjects without (n = 15) and with 

type 2 diabetes (T2D, n = 43) in Study 1. Spearman correlation analysis was employed to examine these 

relationships.   

 

There were also direct relationships between the plasma insulin concentration after a mixed meal 

and liver enzymes (GGT and ALT) in Study 2, although no relationships between plasma 

glucagon concentrations and liver enzymes were evident, most likely due to the small 

inter-individual variations in liver enzymes (data not shown). 

 

4.4.2 Blood glucose and plasma insulin, C-peptide and glucagon in T2D subjects classified 

according to ALT  

 

The demographic data of subjects in each subgroup are summarised in Table 1. GGT (P = 0.008) 

and AST (P < 0.0001) were higher in subgroups with higher ALT, and BMI and ALP also tended 

to be higher. However, neither the distribution of gender, age, or HbA1c differed between the 

three subgroups. While blood glucose concentrations did not differ over 180 minutes following 
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the 75 g oral glucose challenge between the three subgroups of T2D subjects (Table 1 and Figure 

4A), plasma insulin concentrations were higher in subgroups with higher ALT both during 

fasting (P = 0.03, Table 1) and after the oral glucose load (group by time interaction: P = 0.01, 

Figure 4B). Similarly, plasma C-peptide concentrations were higher in subgroups with higher 

ALT at fasting (P = 0.003, Table 1) and after oral glucose load (group effect: P = 0.056, Figure 

4C). Plasma glucagon concentrations were numerically higher during fasting (P = 0.08, Table 1), 

but significantly higher after oral glucose (group by time interaction: P < 0.0019, Figure 4D), in 

subgroups with higher ALT. In addition, both insulin clearance (P = 0.027, Figure 4E) and the 

Matsuda index decreased (P = 0.016, Figure 4F), while HOMA-IR increased (P = 0.02, Table 1), 

with increasing ALT. 

 

 
Figure 4. Blood glucose (A), plasma insulin (B), plasma C-peptide (C) and plasma glucagon (D) in 

response to a 75 g oral glucose load in subgroups of individuals with type 2 diabetes (T2D), stratified by 

ALT, i.e. T1 (low ALT, n = 15), T2 (intermediate ALT, n = 15) and T3 (high ALT, n = 13) in Study 1. 

Relevant curves for healthy participants were added to the figures for reference purposes but were not 

included in the statistical analysis. Repeated-measures two-way ANOVA was used to determine statistical 

differences. ANOVA results are reported as P values for differences by groups, the difference over time 

and differences due to group by time interaction. Post hoc comparisons were adjusted by Bonferroni’s 

correction. Data are means ± SEM. *P < 0.05 for T1 vs. T2; #P < 0.05, ##P < 0.01 for T1 vs. T3 (E) and (F) 

show the insulin clearance and Matsuda index of the three ALT subgroups, respectively. One-way 

ANOVA was used to determine the statistical differences. 
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The demographic data in T2D subjects in Study 2 stratified into lower and higher ALT 

subgroups are summarised in Table 2. There were no differences in gender distribution, age, 

HbA1c, ALP or the use of metformin between the two subgroups. As in Study 1, GGT and AST 

were elevated in the subgroup with higher ALT in Study 2 (Table 2). Blood glucose 

concentrations did not differ between the two subgroups at baseline or after the meal (Figure 5A). 

Both fasting (P = 0.007) and meal-induced insulin concentrations were higher in the subgroup 

with higher ALT (group by time interaction: P = 0.019, Figure 5B). While fasting glucagon 

concentrations were numerically higher, postprandial glucagon concentrations were significantly 

higher in the subgroup with higher ALT (group by time interaction: P = 0.016, Figure 5C). In 

addition, a lower Matsuda index (P = 0.0007) and a higher HOMA-IR (P = 0.006) were observed 

in the subgroup with higher ALT (Table 2). 

 

 
Figure 5. Blood glucose (A), plasma insulin (B) and plasma glucagon (C) in response to a mixed meal in 

the two subgroups of individuals with type 2 diabetes in Study 2, i.e. lower ALT group (n = 45) and 

higher ALT group (n = 41). Repeated-measures two-way ANOVA was used to determine statistical 

differences. ANOVA results are reported as P values for differences by groups, the difference over time 

and differences due to group by time interaction. Post hoc comparisons were adjusted by Bonferroni’s 

correction. Data are means ± SEM. *P < 0.05, **P < 0.01, for the subgroup of high vs. low ALT. 

 

4.5 Discussion 

 

While associations of serum liver enzymes with insulin resistance and future risk of T2D in 

normoglycaemic individuals have been increasingly appreciated, links to specific metabolic 
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derangements in T2D remain poorly characterised. The present study showed that T2D patients 

with relatively good glycaemic control and managed by diet and/or metformin displayed higher 

serum liver enzyme levels compared to age- and BMI-matched healthy controls, and most 

importantly that circulating glucose, insulin, C-peptide and glucagon concentrations, both fasting 

and after oral glucose, correlated closely with serum liver enzymes, particularly ALT. In T2D 

subjects, subgroup analysis indicated that higher ALT was predictive of greater insulin resistance, 

higher insulin and glucagon responses to both an oral glucose load and a mixed meal, even in the 

absence of differences in glycaemia. Together, these findings suggest that serum liver enzymes, 

particularly ALT, represent biomarkers for diabetogenic changes in insulin and glucagon 

secretion (and action) in T2D.  

 

The observed relationships between metabolic parameters and liver enzymes in T2D subjects 

represent a substantial development from prior knowledge in non-diabetic subjects. As reported 

in the latter [20, 23, 35], we observed that both insulin resistance (HOMA-IR) and the insulin 

response to 75 g oral glucose correlated directly with ALT, AST and GGT in the T2D group. A 

direct relationship between fasting glucagon and some liver enzymes (ALT and GGT) has been 

observed in healthy individuals [35]. To our knowledge, there is no report on the relationship 

between circulating glucagon concentrations (either during fasting or in response to nutrient 

loads) and liver enzymes in patients with T2D. Therefore, the current study has added an 

important new insight into the link of liver enzymes to metabolic derangements in T2D. 

Together, these findings are indicative of the development of hepatic resistance to both insulin 

and glucagon signalling in the course of T2D, i.e. insulin and glucagon secretion may be 

exaggerated to compensate for reduced hepatocyte sensitivity to these hormones [36], which may 

predispose to the deterioration of glycaemic control [37-40]. The mechanism underlying the 

relationship between liver enzymes and glucagon secretion in T2D is not clear. There is recent 

evidence that hyperglucagonaemia in metabolic diseases, such as non-alcoholic fatty liver 

disease, may be driven by elevated circulating amino acid levels due to impaired amino acid 

catabolism in the face of hepatic glucagon resistance [41]. It may also reflect, in part, reduced 

metabolism of pancreatic hormones due to compromised liver function. In keeping with this 

concept, hepatic insulin clearance, as assessed by the C-peptide to insulin ratio, was reduced in 

T2D subjects with elevated ALT. The diminished insulin sensitivity associated with T2D may 
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also be of relevance to hyperglucagonaemia, since there is a counter-regulatory relationship 

between insulin and glucagon [42]. 

 

We recognise that serum liver enzymes are often inter-related – for example, individuals with 

T2D who have higher ALT levels frequently also exhibit raised AST and GGT concentrations. 

Relative to other liver enzymes, ALT appeared to have a closer relationship to metabolic 

parameters, probably due to the higher specificity of ALT for reflecting liver dysfunction [10, 

14]. Subgroup analysis in T2D patients revealed that an increase in ALT was predictive of 

augmented insulin and glucagon secretion after an oral glucose load. Similar observations were 

evident in an independent group of T2D patients after a standardised mixed meal. However, the 

reasons accounting for elevated ALT in T2D were not further examined in the current study. In 

people with non-alcoholic fatty liver disease, adipose tissue insulin resistance and liver 

triglyceride content have been shown to be major determinants of plasma ALT levels [43]. It is 

therefore plausible that the accumulation of liver fat in the context of insulin resistance in T2D 

may be relevant to inter-individual variations in ALT. However, we note that liver enzyme levels 

were, at most, only modestly elevated in the T2D subjects in our study, so the degree of hepatic 

steatosis may not have been great. Imaging of liver fat content, e.g. by ultrasound, would add 

insights into this aspect.     

 

Despite substantial differences in the insulin and glucagon responses to oral glucose and a mixed 

meal between subgroups of T2D subjects with different ALT levels, blood glucose 

concentrations did not differ between the subgroups. Similarly, the direct relationship between 

ALT and glycaemia after the oral glucose challenge was no longer evident after excluding the 

healthy subjects. This is likely to reflect the fact that the development of insulin and glucagon 

resistance occurs in advance of deterioration in blood glucose control, and that the T2D subjects 

included in the current study were at a relatively ‘early’ stage of T2D and were able to 

compensate for hepatic insulin and glucagon resistance. Further studies are, therefore, warranted 

to evaluate the potential for liver enzymes to both characterise the pathological defects of T2D 

and inform interventional strategies (e.g. focussing on normalising liver enzymes) to prevent or 

delay the progression of the disease.  
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Several limitations should also be acknowledged when interpreting our findings. First, the 

current observational study involves only a small number of participants, lacks a healthy control 

in Study 2, and does not provide information about the impact of liver enzymes on future 

metabolic outcomes, so that a large longitudinal study involving well-matched healthy subjects 

as a reference in both settings is warranted. Second, the T2D subjects included in the current 

study were relatively homogenous, with well-controlled glycaemia and without large variations 

in liver enzymes, which limited the capacity to demonstrate relationships with metabolic 

parameters. Accordingly, evaluations involving a full spectrum of T2D patients with both normal 

and abnormally elevated liver enzyme levels are needed. Third, the current study has focussed 

only on the links of insulin and glucagon secretion with liver enzymes. Concurrent 

measurements of other metabolic targets, such as the incretin hormone glucagon-like pepetide-1 

(GLP-1) and insulin-degrading enzyme (IDE), may yield complimentary insights. Finally, given 

recent evidence that circulating amino acids and fatty acids are key mediators in communication 

between the liver and the pancreatic islets, measurements of these may shed light on the 

observed dysregulated insulin and glucagon concentrations in relation to liver enzymes.  

 

In summary, our study has revealed close relationships between metabolic derangements, 

including insulin resistance and hyperglucagonaemia, and serum liver enzymes in individuals 

with relatively well-controlled T2D. That ALT was predictive of exaggerated insulin and 

glucagon responses to an oral glucose load or a mixed meal, in the absence of differences in 

glycaemia, suggests that ALT may represent an ‘early’ biomarker of metabolic dysfunction 

during the progression of T2D.  

 

4.6 References 

 

1. Han, H.-S., Kang, G., Kim, J.S., Choi, B.H. & Koo, S.-H. Regulation of glucose 

metabolism from a liver-centric perspective. Experimental & Molecular Medicine 48, 

e218-e218 (2016). 

2. Adeva-Andany, M.M., Pérez-Felpete, N., Fernández-Fernández, C., Donapetry-García, C. 

& Pazos-García, C. Liver glucose metabolism in humans. Bioscience Reports 36(2016). 

3. Sherwin, R.S. Role of liver in glucose homeostasis. Diabetes Care 3, 261-265 (1980). 



128 

 

4. Ferrannini, E., et al. The disposal of an oral glucose load in healthy subjects: a 

quantitative study. Diabetes 34, 580-588 (1985). 

5. Iozzo, P., et al. Insulin stimulates liver glucose uptake in humans: an 18F-FDG PET 

Study. Journal of Nuclear Medicine 44, 682-689 (2003). 

6. Liljenquist, J., et al. Evidence for an important role of glucagon in the regulation of 

hepatic glucose production in normal man. The Journal of Clinical Investigation 59, 

369-374 (1977). 

7. Ramnanan, C., Edgerton, D., Kraft, G. & Cherrington, A. Physiologic action of glucagon 

on liver glucose metabolism. Diabetes, Obesity and Metabolism 13, 118-125 (2011). 

8. D'alessio, D. The role of dysregulated glucagon secretion in type 2 diabetes. Diabetes, 

Obesity and Metabolism 13, 126-132 (2011). 

9. Campbell, J.E. & Newgard, C.B. Mechanisms controlling pancreatic islet cell function in 

insulin secretion. Nature Reviews Molecular Cell Biology 22, 142-158 (2021). 

10. Hall, P. & Cash, J. What is the real function of the liver ‘function’tests? The Ulster 

Medical Journal 81, 30 (2012). 

11. Hoekstra, L.T., et al. Physiological and biochemical basis of clinical liver function tests: 

a review. Annals of Surgery 257, 27-36 (2013). 

12. Pratt, D.S. & Kaplan, M.M. Evaluation of abnormal liver-enzyme results in 

asymptomatic patients. New England Journal of Medicine 342, 1266-1271 (2000). 

13. Giannini, E.G., Testa, R. & Savarino, V. Liver enzyme alteration: a guide for clinicians. 

Cmaj 172, 367-379 (2005). 

14. Limdi, J. & Hyde, G. Evaluation of abnormal liver function tests. Postgraduate Medical 

Journal 79, 307-312 (2003). 

15. Trell, E., et al. Two-hour glucose and insulin responses after a standardized oral glucose 

load in relation to serum gamma-glutamyl transferase and alcohol consumption. Acta 

Diabetologia Latina 18, 311-317 (1981). 

16. Perry, I.J., Wannamethee, S.G. & Shaper, A.G. Prospective study of serum 

γ-glutamyltransferase and risk of NIDDM. Diabetes Care 21, 732-737 (1998). 

17. Miyamori, D., et al. Prediction of new onset of diabetes mellitus during a 10-year period 

by using a combination of levels of alanine aminotransferase and γ-glutamyl transferase. 

Endocrine Journal, EJ20-0823 (2021). 



129 

 

18. Fraser, A., et al. Alanine aminotransferase, γ-glutamyltransferase, and incident diabetes: 

the British Women's Heart and Health Study and meta-analysis. Diabetes Care 32, 

741-750 (2009). 

19. Song, S., et al. ALT/AST as an Independent Risk Factor of Gestational Diabetes Mellitus 

Compared with TG/HDL-C. International Journal of General Medicine 15, 115 (2022). 

20. Vozarova, B., et al. High alanine aminotransferase is associated with decreased hepatic 

insulin sensitivity and predicts the development of type 2 diabetes. Diabetes 51, 

1889-1895 (2002). 

21. Chen, S.C.-C., et al. Liver fat, hepatic enzymes, alkaline phosphatase and the risk of 

incident type 2 diabetes: a prospective study of 132,377 adults. Scientific Reports 7, 1-9 

(2017). 

22. Wannamethee, S.G., Shaper, A.G., Lennon, L. & Whincup, P.H. Hepatic enzymes, the 

metabolic syndrome, and the risk of type 2 diabetes in older men. Diabetes Care 28, 

2913-2918 (2005). 

23. Succurro, E., et al. One-hour post-load plasma glucose levels are associated with elevated 

liver enzymes. Nutrition, Metabolism and Cardiovascular Diseases 21, 713-718 (2011). 

24. Bonnet, F., et al. Liver enzymes are associated with hepatic insulin resistance, insulin 

secretion, and glucagon concentration in healthy men and women. Diabetes 60, 

1660-1667 (2011). 

25. Gastaldelli, A., et al. Relationship between hepatic/visceral fat and hepatic insulin 

resistance in nondiabetic and type 2 diabetic subjects. Gastroenterology 133, 496-506 

(2007). 

26. Rayner, C.K., et al. Effects of sustained treatment with lixisenatide on gastric emptying 

and postprandial glucose metabolism in type 2 diabetes: a randomized controlled trial. 

Diabetes Care 43, 1813-1821 (2020). 

27. Jones, K.L., et al. Effects of lixisenatide on postprandial blood pressure, gastric emptying 

and glycaemia in healthy people and people with type 2 diabetes. Diabetes, Obesity and 

Metabolism 21, 1158-1167 (2019). 

28. Watson, L.E., et al. A whey/guar “preload” improves postprandial glycaemia and 

glycated haemoglobin levels in type 2 diabetes: a 12‐week, single‐blind, randomized, 

placebo‐controlled trial. Diabetes, Obesity and Metabolism 21, 930-938 (2019). 



130 

 

29. Wu, T., et al. A protein preload enhances the glucose-lowering efficacy of vildagliptin in 

type 2 diabetes. Diabetes Care 39, 511-517 (2016). 

30. Wu, T., et al. Measurement of plasma glucagon in humans: A shift in the performance of 

a current commercially available radioimmunoassay kit. Diabetes, Obesity & Metabolism 

24, 1182-1184 (2022). 

31. Meier, J.J., Holst, J.J., Schmidt, W.E. & Nauck, M.A. Reduction of hepatic insulin 

clearance after oral glucose ingestion is not mediated by glucagon-like peptide 1 or 

gastric inhibitory polypeptide in humans. American Journal of Physiology-Endocrinology 

and Metabolism 293, E849-E856 (2007). 

32. Matsuda, M. & DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose 

tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care 22, 

1462-1470 (1999). 

33. Matthews, D.R., et al. Homeostasis model assessment: insulin resistance and β-cell 

function from fasting plasma glucose and insulin concentrations in man. Diabetologia 28, 

412-419 (1985). 

34. Huang, W., et al. The ‘early’ postprandial glucagon response is related to the rate of 

gastric emptying in patients with type 2 diabetes. Peptides, 170941 (2023). 

35. Bonnet, F., et al. Liver enzymes are associated with hepatic insulin resistance, insulin 

secretion, and glucagon concentration in healthy men and women. Diabetes 60, 

1660-1667 (2011). 

36. Wewer Albrechtsen, N.J., et al. Hyperglucagonemia correlates with plasma levels of 

non-branched-chain amino acids in patients with liver disease independent of type 2 

diabetes. American Journal of Physiology-Gastrointestinal and Liver Physiology 314, 

G91-G96 (2018). 

37. Sinha, R., et al. Prevalence of impaired glucose tolerance among children and adolescents 

with marked obesity. New England Journal of Medicine 346, 802-810 (2002). 

38. Dowse, G.K., et al. Abdominal obesity and physical inactivity as risk factors for NIDDM 

and impaired glucose tolerance in Indian, Creole, and Chinese Mauritians. Diabetes Care 

14, 271-282 (1991). 



131 

 

39. Sung, K.-C., Jeong, W.-S., Wild, S.H. & Byrne, C.D. Combined influence of insulin 

resistance, overweight/obesity, and fatty liver as risk factors for type 2 diabetes. Diabetes 

Care 35, 717-722 (2012). 

40. Hazlehurst, J.M., Woods, C., Marjot, T., Cobbold, J.F. & Tomlinson, J.W. Non-alcoholic 

fatty liver disease and diabetes. Metabolism 65, 1096-1108 (2016). 

41. Richter, M.M., et al. The liver–α-cell axis in health and in disease. Diabetes 71, 

1852-1861 (2022). 

42. Wewer Albrechtsen, N.J., et al. Evidence of a liver–alpha cell axis in humans: hepatic 

insulin resistance attenuates relationship between fasting plasma glucagon and 

glucagonotropic amino acids. Diabetologia 61, 671-680 (2018). 

43. Maximos, M., et al. The role of liver fat and insulin resistance as determinants of plasma 

aminotransferase elevation in nonalcoholic fatty liver disease. Hepatology 61, 153-160 

(2015). 

 

4.7 Supplementary Information 

 

Table S1. Relationships between liver enzyme levels and baseline characteristics of T2D 

subjects in Study 1  
 GGT ALT AST 

Parameters r P  r P r P 

BMI (kg/m2) 0.37 0.02 0.38 0.01 0.24 0.11 

HbA1c (%) 0.38 0.01 0.28 0.07 0.25 0.11 

Fasting glucose (mmol/L) 0.07 0.7 0.05 0.8 0.08 0.6 

Glucose AUC0-180min  (mmol/L/min) -0.02 0.9 0.005 0.97 0.08 0.62 

Fasting insulin (mU/L) 0.41 0.007 0.4 0.006 0.34 0.001 

Insulin AUC0-180min  (mU/L*min) 0.2 0.2 0.34 0.03 0.24 0.12 

Fasting C-peptide (pmol/L) 0.36 0.017 0.42 0.005 0.33 0.03 

C-peptide AUC0-180min (pmol/L*min) 0.15 0.35 0.25 0.1 0.18 0.3 

Insulin clearance -0.16 0.3 -0.36 0.017 -0.23 0.14 

Fasting glucagon (pg/mL) 0.005 0.97 0.34 0.02 0.34 0.025 

Glucagon AUC0-180min  (pg/mL*min) 0.1 0.46 0.44 0.003 0.4 0.009 

HOMA-IR (dL/mg*L/mU) 0.43 0.002 0.46 0.0017 0.39 0.01 

Matsuda index (mmol/L*mU/L) -0.35 0.02 -0.50 0.0006 -0.43 0.005 
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Figure S1. The relationships of BMI (A), fasting blood glucose (B), plasma insulin (C), C-peptide (D) 

glucagon (E) and HOMA-IR (F) with alanine transaminase (ALT) in the combined subjects without and 

with type 2 diabetes (T2D) after excluding significant outliers (1 in ALT level, 1 in fasting glucagon and 

1 in HOMR-IR from T2D group). Spearman correlation analysis was employed to examine these 

relationships.   

0 50 100 150
20

25

30

35

40

45

ALT (U/L)

B
M

I

(k
g

/m
2
)

r = 0.32

P = 0.015

0 50 100 150
0

500

1000

1500

ALT (U/L)

F
a
s
ti

n
g

 C
-p

e
p

ti
d

e

(p
m

o
l/
L

)

r = 0.54
P < 0.0001

0 50 100 150
0

5

10

15

ALT (U/L)

F
a
s
ti

n
g

 g
lu

c
o

s
e

(m
m

o
l/
L

)

r = 0.27

P = 0.043

0 50 100 150
0

5

10

15

20

ALT (U/L)

F
a
s
ti

n
g

 i
n

s
u

li
n

(m
U

/L
)

r = 0.54
P < 0.0001

0 50 100 150
0

50

100

150

ALT (U/L)

F
a
s
ti

n
g

 g
lu

c
a
g

o
n

(p
g

/m
L

)

r = 0.34
P = 0.0098

T2DHealthy

A B

C D

E F

0 50 100 150
0

2

4

6

8

ALT (U/L)

H
O

M
A

 -
 I
R

(m
m

o
l/
L

*m
U

/L
)

r = 0.57
P < 0.0001



133 

 

 
Figure S2. Relationships of the area under the curve (AUC) for blood glucose (A), plasma insulin (B), 

C-peptide (C), glucagon (D) between t = 0-180 minutes, insulin clearance (E) and Matsuda index (F) with 

alanine transaminase (ALT) in the combined subjects without and with type 2 diabetes (T2D) after 

excluding significant outliers (1 in ALT level and 1 in glucagon AUC0-180min from T2D group) in Study 1. 

Spearman correlation analysis was employed to examine these relationships.   
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5.1 Abstract  

 

Gastric emptying (GE) is a major determinant of the postprandial glycaemic and insulinaemic 

responses in health and type 2 diabetes (T2D). However, the effect of GE on the postprandial 

glucagon response, which is characteristically augmented in T2D, is unknown. This study 

examined the relationship between plasma glucagon and GE of a standardised mixed meal in 

individuals with well-controlled T2D. 89 T2D patients (HbA1c 6.6  0.1%) consumed a mashed 

potato meal labelled with 100 µL 13C-octanoic acid between 0-5 minutes. Venous blood was 

sampled frequently over 4h for measurements of blood glucose and plasma glucagon. The gastric 

half-emptying time (T50) was calculated by quantification of 13C in the breath. Blood glucose 

peaked at t = 90 minutes after the meal. Plasma glucagon increased to its peak at t = 30 minutes 

and then decreased to a nadir at t = 180min. The T50 was 68.31.6min. The incremental area 

under the plasma glucagon curve between t = 0-30 minutes (glucagon iAUC0-30min) was related 

inversely to the T50 (r = -0.23, P = 0.029), while the increase in blood glucose at t=30 minutes 

was related directly to the glucagon iAUC0-30min (r = 0.25, P = 0.018). Accordingly, subjects with 

relatively faster GE exhibited higher postprandial glucagon and glucose levels (ANOVA: P < 

0.01 for each). In well-controlled T2D, the early postprandial glucagon response to a mixed meal 

is partly related to the rate of GE, and predictive of the initial glycaemic response. These 

observations indicate that a reduction in plasma glucagon may contribute to the effect of dietary 

and pharmacological strategies which reduce postprandial glycaemia in T2D by slowing GE.  

Keywords: gastric emptying, postprandial glycaemia, glucagon secretion, carbohydrate meal, 

type 2 diabetes 

 

5.2 Introduction 

 

Glucagon, released by the pancreatic α-cells, is an important counter-regulatory hormone of 

insulin for maintaining glucose homeostasis [1, 2]. While insulin resistance, and consequently a 

relative deficiency in insulin secretion, are characteristic pathophysiological features of type 2 

diabetes (T2D), there is persuasive evidence that excessive glucagon secretion is important in the 

development of both fasting and postprandial dysglycaemia. Fasting plasma glucagon levels are 

markedly elevated in subjects with T2D compared to healthy individuals [3, 4]. Moreover, the 
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suppression of plasma glucagon levels following an oral glucose load or a mixed meal is 

markedly attenuated in T2D [5-7]. 

  

The mechanisms responsible for the regulation of glucagon secretion are complex and 

heterogeneous [8, 9]. In health, the secretion of glucagon is upregulated when there is a reduction 

in blood glucose to prevent or counteract hypoglycaemia, whereas hyperglycaemia induced by 

oral or intravenous administration of glucose is associated with a suppression of plasma 

glucagon levels [10, 11]. Unlike glucose, both amino acids and long-chain fatty acids are potent 

stimuli for glucagon secretion [12-15]. Accordingly, both the nutrient composition of the meal 

and the rate of its absorption from the gut are of relevance to the postprandial glucagon response. 

 

The delivery of ingested nutrients from the stomach into the small intestine is tightly controlled; 

gastric emptying (GE) occurs at a relatively constant caloric rate in the range of 1 to 4 kcal/min 

in health [16]. GE is, accordingly, a key determinant of postprandial digestion and the 

appearance of digestive products in the circulation [17]. While it has been appreciated for a long 

time that GE in individuals with longstanding and complicated diabetes is frequently delayed (i.e. 

gastroparesis) [18], it has been recognised only more recently that T2D, associated with few 

complications, irrespective of overall glycaemic control, is often associated with accelerated GE 

[19, 20], which, in the context of relative or absolute reduction in insulin secretion, exacerbates 

glycaemic excursions following ingestion of carbohydrate [21]. With a mixed meal, GE also 

influences the digestion and absorption of protein and fat, which may modulate postprandial 

insulin and glucagon secretion and hence, indirectly influence the blood glucose excursion.  

 

We hypothesised that the secretion of glucagon following a mixed meal in T2D would be 

influenced by the rate of GE and predictive of the postprandial glycaemic response. Accordingly, 

we have now examined the relationships between the postprandial glucagon response to a mixed 

meal and GE, and the rise in blood glucose with change in glucagon, in a cohort of patients with 

well-controlled T2D.  
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5.3 Research Design and Methods 

 

5.3.1 Subjects 

 

The current data were derived from two studies reported previously (clinical trial registrations 

ACTRN12612001005842 and ACTRN12614001131640) [22, 23]. After excluding individuals 

who participated in both studies (n = 5), a total of 89 subjects with T2D (56 male and 33 female, 

age 64.6 ± 0.7 years, BMI 29.9 ± 0.5 kg/m2, HbA1c 6.6 ± 0.1%) diagnosed by the American 

Diabetes Association criteria were included in this analysis. All participants were managed by 

diet (n = 37) and/or metformin monotherapy (n = 52) (the latter at a stable dose of 500 to 3000 

mg per day for at least 3 months). None had gastrointestinal symptoms, a history of kidney or 

liver disease, gastrointestinal surgery, or was using other medications known to affect 

gastrointestinal function or appetite. The studies were approved by the Royal Adelaide Hospital 

Human Research Ethics Committee, and all participants provided written informed consent. 

 

5.3.2 Study protocol 

 

Each subject was evaluated on a single study day. On the evening before the study day, subjects 

consumed a standardised beef lasagne meal (592 kcal, McCain Foods, Melbourne VIC, 

Australia), together with bread, a non-alcoholic beverage and one piece of fruit, at ~7 pm. 

Subjects who routinely took an evening dose of metformin were instructed to withhold that dose 

until the end of the study. Subjects then fasted from all food and nutrient beverages, but were 

allowed to drink water until midnight, prior to attending the laboratory the following morning. 

Upon arrival, an intravenous cannula was inserted into a forearm vein for repeated blood 

sampling; subjects remained seated throughout the study. Between t = 0 and 5 minutes, subjects 

ate a semisolid meal comprising 65 g powdered potato (Deb Instant Mashed Potato; Continental, 

Epping, Australia) and 20 g glucose, reconstituted with 200 mL water and one egg yolk 

containing 100 µL 13C-octanoic acid (368.5 kcal: 61.4 g carbohydrate, 7.4 g protein and 8.9 g 

fat). Breath samples were collected immediately before, and every 5 minutes after meal ingestion 

in the first hour and then every 15 minutes for a further 3 hours for the assessment of GE.  

“Arterialised” venous blood was sampled before the meal (t = 0 minutes) and at t = 15, 30, 60, 

90, 120, 180 and 240 minutes for measurement of blood glucose and plasma glucagon. Blood 
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samples were placed in ice-cold EDTA tubes and were centrifuged at 3200 rpm for 15 minutes at 

4 ˚C. Plasma was separated and stored at -80 ˚C before the glucagon assay. 

 

 

5.3.3 Measurement of blood glucose, plasma glucagon and GE  

 

Blood glucose concentrations were measured in duplicate at each time point by a glucometer 

(Optium Xceed; Abbott Laboratories, Lake Bluff, IL, USA), and computed as the mean values. 

Plasma glucagon concentrations were determined by radioimmunoassay (RIA, GL-32k; 

Millipore, Billerica, MA, USA), with a sensitivity of 20 pg/mL, intra- and inter-assay CVs of 10% 

and 3.1%, respectively. We noted that several commercial glucagon RIA kits exhibit 

considerable cross-reactivity with L-cell products such as glicentin [24] and that there was a shift 

in the performance of the Millipore RIA kit after the introduction of a new batch of antibody for 

glucagon in 2019 [25]. For this reason, the glucagon data reported were derived from the RIA 

kits produced before 2019, which we have further validated against the highly specific sandwich 

ELISA kit that detects both the N- and C-terminus of glucagon (i.e. the Mercodia ELISA kit) 

[25].   

 

The 13CO2 concentration in breath samples was measured by an isotope ratio mass spectrometer 

for computation of the gastric half-emptying time (T50) using the Wagner-Nelson formula as 

described previously [26]. The accuracy of the method has been validated against the gold 

standard technique of scintigraphy in patients with T2D [27]. 

 

5.3.4 Statistical analysis 

 

Incremental areas under the curve (iAUC) for blood glucose and plasma glucagon were 

calculated using the trapezoidal rule. The relationships between pre-defined parameters were 

examined by either Pearson correlation analyses (if the data passed the normality test) or 

Spearman correlation analyses (when the data were not normally distributed), as reported in 

figure legends. Subjects were also stratified into three subgroups based on their GE T50 values, 

i.e. the fast GE group, the intermediate GE group and the slow GE group (Table 1). Homeostatic 

model assessment for insulin resistance (HOMA-IR) was calculated by fasting blood glucose × 

fasting plasma insulin / 22.5. Demographic data in these subgroups were compared using 
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one-way ANOVA except for gender, which was compared by Chi-square test. Blood glucose and 

plasma glucagon concentrations in the T50 subgroups were compared by two-way repeated 

measures ANOVA using ‘group’ and ‘time’ as factors. Post hoc comparisons were performed 

with Bonferroni’s correction if ANOVA revealed significant interactions. All analyses were 

performed with GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). Data are 

presented as means ± SEM. P < 0.05 was considered statistically significant. 

 

Table 1. Characteristics of subjects with fast gastric emptying (GE), intermediate GE and 

slow GE 

 Fast GE                 

(n = 29) 

Intermediate GE      

(n = 31) 

Slow GE       

(n = 29) 

P 

T50 (minute) 52.8 ± 1.0 66.6 ± 0.8 85.5 ± 1.5 <0.0001 

Gender (male/female) 22/7 20/11 14/15 0.09 

Age (year) 64.8 ± 1.3 64.2 ± 1.2 65.0 ± 1.2 0.89 

BMI (kg/m2) 30.0 ± 0.9 29.1 ± 0.9 30.6 ± 0.9 0.52 

HbA1c (%) 6.8 ± 0.1 6.7 ± 0.1 6.5 ± 0.1 0.14 

Diet/Metformin 6/23 15/16 16/13 0.018 

HOMA-IR 3.1 ± 0.6 2.1 ± 0.3 2.0 ± 0.2 0.12 

Data are means ± SEM. One-way ANOVA was used to determine statistical differences between the subgroups, 

except that the distribution of gender and the use of metformin was compared using Chi-squared analysis.  

 

5.4 Results 

 

5.3.1 Blood glucose, plasma glucagon and GE 

 

All participants tolerated the study well. After the meal, blood glucose concentrations increased 

from 8.1 ± 0.1 mmol/L to a peak of 14 ± 0.3 mmol/L at 90 minutes, followed by a gradual 

decline towards baseline (Figure 1A). Plasma glucagon concentrations increased promptly from 

75.2 ± 2.3 pg/mL to a peak of 91.5 ± 2.7 pg/ml at t = 30 minutes, followed by a gradual decline 

to a nadir of 64.9 ± 2.0 pg/mL at t = 180 minutes before returning to baseline (Figure 1B). The 

GE T50 ranged from 39 to 116 minutes, with a mean of 68.3 ± 1.6 minutes (Figure 1C). 

 

5.4.2 Relationships between blood glucose and GE 

 

The rises in blood glucose from baseline at t = 30 minutes (r = -0.39, P < 0.001), t = 60 minutes 

(r = -0.53, P < 0.0001) and t = 90 minutes (r = -0.31, P = 0.0028) were related inversely to the 

T50 (Figure 2 A-C). The iAUCs for blood glucose between t = 0-60 minutes (r = -0.43, P < 

0.0001), between t = 0-120 minutes (r = -0.38, P < 0.001) and between t = 0-180 minutes (r 
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= -0.21, P = 0.049) were also related inversely to the T50 (Figure 2 D-F). In contrast, the changes 

in blood glucose from baseline between t = 120-240 minutes were not related significantly to the 

T50 (data not shown). There was also no significant correlation between the blood glucose 

iAUC0-240min and the T50 (data not shown). 

 

 
Figure 1. Concentrations of (A) blood glucose and (B) plasma glucagon and (C) the gastric half-emptying 

time (T50) in response to a standardised meal in patients with type 2 diabetes (n = 89).  

 

 
Figure 2. (A-C) Relationships of the changes in blood glucose from the baseline at t = 30, 60 and 90 

minutes and (D-F) the blood glucose incremental areas under the curves (iAUCs) between t = 0-60, t = 

0-120 and t = 0-180 minutes, with the gastric half-emptying time (T50) after a mixed meal in patients 

with type 2 diabetes (n = 89). Pearson correlation analysis was employed to examine these relationships.   
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5.4.3 Relationships between plasma glucagon and GE 

 

There was no significant correlation between fasting plasma glucagon and the T50. After the 

meal, plasma glucagon correlated inversely with the T50 at t = 15 minutes (r = -0.33, P = 0.0016) 

and directly at t = 120 minutes (r = 0.21, P = 0.048) (Figure 3 A-B). Moreover, the glucagon 

iAUC0-30min (r = -0.23, P = 0.029) was related inversely to T50 (Figure 3C). There was also a 

tendency for a weak inverse relationship between the glucagon iAUC0-60min and T50 (r = -0.18, P 

= 0.096) (Figure 3D). 

 

 
Figure 3. (A-B) Relationships of plasma glucagon at t = 15 and 120 minutes after a mixed meal and (C-D) 

the glucagon incremental areas under the curves (iAUCs) between t = 0-30 minutes and t = 0-60 minutes 

with the gastric half-emptying time (T50) in patients with type 2 diabetes (n = 89). The Spearman 

correlation analysis was employed to examine these relationships.   
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Figure 4. Relationship of (A) the change in blood glucose from baseline at t = 30 minutes and (B) the 

blood glucose incremental area under the curve (iAUC) between t = 0-30 minutes with the plasma 

glucagon iAUC0-30min. Spearman correlation analysis was employed to examine these relationships.   
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< 0.05 each) (Figure 5B). 
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which is frequently dysregulated in T2D, may influence the postprandial glucagon response and, 

hence, postprandial glycaemia.   

 

 
Figure 5. Concentrations of blood glucose (A) and plasma glucagon (B) in response to a standardised 

mixed meal (consumed between t = 0-5 minutes) in type 2 diabetes patients with fast gastric emptying 

(GE) (n = 29), intermediate GE (n = 31) and slow gastric emptying (n = 29). Repeated-measures two-way 

ANOVA was used to determine statistical difference. ANOVA results are reported as P values for 

differences by groups, difference over time and difference due to group by time interaction. Post hoc 

comparisons were adjusted by Bonferroni’s correction. Data are means ± SEM. *P < 0.05, **P < 0.01, 

***P < 0.005, ****P < 0.001 for Fast GE vs. Slow GE. #P < 0.05, ##P < 0.01 for Intermediate GE vs. 

Slow GE. 
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response in T2D. 
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with longstanding and complicated diabetes, GE in those with uncomplicated T2D is often 

accelerated [34]. Accordingly, the exaggerated glucagon secretion often seen at ~30 minutes 

after mixed meals in patients with T2D [5, 35-37] may be accounted for, at least in part, by the 

presence of rapid GE in this group. The exact mechanisms underlying this phenomenon remain 

elusive, but may reflect the impact of GE on the digestion and absorption of dietary protein and 

fat, since both amino acids and fatty acids are potent stimuli of the pancreatic α-cells [12-15]. It 

is also noted that suppression of glucagon is most evident following intravenous, but not oral, 

glucose administration (75 g) in both health and T2D [38], suggesting that gastrointestinal 

exposure to nutrients potentiates glucagon secretion. Indeed, the incretin hormone glucose-

dependent insulinotropic polypeptide (GIP), which is mainly released from the proximal small 

intestine and dependent on the rate of GE [39], is known to increase glucagon secretion, 

particularly during hypoglycaemia. Moreover, GE controls the delivery of nutrients into the 

small intestine. The subsequent small intestinal distension and/or the release of neurotransmitters 

arising from the nutrient-gut interaction may activate intestinal vagal nerves, leading to increased 

glucagon secretion from the pancreas [40-43]. However, the extent to which this potential 

mechanism may have contributed to postprandial glucagon secretion is unclear. Interestingly, the 

relationship between the change in plasma glucagon from baseline and the T50 became direct at t 

= 120 minutes. This shift is likely to be driven by the greater rise in blood glucose in subjects 

with more rapid GE. In keeping with this concept, our subgroup analysis showed that subjects 

with faster GE exhibited substantially higher blood glucose concentrations between t = 30-120 

minutes. We noted that the proportion of patients treated with metformin was higher in the fast 

than slow GE subgroup. However, the impact of this confounding factor was minimised by our 

instruction to patients to withhold their evening dose prior to the study. Attesting to the 

negligible impact of the use of metformin on the study outcomes, there was no significant 

difference in basal blood glucose or plasma glucagon between the subgroups.  

 

Of note, the initial glucagon response was predictive of the postprandial blood glucose excursion 

within the first 30 minutes. This is consistent with previous observations made after an oral 

glucose load [44] or a mixed meal tolerance test [45] in individuals with prediabetes and T2D. It 

is also noteworthy that insulin sensitivity, as assessed by HOMA-IR, did not differ between the 

three subgroups, suggesting that the relationship between postprandial blood glucose and plasma 
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glucagon was independent of variations in insulin sensitivity. Taken together, these findings 

support a role for GE in regulating glucagon secretion to influence the glycaemic response to 

meals, at least during the early postprandial phase. Accordingly, in addition to their 

glucagonostatic action, slowing of GE by the glucagon-like peptide-1 (GLP-1) receptor agonists 

may contribute to the suppression of postprandial glucagon and glycaemia in T2D [33, 46-48].   

 

Several limitations should be noted in interpreting our findings. First, the current study is 

observational in its nature and involved only patients with relatively well-controlled T2D; future 

intervention studies involving the modulation of GE in people with and without T2D are required 

to validate our interpretation. Second, the blood glucose concentrations were measured by a 

glucometer. To minimise the potential incidental errors, blood glucose was measured in duplicate 

at each timepoint. Third, the systemic appearance of digestive products (i.e. amino acids and 

fatty acids) that directly stimulate glucagon secretion was not measured in the current study. 

Further studies are warranted to clarify the relative contributions of different nutrients to the 

postprandial glucose and glucagon response in relation to GE. Fourth, GLP-1 and insulin 

concentrations were not reported in this study. Although the secretion of GLP-1 and insulin 

would be expected to suppress glucagon secretion [49], we have recently shown that the GLP-1 

and insulin responses to an oral nutrient load are not related to GE T2D [28, 50], probably 

reflecting the inter-individual variations in the L-cell responsiveness to intestinal nutrient 

stimulation and the delayed insulin secretion in T2D. Fifth, the test meal was high in 

carbohydrates, so may not represent a meal typically recommended in T2D. It would be of 

interest to evaluate the impact of GE on the glucagon response to meals of different 

macronutrient compositions (e.g. rich in dietary protein). Finally, given that only patients with 

relatively well-controlled T2D and few complications were studied, caution should be exercised 

when generalising our findings to a wider T2D community.  

 

In summary, our study indicates that the ‘early’ postprandial glucagon response to a mixed meal 

in well-controlled T2D patients is related to the rate of GE, and is predictive of the initial 

postprandial glucose excursion. These observations shed light on the mechanism underlying 

postprandial glucagon hypersecretion, and support the use of interventions that retard GE for the 

management of postprandial hyperglycaemia in T2D.     
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6.1 Abstract 

 

There is increasing evidence linking bitter taste receptor (BTR) signalling to glucose homeostasis. 

In both rodents and humans, exposure of the gastrointestinal tract to bitter tasting substances, e.g. 

quinine and denatonium benzoate (DB), triggers glucagon-like peptide 1 (GLP-1) release to 

augment insulin secretion and reduce postprandial glycaemia. However, the effects of bitter 

substances beyond the gut have been poorly characterised. This study examined the effect of DB 

on insulin secretion from a rodent β-cell line, INS-1 832/13, and isolated mouse islets and 

explored the potential underlying mechanisms. At both 2.8 mM (‘2.8G’) and 16.7 mM (‘16.7G’) 

glucose concentrations, a relatively low concentration of DB was sufficient to induce insulin 

secretion dose-dependently. In contrast, at higher DB concentrations, insulin release was 

diminished due to cellular apoptosis. Diazoxide (a KATP channel opener) reduced DB-stimulated 

insulin secretion both in INS-1 832/13 cells and islets. However, probenecid (a BTR inhibitor) 

only reduced insulin secretion in the β-cell line, but not islets. That DB markedly increased 

GLP-1 secretion from islets and that blocking GLP-1 receptors by exendin9-39 substantially 

reduced DB-stimulated insulin secretion, suggests a paracrine regulation of insulin secretion 

within islets. In support of this, DB also stimulated glucagon and somatostatin secretion at both 

2.8G and 16.7G. In conclusion, the bitter substance, DB, stimulates insulin secretion from 

pancreatic β-cells. This effect is mediated in part by the closure of KATP channels and stimulation 

of BTRs within β-cells, but is also indirectly influenced by a complex paracrine network within 

islets, involving GLP-1.        

 

6.2 Introduction 

 

Mammals can distinguish different tastes (i.e. sour, sweet, bitter, salty and umami) via distinct 

taste-specific sensing pathways [1]. A family of type 2 G-protein-coupled receptors (T2Rs) 

detect bitter taste and hence are known as bitter taste receptors (BTRs), while type 1 taste 

receptors heterodimerise to detect sweet (T1R2/T1R3) and umami (T1R1/T1R3) tastes [2]. In 

contrast to the signalling of sweet and umami tastes, which usually signal energy-rich foods and 

enhance the desire to eat [3, 4], bitter taste is considered aversive and serves to prevent the 

ingestion of potentially poisonous substances [5]. However, recent evidence has suggested that 

bitter taste signalling is associated with a range of health benefits, such as activation of immune 
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responses to infectious pathogens and maintenance of metabolic homeostasis [6]. Indeed, 

insensitivity to bitter substances (e.g. phenylthiocarbamide and 6-n-propylthiouracil) due to 

polymorphism of T2Rs is associated with a preference for fatty foods and hence increased 

energy intake in healthy female subjects [7]. Furthermore, a T2R haplotype which results in a 

functionally compromised T2R9 is associated with an increased risk of type 2 diabetes (T2D) in 

Amish individuals [8]. Accordingly, there is substantial interest in utilising bitter substances to 

stimulate the BTR signalling pathways for the management of metabolic diseases, such as 

obesity and T2D [9-11]. 

 

Because of the abundant expression of BTRs along the gastrointestinal tract and their 

co-localisation with enteroendocrine cells, investigations in relation to the metabolic effects of 

bitter substances have been largely centred around the gut [12]. Various bitter substances, 

including denatonium benzoate (DB), quinine, the fluoroquinolone antibiotic ofloxacin, 

berberine and bitter herbal extracts [8, 13, 14], have been shown to stimulate the release of the 

incretin hormone glucagon-like peptide-1 (GLP-1) from enteroendocrine L-cells. In db/db mice, 

oral administration of DB (1 mg/kg body weight) increased plasma GLP-1 concentrations and 

reduced the blood glucose response to an oral glucose load [15]. Similarly, in diet-induced obese 

mice, acute stimulation of intestinal T2R108 by the bitter substance, KDT501 (isohumulone 150 

mg/kg, a derivative of hops), augmented plasma GLP-1 concentration by 3 folds and lowered 

postprandial glycaemia. Moreover, oral administration of KDT501 over 28 days (150 mg/kg) 

resulted in substantial reductions in body weight and body fat, as well as an improvement in 

insulin sensitivity [16]. Metabolic benefits of bitter substances have also been reported in 

humans. For example, oral administration of bitter Gentiana lutea root extract increased the 

GLP-1 response to a mixed meal by ~50% and reduced 24-hour energy intake by 22% in healthy 

subjects [17]. In healthy men, intraduodenal infusion of quinine (600 mg) increased plasma 

insulin and GLP-1 and lowered plasma glucose after a mixed-nutrient drink [18].  

 

However, the potential for bitter substances to modulate the function of tissues outside of the 

gastrointestinal tract has received little attention. The observations that intraperitoneal injection 

of quinine enhanced postprandial insulin secretion in rats [19], and that intravenous infusion of 

quinine increased plasma insulin and reduced plasma glucose concentrations in human subjects, 

in the absence of gastrointestinal exposure [20, 21], suggest a direct effect of bitter substances on 
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pancreatic islet function. Indeed, DB (0.1 and 0.3 mM) stimulated insulin secretion 

dose-dependently in rodent pancreatic islets. Interestingly, this was reportedly mediated by 

decreasing the activity of ATP-sensitive potassium (KATP) channels rather than by T2R receptors 

[22].    

In addition to the direct effect on β-cells, paracrine pathways may also be a potential target of 

DB to modulate insulin secretion. Three major endocrine cells, including α-, β- and δ-cells are 

densely packed in both rodent and human islet cells, and their secretory activities are interactive 

via cell contact and local blood flow [23]. For example, insulin secretion can be potentiated by 

glucagon released from α-cells and inhibited by somatostatin secretion from δ-cells [24]. There is 

recent recognition that α-cells are an additional source of GLP-1 secretion [25, 26], particularly 

in the face of systemic inflammation and islet stress [27, 28]. Given the known effect of bitter 

substances to stimulate intestinal GLP-1 secretion, it is likely that they also drive intra-islet 

GLP-1 secretion to modulate insulin secretion indirectly [29].   

 

Therefore, this study examined the effects of the bitter substance, DB, on insulin secretion from a 

rodent β-cell line, INS-1 832/13, and isolated mouse pancreatic islets, and explored potential 

signalling pathways. The effects of DB on other pancreatic islet hormones, including GLP-1, 

glucagon and somatostatin, were also characterised. 

 

6.3 Methods 

 

6.3.1 Culture of INS-1 832/13 cells 

 

The rat insulinoma cell line INS-1 832/13 was purchased (Merck, Australia) and cultured in 

RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 10 mM 

HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 50 μM β-mercaptoethanol in a 37˚C 

incubator containing 5% CO2. Cells were passaged approximately every 3-4 days (about 80-100% 

confluence). All INS-1 832/13 cell lines were routinely tested and were negative for mycoplasma. 

 

6.3.2 Isolation of mouse pancreatic islets 

 

Pancreatic islets from 8-week-old healthy male C57BL6 mice were isolated via density medium 

separation as reported previously [30, 31]. First, the bile duct was ligated and 3 mL ice-cold 
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Collagenase P (1 mg/mL, Roche, Australia) in Hanks’ Balanced Saline Buffer (HBSS, 

Sigma-Aldrich, Australia) was injected via the ampulla of Vater to inflate the pancreas, which 

was then harvested and digested at 37˚C for 16 minutes. Subsequently, 30 mL ice-cold HBSS 

was added to stop digestion, followed by manual shaking to achieve complete dissociation. The 

dissociated pancreas was then filtered through a 0.5 mm cell strainer (PluriSelect, Germany) and 

centrifuged at 200 g, 4 °C for 1 minute. The pellet was re-suspended in 12 mL Histopaque 1077 

(Sigma, Australia) and 8 mL HBSS was slowly added on top. The separation medium was then 

centrifuged at 1070 g, 4 °C, for 24 minutes. The supernatant was washed twice with HBSS, after 

which islets were manually picked under a stereomicroscope into RPMI 1640 medium 

supplemented with 10% FBS and 100 U/mL Penicillin-Streptomycin (Gibco, USA). Islets were 

recovered in the medium overnight in a humidified atmosphere containing 5% CO2 before 

functional experiments. 

 

6.3.3 Hormone secretion study 

 

For investigation of insulin secretion from INS-1 832/13 cells, cells were plated at a density of 

2x105 cells per well onto a 24-well plate coated with 100 μg/mL Poly-D-lysine. On day 5, after 2 

hours starvation in secretion assay buffer (SAB), containing 114 mM NaCl, 4.7 mM KCl, 

1.2 mM KH2PO4, 1.16 mM MgSO4, 25.5 mM NaHCO3, 2.6 mM CaCl2, 20 mM HEPES, and 0.2% 

BSA supplemented with 2.8 mM glucose, cells were stimulated in fresh SAB for 1 hour. 

Following this, supernatant was collected and stored at –20 °C until analysis. Cells were 

harvested for measurement of protein content using Pierce™ BCA protein assay kit 

(ThermoFisher Scientific, Australia). 

 

For investigation of islet hormone secretion, isolated islets were incubated in pre-warmed 

modified Krebs-Ringer bicarbonate buffer (KRBB, 114 mM NaCl, 4.7 mM KCl, 1.2 mM 

KH2PO4, 1.16 mM MgSO4•7H2O, 25.5 mM NaHCO3, 10 mM HEPES) supplemented with 2.8 

mM glucose at 37 °C for 1 hour. Islets (n = 20 islets for assessment of insulin, glucagon and 

somatostatin secretion; n = 120 islets for assessment of GLP-1 secretion) were then stimulated in 

fresh KRBB for 1 hour. Following this, supernatant was collected and stored at –20 °C until 

analysis. 
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To study the effect of DB on pancreatic hormone secretion, both INS-1 832/13 cells and isolated 

islets were exposed to 0, 0.1, 0.5, 1, 3 and 5 mM DB under low glucose (2.8 mM, ‘2.8G’) and 

high glucose concentrations (16.7 mM, ‘16.7G’). To investigate the signalling pathways 

involved in the potentiation of insulin secretion by DB, insulin secretion was also measured in 

the presence and absence of 250 µM diazoxide (a KATP channel opener) [32], 0.5 µM exendin9-39 

(Ex9-39, a GLP-1 receptor antagonist, Bachem, Germany) [33] and 1 mM probenecid (a BTR 

antagonist, Santa Cruz, USA) [34] at both 2.8G and 16.7G. All chemicals were purchased from 

Sigma-Aldrich unless specified otherwise. 

 

6.3.4 Hormone measurements 

 

All hormones were measured by ELISA with details provided in Supplemental Table S1. Insulin 

secretion from INS-1 832/13 cells was normalised to cell protein content as measured by BCA 

assay, while hormones secreted from the islets were normalised to the number of islets.    

 

6.3.5 Analysis of RNA-sequencing datasets   

 

While the expression of T2Rs has been reported in human islets [35], their expression profile in 

specific islet cells has not been characterised. Therefore, we determined the expression of T2Rs 

in α-, β- and δ-cells in both mice and humans using publicly deposited sequencing datasets 

(GSE80673 and GSE81547) [36, 37]. Data from both control mice and healthy human subjects 

were extracted for analysis using R (4.3.1) and Tidyverse (2.0.0). The count table was 

normalised to reads per kilobase per million mapped reads (RPKM) and the normalised counts 

were used to determine the expression level of T2R genes in specific islet cells. The R package 

ggplot2 was used to visualise the expression of T2R genes. 

 

6.3.6 Assessment of cell apoptosis and viability  

 

Cell vitality, including the level of early cell apoptosis marker, Caspase 3/7, and live/dead cell 

ratio was assessed using CellEvent (ThermoFisher, USA), and calcein/propidium iodide (PI) 

staining, respectively. For the CellEvent assay, islets were stimulated in a 96-well plate and 

INS-1 832/13 cells in a 24-well plate under the same conditions as in the hormone secretion 

study. CellEvent dye was then added to the stimulation buffer (1:400 dilution) and incubated for 

10 minutes before fluorescence measurement (λex/λem = 495/540 nm) using a plate reader 
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(Synergy H1, BioTek, USA). For calcein/PI staining, islets were transferred to a staining buffer 

containing 10 µM calcein and 5μg/mL PI in phosphate-buffered saline (PBS, 137 mM NaCl, 3 

mM KCl, 10 mM NaHPO4, 1.8 mM K2HPO4) after 1-hour stimulation in 16.7G and incubated at 

37 °C for 30 minutes [38]. Fluorescence images were acquired using a confocal microscope 

(FV3000, Olympus, Australia) with filters at λex/λem = 360/449 nm and 535/617 nm for calcein 

and PI respectively. 

 

6.3.7 Statistical analysis 

 

All statistical analyses were performed in GraphPad Prism 9.0 (GraphPad Software, USA). Data 

are presented as means ± SEM. Glucose-stimulated (2.8G versus 16.7G) hormone secretion 

(without DB) was analysed by a paired Student’s t-test. The effect of DB on hormone secretion, 

apoptosis and cell viability at either 2.8G or 16.7G was determined by a one-way ANOVA. All 

other data were analysed by a two-way ANOVA with DB and another concurrent treatment (i.e. 

diazoxide, probenecid, or Ex9-39) as factors. For both the one- and two-way ANOVA, Tukey’s 

correction was applied for post hoc comparison where appropriate. P < 0.05 was considered 

statistically significant.  

 

6.4 Results 

 

6.4.1 DB potentiates insulin secretion at both low and high glucose concentrations in INS-1 

832/13 cells and mouse pancreatic islets  

 

 
Figure 1. Effects of DB (0-5 mM) on insulin secretion from (A) INS-1 832/13 cells, and (B) mouse 

pancreatic islets at 2.8 mM (2.8G) and 16.7 mM (16.7G) glucose (n = 5-9 each). Paired student’s t-test 

was used to determine the statistical difference between hormone secretion at 2.8G and 16.7G; &P < 0.05 

for 2.8G vs. 16.7G. One-way ANOVA was used to evaluate the difference in hormone response to 

different concentrations of DB at either 2.8G or 16.7G. Post hoc comparisons were adjusted by Tukey’s 

correction. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 for 2.8G; #P < 0.05, ##P < 0.01, ###P < 0.005, 
####P < 0.001 for 16.7G.    
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As expected, insulin secretion was higher at 16.7G vs. 2.8G in INS-1 832/13 cells. At 2.8G, 

insulin secretion from INS-1 832/13 cells was gradually augmented with increasing doses of DB 

from 0.1 to 5 mM (P < 0.0001). At 16.7G, insulin secretion increased substantially and peaked at 

0.5 mM DB, followed by a progressive decline at higher concentrations (P = 0.0077, Figure 1A). 

In isolated islets, insulin secretion was also higher at 16.8G vs. 2.8G. There was an effect of DB 

on insulin secretion at both 2.8G and 16.7G (P < 0.0001 each). Under both glucose conditions, 

insulin secretion was highest at 0.5-1 mM DB and declined towards the control level at 5 mM 

DB (Figure 1B).  

 

6.4.2 A high concentration of DB induces cell apoptosis.  

 

High concentrations of DB (> 3 mM) have been reported to induce cell apoptosis and reduce cell 

viability in airway epithelial cells [39]. Thus the impact of DB on cell vitality, including the level 

of early cell apoptosis marker and live/dead cell ratio was assessed. Treatment of islets with 5 

mM, but not 0.5 mM DB, resulted in a significant increase in the level of activated Caspase-3/7 

(P < 0.05; Figures 2A and B). These findings were also replicated in INS-1 832/13 cells (P < 

0.05; Figure S1A). Furthermore, it was observed in these cells that treatment with 5 mM, but not 

0.5 mM DB, led to changes in cell morphology with the cells appearing more rounded in shape. 

However, there was no effect of DB on cell viability in islets (Figure 5C).  
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Figure 2. Effects of DB on cell apoptosis and viability in isolated islets. (A) Fluorescence images of 

mouse pancreatic islets stained with CellEvent in the presence of 0, 0.5 or 5 mM DB. (B) Fluorescence 

intensity ratio of islets stained with CellEvent in the presence of 0.5 and 5 mM DB relative to control (n = 

6). (C) Cell viability calculated by the relative fluorescence intensity of propidium iodide (PI) to the 

fluorescence of calcein (n = 37-40). One-way ANOVA was used to determine the statistical difference 

between the groups with Tukey’s correction applied in the post hoc comparisons. *P < 0.05 for 0 mM DB 

vs. 5 mM DB.    

 

6.4.3 Potentiation of insulin secretion by DB is dependent on the closure of the KATP 

channel and BTR signalling in β-cells  

 

In view of the potent effect of DB on stimulating insulin secretion at 0.5 mM, this concentration 

was selected to identify signalling pathways that may be involved in DB-stimulated insulin 

release. Insulin secretion from either INS-1 832/13 cells or islets was unaffected by diazoxide 

(KATP channel opener) at 2.8G. While diazoxide suppressed DB-stimulated insulin secretion 

from INS-1 832/13 cells by 38% at 16.7G (P = 0.0016 for the overall treatment effect of 

diazoxide), there was no interaction between diazoxide and DB (Figure 3A). By contrast, 

diazoxide suppressed DB-stimulated insulin secretion from islets by 78% with significant 

interaction with glucose (P = 0.0018; Figure 3B).  
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Figure 3. Effects of diazoxide (A-B) and probenecid (C-D) on insulin secretion from INS-1 832/13 cells 

and mouse pancreatic islets in the presence and absence of 0.5 mM DB at both 2.8 mM glucose (2.8G, 

blue) and 16.7 mM glucose (16.7G, red) (n = 6-8). Two-way ANOVA was used to determine the 

treatment effect of each compound and their interaction at either 2.8G or 16.7G. Post hoc comparisons 

were performed with Tukey’s correction, if ANOVA revealed a significant interaction or treatment effect; 

*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 at 2.8G; #P < 0.05, ##P < 0.01, ###P < 0.005, ####P < 0.001 

at 16.7G.    

 

To understand the relevance of T2R-signalling in mediating the effects of DB on potentiating 

insulin secretion, we first examined the expression of T2R genes in mouse and human α-, β- and 

δ-cells. Several T2R subtypes (T2R108, T2R135, T2R137 and T2R138) were found to be 

expressed in mouse islet cells, particularly α-cells. In human islets, there was more diverse 

expression of T2Rs across the different islet cells (Figure S3). Next, we examined the effect of 

the BTR inhibitor, probenecid, on DB-stimulated insulin secretion from both INS-1 832/13 cells 

and isolated islets. There was a significant interaction between probenecid and DB on insulin 

secretion in INS-1 832/13 cells at both 2.8G and 16.7G (both P < 0.01), such that DB-induced 

insulin secretion was reduced by probenecid by 45% at 2.8G and 34% at 16.7G, respectively (P 

< 0.05 each).  However, probenecid had no impact on insulin secretion in isolated islets (Figures 

3C and D). One explanation for this could be that DB-stimulated insulin secretion from islets 
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may involve a substantial contribution from the paracrine factors which maintain the elevation in 

insulin secretion despite the inhibition of bitter taste signalling.  

 

6.4.4 Intra-islet GLP-1 may play a role in mediating the effects of DB on insulin secretion 

from isolated islets. 

 

 
Figure 4. Intra-islet GLP-1 secretion in response to 0.5 mM DB at 2.8 mM glucose (2.8G, blue) and 16.7 

mM glucose (16.7G, red) (A), and DB-stimulated insulin secretion in the absence and presence of the 

GLP-1 receptor antagonist, exendin9-39 (Ex9-39), from pancreatic islets (B) and INS-1 832/13 cells (C) (n = 

5-10). Two-way ANOVA was used to determine treatment effects and interaction at either 2.8G or 16.7G. 

Post hoc comparisons were performed with Tukey’s correction, if ANOVA revealed a significant 

interaction or treatment effect; *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 for 2.8G; #P < 0.05, ##P < 

0.01, ###P < 0.005, ####P < 0.001 for 16.7G.    

 

The lack of effect of probenecid on insulin secretion in isolated islets indicated the presence of 

insulin-stimulating factor(s) arising from the effect of DB on other islet cell types. Indeed, there 

was increased GLP-1 secretion from islets exposed to 0.5 mM DB at both 2.8G and 16.7G 

(overall effect of DB treatment: P < 0.01). However, there was no significant treatment effect of 

glucose or an interaction between glucose and DB on GLP-1 release from islets (Figure 4A). 

Moreover, treatment with both DB and the GLP-1 receptor antagonist, Ex9-39, reduced insulin 

secretion by 62% at 2.8G and by 37% at 16.7G (P < 0.001 each). Ex9-39 in the absence of DB did 
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not affect insulin secretion (Figure 4B). In contrast to the response in islets, Ex9-39 with or 

without DB did not affect insulin secretion from INS-1 832/13 cells (Figure 4C). 

 

6.4.5 Effect of DB on somatostatin and glucagon secretion from mouse pancreatic islets  

 

Similar to insulin, somatostatin secretion from isolated islets was higher at 16.7G vs. 2.8G (P < 

0.05; Figure 5A). At both 2.8G and 16.7G, treatment of DB (0.1-0.5 mM) was associated with an 

increase in somatostatin secretion (P<0.01 each)). However, higher concentrations of DB (1 – 5 

mM) did not further affect somatostatin secretion at 2.8G but led to a reduction in somatostatin 

secretion at 16.7G. As expected, glucagon secretion was lower at 16.7G compared to 2.8G (P < 

0.05; Figure 5B). At both 2.8G and 16.7G, DB treatment resulted in a dose-dependent increase in 

glucagon secretion, which peaked at 5 mM DB (P < 0.05 each).  

 

 
Figure 5. Effects of DB (0-5 mM) on somatostatin (A) and glucagon (B) secretion from mouse pancreatic 

islets at 2.8 mM (2.8G) and 16.7 mM (16.7G) glucose (n = 5-9 each). Paired student’s t-test was used to 

examine the difference between hormone secretion at 2.8G and 16.7G without the addition of DB; &P < 

0.05 for 2.8G vs. 16.7G. One-way ANOVA was used to evaluate the difference in hormone response to 

different concentrations of DB at either 2.8G or 16.7G. Post hoc comparisons were adjusted by Tukey’s 

correction. *P < 0.05, **P < 0.01 for 2.8G; #P < 0.05, ##P < 0.01, ###P < 0.005, for 16.7G.    

 

6.5 Discussion 

 

This study has shown that the bitter substance, DB, is a potent insulin secretagogue, capable of 

driving insulin secretion by closure of KATP channels and stimulation of BTR within β-cells, but 

also indirectly by a paracrine action of GLP-1 signalling within the islet. However, exposure to 

DB at high concentrations may induce islet cell apoptosis, leading to an impairment in insulin 

secretion. Furthermore, we observed abundant gene expression of a variety of BTRs in α- and 

δ-cells of both mouse and human islets, and that, beyond insulin, DB was potent at stimulating 
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both glucagon and somatostatin secretion from isolated islets. These observations highlight the 

possibility of a complex interaction of bitter substances with extra-gastrointestinal tissues, an 

aspect necessitating careful consideration in the development of bitter-tasting compounds for the 

management of metabolic disorders.   

 

A limited number of studies have reported the of bitter substances, including DB and quinine, on 

insulin secretion from pancreatic β-cells and isolated rodent islets at high glucose concentrations, 

and the involvement of KATP channels in driving β-cell depolarisation and insulin secretion [22, 

40]. The present study, however, is the first to demonstrate the stimulatory effect of DB on 

insulin secretion from a β-cell line and isolated mouse islets at both low and high glucose 

concentrations. Given that diazoxide, at a concentration sufficient to achieve the complete 

opening of KATP channels [41], did not affect DB-stimulated insulin secretion at 2.8G and only 

partially attenuated DB-stimulated insulin release at 16.7G suggests that additional signalling 

pathways are mediating the effects of DB. Using publicly available sequencing datasets [36, 37], 

we showed that T2Rs are expressed across the different islet cells in both mice and humans. 

Importantly, blockade of T2Rs with probenecid (which is known to inhibit at least T2R118 and 

138 [42]) attenuated DB-stimulated insulin secretion from INS-1 832/13 cells, supporting a 

functional role of BTR-signalling within β-cells to drive insulin release. Interestingly, probenecid 

did not affect DB-induced insulin secretion from isolated islets at either 2.8G or 16.7G. These 

discrepant observations on the effect of probenecid between INS-1 832/13 cells and isolated 

islets are indicative of the involvement of paracrine effects of other islet cells, which are 

concurrently exposed to DB, in governing insulin secretion. It is also worth mentioning that 

probenecid (2 mM) has been shown to potentiate forskolin-induced insulin secretion from INS-1 

cells by inhibiting cAMP efflux [43], although it alone (1 mM) did not affect insulin release from 

islets [44]. Therefore, a potential off-target effect of probenecid beyond inhibiting BTR 

signalling cannot be ruled out. Alternatively, it is possible that paracrine effects mediated by 

BTR signalling may not be sufficiently blocked by probenecid at the level of islets [34, 42].  

 

In the present study, we showed for the first time that DB is able to stimulate intra-islet GLP-1 

secretion and that blocking GLP-1 signalling using the GLP-1 receptor antagonist, Ex9-39, 

markedly attenuated DB-stimulated insulin secretion from isolated islets. Of note, the latter 

effect was evident at both 2.8G and 16.7G, i.e. independent of glucose concentrations, which is 
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in contrast to the glucose-dependent insulinotropic action of circulating GLP-1 [45]. The 

apparent disparity in the action of intra-islet vs. extra-islet GLP-1 signalling may have reflected 

the involvement of other organs in coordinating circulating GLP-1-mediated insulin secretion. In 

addition, DB-stimulated GLP-1 secretion from intestinal L-cells and mouse duodenal tissue also 

occurs in the absence of hyperglycaemia [15]. This was also the case in the islets. Given the 

major role of intra-islet GLP-1 in mediating DB-induced insulin release, future studies are 

warranted to understand the relative contribution of intra-islet versus intestinal GLP-1 to the 

metabolic benefits of DB and other bitter substances.  

 

Exposure of isolated islets to DB was also associated with increased glucagon and somatostatin 

secretion, reflecting the complexity of the interaction between DB and the islets. That 

somatostatin secretion was reduced, while glucagon remained augmented, in response to DB at 

high concentrations could be due to the higher resistance of α-cells to metabolic stress in 

comparison to β- and δ-cells [46, 47]. The mechanisms responsible for the stimulation of 

glucagon and somatostatin were not investigated in the current study, but are likely to involve 

both direct signalling pathways on respective endocrine cells, potentially through the KATP on 

these cells, and also complex paracrine effects arising from neighbouring cells. Therefore, 

established α- and δ-cell lines (e.g. αTC1-6 cells [48] and Rin14B cells [49], respectively) can 

also be used to identify the cell-autonomous effects of DB on hormone secretion. The relative 

contributions of glucagon and somatostatin signalling to DB-stimulated insulin secretion may 

also be studied by administering glucagon or somatostatin receptor inhibitors, but these were not 

available at the time of thesis submission. Of note, glucagon secretion did not significantly 

change at the stimulatory concentration of DB (0.5 mM) for GLP-1. Therefore, it would be of 

interest to understand how intra-islet GLP-1 is preferentially released by a low dose of DB and 

whether it plays a major role in glucose metabolism.    

 

Limitations of the current study should be acknowledged. First, only islets from male mice were 

used. Previous studies have shown that glucose-stimulated insulin secretion from isolated islets 

was higher in females than males for both humans and rodents [50, 51]. Accordingly, further 

studies to investigate the effects of DB on pancreatic hormone secretion from the islets of female 

mice are warranted. Moreover, in vivo evaluation was not performed in the present study, so the 
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metabolic impact of DB-stimulated pancreatic hormone secretion observed ex vivo remains to be 

defined.    

   

In summary, the present study shows that DB can directly drive insulin secretion from pancreatic 

islets. This effect is mediated by both the closure of KATP channels and stimulation of BTR 

pathways within β-cells, and is also indirectly governed by a complex paracrine network within 

islets including intra-islet GLP-1 signalling. These observations highlight the pleiotropic actions 

of bitter substances on endocrine tissues outside of the gut, which warrants careful consideration 

in the development of bitter-tasting compounds for the management of metabolic disorders. For 

example, the current findings also call for attention to potential ‘off-target’ effects arising from 

the administration of bitter-tasting medicines.  
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6.7 Supplementary Information 

 

Table S1. Details of ELISA kits for hormone measurements 
Hormone Brand Catalogue Number Sensitivity 

Insulin Millipore EZRMI-13K 0.2 ng/mL 

GLP-1 Millipore MPEZGLP1T36K 1.5 pM 

Somatostatin Phoenix Pharmaceuticals EK-060-03 0.13 ng/mL 

Glucagon Mercodia 10-1281-01 1.5 pM 
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Figure S1. Apoptosis and morphology of INS-1 832/13 cells after acute DB stimulation in high glucose 

condition (16.7 mmol/L). (A) The normalised CellEvent fluorescence (per mg protein weight) in INS-1 

832/13 cells after 1-hour stimulation with different concentrations of DB. Statistical difference between 

the designated groups was compared by paired Student’s t-test (n = 6); *P < 0.05. (B-D) The morphology 

of INS-1 832/13 cell after 1-hour treatment in the absence and presence of DB (0.5 mM and 5 mM). 

 

 
Figure S2. Propidium iodide and calcein staining of mouse pancreatic islets showing the dead (red) and 

live cells (blue), respectively.  
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Figure S3. Expression of bitter taste receptors (T2Rs) in (A) mouse islet cells and (B) human islet cells. 

Data were extracted and analysed using publically deposited sequencing data GSE80673 (mouse) and 

GSE81547 (human). 
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7.1 Abstract 

 

Glucagon-like peptide-1 (GLP-1), secreted from enteroendocrine L-cells along the intestinal 

epithelium, is a key regulator of glucose metabolism and energy homeostasis in both health and 

type 2 diabetes (T2D). Understanding the mechanisms and triggers of GLP-1 secretion is of 

major importance to the management of metabolic disorders, but has been reliant largely on ex 

vivo experimental platforms involving static incubation of immortalised cell lines, which lack 

resemblance to the native L-cells, or of primary intestinal tissues, which are incapable of 

monitoring dynamic GLP-1 secretion under biomimetic conditions over a sustained period. This 

work, therefore, aimed to develop a microfluidic ‘gut-on-a-chip’ (GOC) platform to enable the 

monitoring of dynamic GLP-1 secretion from primary mouse intestinal tissue in a biomimetic 

environment. To this end, the GLP-1 secretion capacity of different regions of mouse small 

intestine, as well as the potential factors that may influence GLP-1 release or measurement, were 

investigated to guide the design of a GOC platform. A polymethyl methacrylate (PMMA) 

microchip was fabricated via micromachining with the capacity to immobilise a segment of 

intestinal tissue and facilitate two parallel perfusion flows via peristaltic micro-fluidic pumps. 

Finally, a well-established GLP-1 secretagogue, taurocholic acid, was perfused onto the luminal 

surface of mouse small intestine in an off-and-on mode as a proof-of-concept demonstration. The 

dynamic changes in GLP-1 concentrations evident in the serosal-side channel over 2 hours and 

preservation of tissue integrity compared to static incubated tissues indicate superior 

performance of the GOC platform to interrogate dynamic GLP-1 secretion from primary 

intestinal tissue. This novel GOC platform has high potential to advance understanding of the 

mechanisms underlying GLP-1 release, and to screen for novel GLP-1 secretagogues for 

therapeutic development. 

Keywords: gastrointestinal function, incretin, glucagon-like peptide-1, gut-on-a-chip, 

microfluidics, type 2 diabetes 

 

7.2 Introduction  

 

The epithelium of the gastrointestinal (GI) tract comprises a range of distinct enteroendocrine 

cells (EECs), capable of detecting luminal contents via different chemo-sensors to release GI 

hormones and regulate subsequent GI motility, energy intake and glucose metabolism [1-4]. 
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Despite representing only ~1% of all GI epithelial cells, these EECs constitute the largest 

endocrine organ in the human body [5, 6] and are increasingly targeted for the management of 

metabolic disorders, including type 2 diabetes (T2D) [7, 8]. Of particular importance to the latter 

are L-cells and K-cells, which release the so-called ‘incretin’ hormones, glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), both of which potently 

augment insulin secretion and glucose disposal in a glucose-dependent manner in health [9]. In 

T2D, the insulinotropic action of GIP is markedly diminished, while the effect of GLP-1 remains 

relatively intact [10, 11]. GLP-1 also slows gastric emptying, inhibits glucagon secretion and 

suppresses energy intake [12]. Accordingly, there is a critical need to understand the mechanisms 

responsible for GLP-1 release and identify novel approaches to boost GLP-1 secretion for the 

management of T2D.   

 

Evaluation of intestinal GLP-1 secretion by monitoring circulating GLP-1 levels has been 

challenging due to its low concentrations in the peripheral circulation. Moreover, this approach 

has limited value for both mechanistic studies and screening for interventional compounds. Ex 

vivo setups using immortalised GLP-1-secreting cells have been utilised extensively, but the 

relevance of findings derived from immortalised cell lines is often limited due to their intrinsic 

variations from native L-cells, including the generally wider secretory repertoire and lower cell 

differentiation [13]. An ex vivo preparation using primary intestinal tissue from animals and 

humans has the advantage of maintaining native cell-cell connections and polarity, with 

correspondingly improved translatability. However, the conventionally employed tissue-based 

bio-release system (in a petri dish or well) suffers from a short experimental window due to the 

progressive loss of tissue viability, a high demand to access primary tissue, and the inability to 

demonstrate dynamic EEC secretory activity.     

    

In this context, ‘gut-on-a-chip’ (GOC) devices are emerging as precision biomimetic platforms 

to study gut function [14]. These devices are micro-scale 3D intestinal culture systems, which 

can be functionalised with dynamic perfusion modalities to control the micro-environment 

precisely, recapitulating defined physiological activities and properties of the gut, including 

peristaltic activity [15]. The constant refreshing of culture media during the perfusion also 

provides the intestinal tissue with continuous nutrient support, extending the integrity and 

functionality of the cultured intestinal tissue from several hours to several days [16, 17]. These 



181 

 

unique features of GOC devices have stimulated the development of several sophisticated 

experimental platforms to investigate EEC activity [18]. For example, an automated microfluidic 

platform was developed for high-throughput imaging of intracellular Ca2+ in NCI-H716 cells in 

response to various sweet and bitter stimuli, although hormone secretion was not measured [19]. 

In another study, GLUTag cells (a murine GLP-1 secreting cell line) were co-cultured with 

INS-1 cells (an insulin-secreting cell line) in two joint perfusion chambers to study the effects of 

anti-diabetic compounds on GLP-1 and insulin secretion [20]. However, these models involved 

immortalised intestinal cell lines and thus may not recapitulate the native intestinal tissue 

response to intraluminal contents. The potential for a GOC system to host primary intestinal 

tissues for long-term monitoring of dynamic secretory activity, particularly GLP-1 release, has 

not been reported. 

 

In this work, we demonstrate the development of a GOC system that integrates primary mouse 

small intestinal tissues and a microfluidic perfusion system to monitor dynamic GLP-1 release in 

response to luminal stimuli. In order to understand the GLP-1 secretory capacity of intestinal 

tissues, we first investigated GLP-1 secretion from different segments of mouse small intestine in 

response to a well-established physiological GLP-1 secretagogue, taurocholic acid (TCA) [21]. 

Subsequently, a microfluidic device was designed and fabricated via Computer Numerical 

Control (CNC) machining, and customised to (1) host a segment of mouse small intestine, (2) 

enable targeted stimulation on either the luminal or serosal side of the tissue via two independent 

perfusion flows, and (3) continuously sample the perfusates to evaluate GLP-1 outputs. To 

demonstrate proof-of-concept, a segment of mouse small intestine was loaded onto the chip, with 

4 cycles of ‘on’ and ‘off’ perfusion with TCA to the luminal surface, to examine both GLP-1 

secretion, and the morphology of the tissue sample.  

 

7.3 Methods 

 

7.3.1 Preparation of mouse small intestinal tissues 

 

Mouse small intestinal tissue was prepared via direct surgical dissection as previously reported 

[22]. Healthy 6-hour fasted or unfasted 8-week male C57BL/6 mice were humanely killed by 

cervical dislocation according to ethical approval from the animal welfare committee of The 

University of Adelaide (Approval Number: M2021-071). The entire small intestine was removed 
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and pinned on a Sylgard-coated (Dow Corning, USA) petri dish containing ice-cold Krebs 

solution containing 118 mM NaCl, 4.7 mM KCl, 25 mM NaHCO3, 1 mM citric acid, 1.2 mM 

MgSO4, 1.5 mM CaCl2, 1.3 mM NaH2PO4, and 5 mM D-glucose [23]. For GLP-1 release study, 

Krebs solution was supplemented with 0.1 mM DPPIV inhibitor (linagliptin) and protease 

inhibitor (1 tablet per 10 mL buffer) to prevent GLP-1 degradation. Excessive connective tissue 

was removed from the basolateral side of the intestine, which was then opened by a midline 

incision along the mesenteric border.  

 

To understand the overall secretory capability of primary intestinal tissues, an off-chip GLP-1 

secretion study was performed first. Briefly, segments of the small intestine, including the 

duodenum (< 7 cm distal to the pylorus), jejunum, and ileum (< 4 cm proximal to ileocecal valve) 

[24], were dissected into ~5 mm-long pieces, and then weighed before being loaded onto a 

96-well plate containing the stimuli in 200 µL Krebs. Tissues were stimulated at 37˚C for 1 hour 

in a cell incubator, after which supernatants were collected and stored at -20 ˚C until analysis. 

TCA (2.8 mM) and glucose (300 mM) were used as test stimuli, both of which have been shown 

to induce GLP-1 secretion potently from primary intestinal tissues, or in vivo [25, 26]. All 

chemicals were purchased from Sigma unless specified otherwise. 

 

7.3.2 Design, fluidic simulation and fabrication of the microfluidic device 

 

The structure of the GOC device was designed and visualised in AutoCAD while the fluid 

dynamics were simulated in COMSOL 5.6 (COMSOL Multiphysics, Sweden). The parameters 

of the simulation followed the principle of the previous report [27], except that the flow rate at 

the two inlets was set as 100 µL/min to achieve an experiment sampling frequency shorter than 2 

minutes for GLP-1 assays.  

 

The GOC device was fabricated using a milling machine (RoboDrill 3-axis, Fanuc, Japan) at the 

Australian National Fabrication Facility South Australian Node. The surface diameters of the 

device were verified using a laser confocal microscope (OLS5000, Olympus, Japan).  

 

7.3.3 Optical examination of the dimensions of the microfluidic channels 

 

An optical microscope (BX51, Olympus, Japan) was used to examine the overall appearance and 

dimensions of the fabricated microfluidic channels and chip, while an optical profiler Contour 
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GT-I (Bruker, Germany) was used to measure precise chip dimensions via vertical scanning 

interferometry (VSI). To expand the view, 5× and 0.55 were applied to the objective and 

multiplier, respectively. Three repeated measurements were conducted, and mean values were 

calculated.  

 

7.3.4 Experimental characterisation of on-chip fluidic dynamics 

 

A perfusion system was configured to facilitate two independent and continuous flows through 

the microchip (Figure S2). The two inlets of the microchip were connected to two precision 

peristaltic pumps (L100-1S-2, Longer, China) via silicone tubing (1 mm OD × 1 mm wall 

thickness, Longer, China). Each outlet was also connected to a silicone tubing to collect effluents 

into 1.5 mL Eppendorf tubes. Prior to all perfusion experiments, the tubing and microchip were 

treated with sequential perfusion of 70% ethanol, deionised (DI) water and Krebs supplemented 

with 1% BSA (15 minutes each) at 500 µL/min for cleaning and blocking the surface. Both 

diluted food colouring solution, 10% in deionised (DI) water, and reconstituted human GLP-1 

(Bachem, Germany) in Krebs solution were perfused through the luminal channel of the 

microchip to visualise flows and characterise the experimental fluidic dynamics.  

 

7.3.5 On-chip study of GLP-1 secretion from small intestinal tissue 

 

The duodenum from C57BL/6 mice was dissected into a 2.5 cm long opened tissue, and loaded 

into the tissue chamber of the microfluidic chip. Krebs buffers supplemented with 0.1 mM 

linagliptin, protease inhibitor and 1% BSA for perfusion were placed in a water bath maintained 

at 40 ˚C so that the temperature of the buffer was 37 ˚C on entry to the chip. Upon loading, the 

intestinal tissue was equilibrated by perfusing for 20 minutes with control Krebs buffer before 

commencing secretion experiments. 

 

7.3.6 Measurement of GLP-1 concentrations 

 

The concentrations of active GLP-1 in the off-chip incubation samples and on-chip perfusion 

samples were measured by ELISA (EGLP35K, Millipore, USA), with a detection limit of 6.6 

pg/mL.  
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7.3.7 Hematoxylin and eosin (H&E) staining of intestinal tissues 

 

Post-infusion intestinal tissues were fixed in 10% formalin solution overnight at room 

temperature. On the second day, fixed tissues were cleaned with DI water before storage in 70% 

ethanol. The tissues were then embedded into paraffin and sliced at 5 µM thickness using a 

microtome (Leica RM2235), after which the slides were stained using the H&E coverstainer 

(Agilent CS10030). 

 

7.3.8 Statistical analysis 

 

Changes in GLP-1 concentration in response to each stimulus were calculated by dividing the 

GLP-1 concentration at each time point by the baseline concentration at the serosal channel. Data 

are presented as means ± SEM unless specified. Differences in GLP-1 concentration were 

standardised to tissue weight where relevant, and compared using paired Student’s t-test. 

P < 0.05 was considered statistically significant. 

  

7.4 Results and Discussion 

 

7.4.1 Off-chip characterisation of GLP-1 release from mouse small intestine 

 

To facilitate the design of the GOC platform, it is critical to understand how GLP-1 is secreted 

from intestinal tissues ex vivo, particularly the magnitude of secretion in response to 

physiologically relevant stimuli and the experimental conditions that influence its secretion and 

measurement. These include the impact of stimulation time, implementation of a fasting protocol 

prior to the collection of intestinal tissue, and the addition of BSA in the perfusate.  

 

As expected, tissue weight decreased progressively from the duodenum towards the ileum 

(Figure S1A), due to decreasing wall thickness [28]. We first examined the GLP-1 response of 

different sections of the mouse small intestine to a physiological GLP-1 secretagogue, TCA, at 

low physiological concentration (2.8 mM). As shown in Figure 1A, treatment with TCA (2.8 

mM) over 1 hour increased GLP-1 secretion from all regions of the small intestine from unfasted 

mice (each P < 0.05), with the magnitude numerically, but not significantly, greater in the 

duodenum (5.5 ± 0.9 pg/mL per mg tissue) than jejunum (1.0 ± 0.06 pg/mL per mg tissue) or 

ileum (3.1 ± 0.5 pg/mL per mg tissue). This is consistent with previous reports in which TCA 
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treatment potently stimulated GLP-1 secretion from mouse intestinal tissue ex vivo (100 µmol/L 

in culture medium) [29] and human subjects in vivo (75mg/mL in rectal infusion buffer) [30]. 

The density of L-cells is higher in the distal than proximal small intestine in rodents [31, 32], so 

the observed higher basal and TCA-evoked GLP-1 secretion from the duodenum may reflect a 

higher secretory activity and/or sensitivity to TCA in proximally located L-cells, compared to 

their distal counterparts.  

 

We did not observe a significant difference in TCA-evoked GLP-1 response between 0.5-hour 

and 1-hour of incubation (Figure 1B), however 2-hour incubation led to significantly decreased 

GLP-1 concentrations (P < 0.05 each). This suggests that GLP-1 was promptly released and that 

maximum levels occurred within a relatively short period of TCA exposure. The inability of 

prolonged TCA exposure to increase GLP-1 concentrations is aligned with the concept of 

negative feedback regulation of GLP-1-signalling on its subsequent secretion [33, 34]. The 

decrease in GLP-1 concentrations from 1-hour to 2-hour TCA exposure may also parallel an 

increase in GLP-1 degradation, despite the presence of DPPIV and protease inhibition in the 

buffer.  

 

Fasting acts to return metabolism to baseline and reduce variability in physiological parameters 

in metabolic studies [35]. Indeed, a fasting period of at least 6 hours has been widely adopted in 

glucose tolerance tests in mice to characterise postprandial glucose-evoked responses of 

glucoregulatory hormones, including GLP-1. Therefore, it is relevant to understand whether 

fasting influences GLP-1 secretion from primary intestinal tissues. We therefore compared the 

GLP-1 response to TCA and glucose in primary intestinal tissues of fasted and unfasted mice. As 

shown in Figure 1C, the relative increase in glucose-induced GLP-1 secretion was ~4-fold higher 

in the duodenal tissue of fasted compared to unfasted mice (P < 0.05). Similarly, the 

TCA-induced increase in GLP-1 was more than 2-fold higher in the duodenum in fasted animals 

(P<0.05). However, glucose and TCA-evoked GLP-1 release from the jejunum or ileum did not 

differ between fasted and unfasted mice. This regional difference in the impact of fasting on 

GLP-1 response likely reflects the fact that a 6-hour fast, while sufficient to clear the stomach 

and duodenum, may not be long enough for the distal jejunum and ileum. In metabolic studies of 

mice and humans, an overnight fast longer than 10 hours may be more appropriate [36, 37].  
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Figure 1. GLP-1 secretion from mouse small intestine. (A) GLP-1 secretion from small intestine regions 

in the absence (blank) and presence of 2.8 mM taurocholic acid (TCA, n = 6-12). (B) TCA-evoked 

relative GLP-1 secretion from jejunum after 0.5, 1 and 2 hours stimulation (n = 4-6). (C) Relative GLP-1 

secretion (normalised to respective control levels) from small intestinal segments of unfasted and 6-hour 

fasted mice in response to either 5% glucose (dots) or 2.8 mM TCA (triangles) (n = 6-12). (D) GLP-1 

secretion (normalised to respective control levels) from small intestine regions in response to glucose 

(dots) or TCA (triangles) in the absence or presence of 1% BSA (n = 3). Data are means ± SEM. Paired 

Student’s t-test was used to determine group differences. *P < 0.05, **P < 0.01, ***P < 0.005, 

****P < 0.001. 

 

BSA is often provided as a nutrient source for endocrine cells and acts as a decoy substrate for 

proteases in ex vivo hormone secretion studies; it also prevents non-specific binding of secreted 

hormones to plastic surfaces [38, 39]. However, BSA may directly and markedly enhance the 

secretory activity of the endocrine cells [40], a fact that may explain the inconsistent use of BSA 

in GLP-1 secretion studies [3, 41]. We examined the impact of BSA on the measurement of 

GLP-1 in the presence or absence of intestinal tissue. As shown in Figure S1B, less than 10% of 

added GLP-1, in the range of 100 to 1000 pM, was detected by active GLP-1 ELISA kits in the 

absence of BSA in tissue-free incubation, while supplementation of 1% BSA increased the 

detected GLP-1 to the expected values. This difference is likely to have reflected non-specific 

binding of GLP-1 to plastic surfaces in the absence of BSA. By contrast, the presence of 1% 

BSA did not significantly improve evoked GLP-1 responses to glucose or TCA in the presence 

of intestinal tissue (Figure 1D). Accordingly, the impact of BSA on GLP-1 secretion and/or 
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detection appeared to be negligible when intestinal tissue was present, probably because the 

protein products released from the tissue are sufficient to substitute for the functions of BSA.  

 

These ex vivo experiments have established the capability of primary small intestinal tissue in 

fasted or unfasted mice to respond to physiological stimuli (glucose and TCA) and release 

GLP-1 at levels reliably detected by a commercial ELISA kit. Although GLP-1 responses to 

TCA varied between different small intestinal regions, we opted to use duodenum for proof-of-

concept demonstration in subsequent experiments as this section is generally thicker and is easier 

to be positioned on the chip. While implementation of a fasting protocol may increase GLP-1 

responses, we opted to collect duodenal tissues from unfasted mice to ensure that the GOC 

platform is capable of detecting suboptimal GLP-1 signals. Finally, although the effect of BSA 

on GLP-1 secretion was not apparent in static tissue incubations, it was added to the perfusion 

buffer during on-chip perfusion of duodenal tissue to limit the non-specific binding of GLP-1 to 

the larger surface areas of the plastic perfusion tubes and the microfluidic chip.   

 

7.4.2 Design, fabrication and characterisation of the GOC device 

 

The conventional static tissue bio-release system has several intrinsic drawbacks when studying 

the endocrine function of intestinal tissues, including potential inhibition of secretion arising 

from negative feedback regulation, degradation of accumulated GLP-1, stimulation of both 

luminal and serosal sides of the tissue, and an inability to dynamically profile secretion. To 

circumvent these issues, the design of the GOC platform should: (1) immobilise an intestinal 

tissue of a size that releases GLP-1 at detectable levels under the target sampling frequency and 

flow rate (detailed below); (2) provide two independent perfusion channels for flexible delivery 

of stimuli to the mucosa or serosa, as well as removal and collection of perfusates for subsequent 

profiling of dynamic GLP-1 secretion.  

 

As shown in Figure 2A, the GOC device consists of two perfusion channels, top and bottom, 

separated by a tissue chamber and a polycarbonate (PC) membrane. The use of dual independent 

perfusion channels allows for constant refreshing of media and permits delivery of stimuli to the 

luminal or serosal surface of the intestinal tissue, an advantage compared to conventional static 

incubation. The dual channels also permit the customisation of independent flows on both sides 

of the intestinal tissue for specific purposes. The shape of the tissue chamber was designed to fit 
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the intestinal sample so that no additional tissue processing is needed, and the assembly of the 

device can be simplified. A porous PC membrane with a pore size of 3 µm was built in the tissue 

chamber to physically support the tissue during perfusion while also allowing for permeation of 

bioactive molecules between the media in the top and bottom channels, i.e. serosal and luminal 

channels, respectively. 

 

The dimensions of the perfusion channel and tissue chamber are detailed in Figure S2. The 

height of the top channel, tissue chamber, and bottom channel is 1 mm (Figure S4 and Table S1) 

to host a 2.5×0.5 cm intestinal tissue sample, and to permit detectable GLP-1 secretion at flow 

rates under 100 µL/min under a target sampling frequency of 2 minutes based on ex vivo GLP-1 

secretion studies in static culture systems. Each layer of the device is fabricated from transparent 

poly(methyl methacrylate) (PMMA), so the immobilised intestinal tissue can be visualised 

throughout the perfusion (displayed in Figure 2B-D). Two O-rings are embedded in the two 

layers with perfusion channels to prevent the leaking of perfusate from the interstitial space 

between the top channel layer and tissue chamber. The simulated fluidic dynamics of the 

integrated channels, with an object occupying the tissue chamber as a surrogate for intestinal 

tissue, show that the flow speed is identical across the horizontal plane of both perfusion 

channels. This indicates that the mucosa and serosa of the tissue will be exposed to homogenised 

flow, ensuring all cells receive uniform chemical and physical stimulation. When assembling the 

device, a section of small intestinal tissue was loaded onto the tissue chamber with the mucosa 

facing the membrane and the bottom channel flow.  

 

The loaded tissue with an actual length of 2.7-3.0 cm is clamped by extruding the proximal end 

of the tissue into the interstitial space between the top layer and tissue chamber layer (Figure 2F). 

Previous reports have utilised a circular clamp to immobilise all edges of the intestinal tissue [17] 

which achieved complete immobilisation of the tissue and separation of the two perfusion 

channels, but often caused significant damage around the entire tissue. In another work, intestinal 

tissue was adhered to the underlying membrane using cyanoacrylate glue [16]. This is likely to 

impact the secretory activity of the tissue as the adhesive fully covers the surface of the tissue, 

which, on one hand, may directly stimulate the tissue and, on the other hand, hinder the 

interaction between the perfusate and cells. By contrast, the current clamping mechanism 
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minimises tissue damage, while achieving immobilisation of the tissue and separation between 

luminal and serosal sides during perfusion. 

 

 
Figure 2. Design, fabrication and perfusion dynamics of the gut-on-a-chip (GOC) device. (A) Schematic 

of the structure of the GOC device, which is composed of (from top to bottom) a top channel, tissue 

chamber, membrane and a bottom channel. (B) The top channel, (C) tissue chamber, and (D) bottom 

channel covered with a polycarbonate membrane (blue colour) fabricated from polymethyl methacrylate 

(PMMA). Two O-rings are embedded around the top and bottom channels to prevent the leaking of buffer. 

(E) Fluidic dynamics in the GOC device simulated by COMSOL. (F) The assembled GOC device with a 

section of mouse intestinal tissue mounted in the tissue chamber. 

 

7.4.3 Characterisation of fluidic dynamics and on-chip GLP-1 secretion from primary 

intestinal tissue 

 

To characterise the permeation of molecules between the luminal and serosal chambers of the 

GOC device, the fluorescent dye, calcein, was perfused into the bottom channel as a surrogate 

for luminal stimulation. As shown in Figure 3A, calcein fluorescence was detected in the top 

channel, suggesting permeation from the bottom to top. As the flow rate decreased from 500 

µL/min to 100 µL/min, the concentration of calcein increased substantially, as reflected by 

fluorescence intensity (Figure 3A). Therefore, a perfusion rate of 100 µL/min should allow 

effective permeation of stimulatory molecules into the tissue, and enable the collection of a 200 

µL sample every 2 minutes (100 µL is required for the GLP-1 assay). When an intestinal tissue 

sample was loaded on the membrane, the fluorescence detected in the top channel was 
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substantially blunted, indicating excellent separation of the two champers in our setup, without 

leakage (Figure 3B).  

 

The fluidic dynamics were then characterised by perfusing GLP-1 in artificially oscillating 

concentrations. The travel time within the device suggests that buffer flows from the pump to the 

sampling tubes at a flow rate of 100 µL/min in 12.1 minutes. As shown in the uncalibrated 

results for GLP-1, there was an actual delay of 12 minutes from the switch of GLP-1-containing 

buffer at the reservoir to the detection of GLP-1 concentration rise (Figure S5). After this 

adjustment, the four detected peaks in GLP-1 were well matched to GLP-1 perfusion (8-minute 

blank + 12-minute GLP-1) during the entire perfusion study (Figure 3C). It is worth noting that 

the decrease in GLP-1 concentrations during the artificial oscillation did not return to baseline, 

suggesting that the 8-minute wash-out with blank buffer may be insufficient to remove GLP-1 in 

the tissue chamber, or that the duration of the nadir was too brief to be recorded under the current 

measurement frequency. Therefore, the blank-TCA cycle was set to provide 12 minutes blank 

buffer and 8 minutes TCA in the subsequent proof-of-concept experiment (detailed below), to 

better separate the GLP-1 response to the programmed stimulation.     

 

TCA-induced GLP-1 secretion occurred predominantly in the top channel of the GOC platform, 

which faced the serosal side of the intestinal tissue specimen, consistent with GLP-1 secretion 

into the basolateral side of L-cells [42]. After calibration for fluid travel time, GLP-1 

concentrations increased ~0-4 minutes after the end of each TCA stimulation rather than 

immediately on TCA application, i.e. 8-12 minutes after each switch-on of the TCA cycle. This 

is consistent with a previous report of a delay of ~10 minutes between the stimulation of primary 

intestinal tissue and GLP-1 release [43]. There is evidence suggesting that the effect of bile acids 

on GLP-1 secretion requires access to basolaterally located G protein-coupled bile acid receptors 

which may, in part, account for this delay in GLP-1 release [29].  

 

It is worth noting that the magnitude of the TCA-induced GLP-1 response detected in the GOC 

device (around 15% of baseline) was smaller in dynamic than static incubations, where the 

TCA-induced GLP-1 release was 2.3-fold of baseline. Two factors may be responsible for this 

variation in GLP-1 response. First, the media volume per mg tissue ratio was approximately 12 

times higher in the dynamic perfusion system and markedly diluted GLP-1 concentration. 
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Second, not all secreted GLP-1 egressed the serosal surface and entered the serosal channel, as a 

portion of GLP-1 was detected in the luminal channel (around 40-50% of the baseline level in 

the serosal channel, Figure 3D). Third, while the serum concentration of total BAs is around 3 

µM [44, 45], postprandial BA concentrations can increase to over 10 mM in mice and humans 

[46, 47]. In contrast to well-based intestinal tissue with TCA in the static system, the luminal 

surface of intestinal tissue loaded on the chip was exposed to a very low concentration of TCA, 

without immediate TCA stimulation at the serosal side. Therefore, administration of TCA at 

higher concentrations is likely to improve the magnitude of serosal GLP-1 responses on-chip.        

 

 
Figure 3. On-chip characterisation of fluidic dynamics of the gut-on-a-chip (GOC) device in the absence 

and presence of intestinal tissue. Fluorescence intensity of calcein was detected in the efflux from both 

sides of the channels when calcein was perfused into the bottom channel under different flow rates (A) in 

the absence and (B) in the presence of mouse intestinal tissue (λex/λem = 470/525 nm) (n = 6 each). (C) 

Monitoring of dynamic GLP-1 concentration measured in the efflux from the top (red curve) and bottom 

(blue curve) channel in the absence of tissue. GLP-1 concentrations were switched between 0 and 100 pM 

in the top channel to mimic GLP-1 secretion from the serosal side of intestinal tissue for 4 cycles. In each 

cycle, perfusion with blank buffer and GLP-1-supplemented buffer lasted 8 and 12 minutes, respectively. 

(D) Monitoring of dynamic GLP-1 concentrations in the top channel (serosa side, red curve) and bottom 

channel (mucosa side, blue curve) in the GOC device during off-and-on stimulation with 2.8 mM 

taurocholic acid (TCA) over 4 cycles. In each cycle, perfusion with blank buffer and TCA buffer lasted 

12 minutes and 8 minutes in the bottom channel (mucosa side), respectively.    

 



192 

 

 

7.4.4 Assessment of tissue morphology after static incubation and dynamic perfusion 

 

The viability of the intestinal tissue in a dynamic perfusion system can be maintained for up to 

72 hours [16]. Therefore, we assessed morphological changes in small intestinal tissues after 

on-chip perfusion using H&E staining in comparison with tissues after static incubation. The 

morphology of freshly isolated intestine in Figure 4A and S6 shows normal mucosa architecture 

with clearly defined villi and crypts, and muscularis propria consisting of an inner circular 

muscle layer and an outer longitudinal muscle layer. As in previous studies, intestinal tissue 

structures were maintained after both static incubation and dynamic perfusion [17, 48], although 

villi appeared blunted and distorted. This is likely due to the fragility of the mucosa after 2 hours 

in warm buffer, and thus the preparation procedures for histological staining would inevitably 

cause substantial damage to the villi, particularly when straightening the tissues on the histology 

pads.  

 

 
Figure 4. H&E staining of small intestinal tissues isolated immediately from mice (A), showing the villi 

(V), crypt (CT) and muscularis propria (MP). (B) and (C) show the morphology of small intestinal tissues 

after 2-hour static incubation in blank Krebs and Krebs supplemented with 2.8 mM TCA in a 96-well 

plate respectively. (D) shows small intestinal tissue after dynamic perfusion with 4 cycles of on-and-off 

stimulation with 2.8 TCA over 2 hours in a gut-on-a-chip device. Scale bars are 0-100 µm. 
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7.5 Conclusions  

 

Understanding the mechanisms and triggers of intestinal GLP-1 secretion represents a key area 

in the development of gut-based therapies for metabolic diseases, particularly T2D. The present 

work reports a unique GOC platform, based on a microfluidic chip, to investigate dynamic 

GLP-1 secretion from primary intestinal tissue. The design of the microfluidic chip permits the 

immobilisation of intestinal tissue with minimal physical stress and provides homogenised flows 

for continuous nutrient support and controlled stimulation through two independent perfusion 

channels at the luminal and serosal surfaces. Upon integration with a temperature-controlled 

buffer reservoir and peristaltic pumps, the GOC platform can precisely control the 

micro-environment of the mucosa and serosa of intestinal tissue. The dynamic GLP-1 secretion 

profile of primary intestinal tissue in response to a physiological GLP-1 secretagogue (TCA) was 

successfully recorded on the GOC platform. Importantly, this platform shows advantages over 

conventional static incubation in preserving the integrity of the tissue for at least 2 hours. This 

novel device holds the potential for numerous biomedical applications, including mechanistic 

studies to gain deeper insights into GLP-1 secretion and high throughput screening of GLP-1 

secretagogues for therapeutic development.    
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7.7 Supplementary Information 

 

Table S1. Height of different sections of fabricated top and bottom (unit: µm) 
Area Inlet Middle channel Outlet 

Top layer 999.1 ± 0.2 986.1 ± 1 991.4 ± 1.0 

Bottom layer 999.4 ± 0.2 1002.9 ± 1.3 1001.1 ± 0.2 

Data are means ± SD. n = 23 at each section 
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Figure S1. (A) Averaged tissue weight of ~0.5 cm (length) * 0.5 cm (width) from mouse small intestine 

regions used in the biorelease study (n = 10). (B) The detection of 100-500 pM GLP-1 by active GLP-1 

kits in the absence and presence of 1% BSA (n = 3). Data are means ± SEM. Paired student t-test was 

used to determine statistical difference. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. 

 

 
Figure S2. The gut-on-a-chip platform. Perfusion media were maintained in a water bath and delivered to 

the microfluidic chip via peristaltic pumps. Perfusion efflux was collected into two sets of tubes with a 

sampling frequency of 2 minutes per sample at each channel. 
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Figure S3. The layout and dimensions of different layers of the gut-on-a-chip device (unit: µm). (A) 

Schematic of the overlay structure of the device with the demonstration of the two parallel flows, 

including a flow in the luminal channel (blue) and a flow in the serosal channel (green). Detailed 

dimensions of luminal channel (B), tissue chamber (C) and serosal channel (D). 

 

 
Figure S4. Surface characterisation of channel 1 (top channel) and channel 2 (bottom channel) of the 

gut-on-a-chip device fabricated by micro-machining. (A-C) show the detailed measurements of channel 1 

at the inlet, middle area, and outlet, respectively. (D-F) show the detailed measurements of channel 2 at 

the inlet, middle area, and outlet, respectively.  
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Figure S5. Dynamic GLP-1 concentration measured in the efflux of the top (red curve) and bottom (blue 

curve) channels in the absence of tissue. GLP-1 concentrations were switched between 0 and 100 pM in 

the top channel to mimic the GLP-1 secretion for 4 cycles. In each cycle, blank buffer and GLP-1 buffer 

perfusions last 8 and 12 minutes, respectively. 

 

 
Figure S6. H&E staining of small intestinal tissues immediately after isolation from mice showing the 

villi (V), crypt (CT) and muscularis propria (MP). Scale bar shows 0-250 µm. 
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8.1 Abstract 

 

Extracellular Ca2+ ([Ca2+]ex) is an important regulator of various physiological and pathological 

functions, including intercellular communication for synchronised cellular activities (e.g., 

coordinated hormone secretion from endocrine tissues). Yet rarely is it possible to concurrently 

quantify the dynamic changes of [Ca2+]ex and related bioactive molecules with high accuracy and 

temporal resolution. This work aims to develop a multiplexed microfluidic platform to enable 

monitoring oscillatory [Ca2+]ex and hormone(s) in a biomimetic environment. To this end, a 

low-affinity fluorescent indicator, Rhod-5N, is identified as a suitable sensor for a range of 

[Ca2+]ex based on its demonstrated high sensitivity and selectivity to Ca2+ in biomedical samples, 

including human serum and cell culture medium. A microfluidic chip is devised to allow for 

immobilisation of microscale subjects (analogous to biological tissues), precise control of the 

perfusion gradient at sites of interest, and integration of modalities for fluorescence measurement 

and enzyme-linked immunosorbent assay. As this analytical system is demonstrated to be viable 

to quantify the dynamic changes of Ca2+ (0.2-2 mM) and insulin (15-150 mU L-1) concurrently, 

with high temporal resolution, it has the potential to provide key insights into the essential roles 

of [Ca2+]ex in the secretory function of endocrine tissues and to identify novel therapeutic targets 

for human diseases. 

 

8.2 Introduction 

 

The advent of various Ca2+-responsive sensors and advanced instruments has revealed the 

indispensable role of Ca2+ signalling in numerous physiological and pathological processes [1-6]. 

Three types of non-destructive Ca2+ sensors have been used to unravel the physiological roles of 

Ca2+, i.e., chemically engineered fluorescent indicator molecules, genetically encoded Ca2+ 

indicators (GECI) and Ca2+-selective microelectrodes (CSM) (Figure 1A) [7]. In comparison to 

CSM, synthetic indicators and GECI have inherently higher spatial and temporal resolution and 

are extensively utilised to characterise concentrations of Ca2+ ([Ca2+]) in different cellular 

domains, such as cytoplasm (50-1000 nM), mitochondria (0.1-100 μM), and endoplasmic 

reticulum (50-500 μM) (Figure 1B) [8]. 
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Of note, the majority of the fluorescence-based indicators are used to interrogate the functions of 

intracellular Ca2+ ([Ca2+]i), due to their effective sensing range spanning from nM to μM [9]. The 

limited usage of those indicators in the extracellular matrix (ECM), where [Ca2+] fluctuates in 

the high concentration range (0.5-3 mM) [10,11], has retarded understanding of how [Ca2+]ex 

mediates various biological processes to maintain the physiological homeostasis [12-15], e.g., 

facilitating intercellular communication,[16] and synchronising tissue-level activity [17]. A 

system for sensing [Ca2+]ex should have the ability to: (1) quantify dynamic changes of [Ca2+]ex 

(in the order of mM scale) with high accuracy; (2) respond to Ca2+ in an instantaneous manner; 

and (3) allow for multiplexed sensing of [Ca2+]ex and other biological molecule(s) of interest to 

reveal their underlying correlations. Concurrent measurement of [Ca2+]ex and hormone(s) is 

critical, for instance, to advance knowledge of the relationship between variations in [Ca2+]ex and 

dynamic secretion of insulin in the pancreatic islets. Yet hitherto, few, if any, sensing systems 

have met all the requirements specified above. 

 

 

Figure 1. (A) Summary of strengths and limitations of the state-of-the-art non-destructive Ca2+ sensors. 

(B) Snapshot of typical intracellular or extracellular [Ca2+] present in different cellular domains, including 

[Ca2+] in cytoplasm (Cyto, 50-1000 nM), mitochondria (Mito, 0.1-100 μM), endoplasmic reticulum (ER, 

50-500 μM), and extracellular matrix (ECM, 0.5-3 mM).  

 

In this work, we demonstrate the integration of a microfluidic sensing system with a 

light-induced fluorescence (LIF) detection set-up and enzyme-linked immunosorbent assay 

(ELISA) to quantify [Ca2+]ex and the concentration of a hormone (insulin) simultaneously, with 

high temporal resolution. Firstly, we identified that a derivative indicator of 1, 

2-bis(o-aminophenoxy)ethane-N, N, N’, N’-tetraacetic acid (BAPTA), Rhod-5N, provides an 
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effective sensing range of 0.33-33 mM Ca2+ in a biomimetic environment, which is sufficient to 

evaluate [Ca2+]ex in tissues of interest. Emerging indicators for sensing high [Ca2+], including 

gold nanoparticles (GNP) [18,19], photonic polymer [20,21] and aggregation-induced emission 

(AIE) fluorogen [22,23], were excluded in the present study, due to their limitations in 

instantaneously quantifying [Ca2+] under a fluidic flow at microscale. Based on a series of fluidic 

dynamic simulations, we devised, fabricated, characterised and validated a microfluidic chip to 

immobilise the microscale subjects – a surrogate for biological tissue – and mimic physiological 

conditions for the trapped subjects. We then demonstrated the simultaneous and real-time 

sensing of [Ca2+]ex (via LIF) and an exemplar hormone, insulin (via ELISA) by our analytical 

set-up, in which the concentrations of Ca2+ and insulin were oscillated to mimic their pulsatile 

patterns in vivo. We established a satisfactory quantification of [Ca2+]ex (0.2-2 mM) and insulin 

(15-150 mU/L) in the extracellular medium, with temporal resolutions up to 10 s. Our work on 

this multiplexed microfluidic chip will enable the development of a high-throughput platform to 

analyse the interrelation of [Ca2+]ex and the secretory functions of endocrine tissues, which is key 

to understanding the complex (patho)physiology relating to metabolic health, and to identifying 

novel therapeutic targets for human diseases.  

 

8.3 Experimental Sections 

  

8.3.1 Determination of dissociation constant (Kd) 

 

The Kd that describes the dynamic interaction between Ca2+, Rhod-5N (noted as N), and their 

complex molecule (noted as CaN) can be calculated as follow: 

 

Kd =
[Ca2+] × [N]

[CaN]
                                                                   (1) 

[Ca2+] = Kd (
F −  Fmin

Fmax − F
)                                                        (2) 

Fʹ = Fmaxʹ (
[Ca2+]

Kd + [Ca2+]
)                                                      (3)   

y = Vmax ×
xnh

knh  +  xnh
                                                            (4)  
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In Equation (1), [Ca2+], [N] and [CaN] are the equilibrium concentrations of Ca2+, Rhod-5N and 

their complex, respectively. The concentration of Ca2+ can be calculated by Equation (2), where 

F is the fluorescence Ca2+-bound Rhod-5N, Fmax is the fluorescence when all Rhod-5N molecules 

are bound and Fmin is the background fluorescence in the absence of Ca2+. Equation (2) can be 

rearranged into Equation (3) by subtracting Fmin from F and Fmax to acquire F’ and Fmax’. 

Subsequently, Kd can be computed by fitting the experimentally detected data into Hill’s 

function as formulated in Equation (4), where y, Vmax, x and k correspond to F’, Fmax’, [Ca2+] and 

Kd, respectively. If nh approximates 1, it indicates a monomer binding reaction [27]. 

 

8.3.2 Fluidic dynamics simulation 

 

COMSOL Multiphysics 5.3 (COMSOL Inc., Sweden) was employed to simulate the fluid 

dynamics in the microfluidic channels. The geometry for the simulation study was imported from 

the mask design in AutoCAD. The 2D simulation under a general environment pressure level of 

1 atm and a temperature of 293.15 K was performed using the ‘laminar flow’ model and the 

‘incompressible flow’ model. The former is valid for the microfluidic chip with a typically small 

Reynold number (<< 2100), and the latter is based on Navier-Stokes equations. The material 

used in the simulation was defined as water, with a density of 1000 kg m-3 and a dynamic 

viscosity of 0.001 Pa s. Boundary conditions of inlet 1 and 2 were defined with a fluid velocity 

of 10 μm/s and 20 μm/s for indicator inlet (arbitrary unit). No-slip (zero velocity) boundary 

condition was imposed on the channel walls. No mass transport was set through the walls of the 

device. At the outlet, the pressure was set as 1 atm with suppressed backflow. The physics-

controlled mesh was used for the mesh sequence type and selected as extra-fine. 

 

8.3.3 Microfluidic chip fabrication 

 

The single-layer PDMS microfluidic chip was fabricated via soft lithography. Briefly, the 

proposed chip structure was written on Borofloat 33 glass via direct laser writing with a beam 

diameter of 10 μm. SU8 50 photoresist (MicroChem, Australia) was spun on a clean silicon 

wafer washed by acetone to prepare a 250 μm thick photoresist layer. The photoresist was 

exposed to UV radiation using a mask aligner. Areas exposed through the mask were 

cross-linked while unexposed photoresist was dissolved after developing with SU8 developer 

(MicroChem, Australia). The template was then treated with hexamethyldisilazane (Sigma, 
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Australia) to form an anti-adhesion layer so that the cured PDMS could be removed without 

damaging the template. PDMS (SYLGARD 184 Silicone Elastomer, MicroChem, Australia) was 

prepared by mixing monomer and curing agent at a ratio of 10:1, degassed and cast on the 

template. PDMS was then cured in an oven at 65 °C for 3 h. The cured PDMS device was gently 

peeled off from the template and bonded to a microscopic glass slide after air plasma cleaning. 

Inlets and outlets were drilled using Haris UniCore biopsy punches (Ted Pella).  

 

8.3.4 Dual-sensing of oscillating Ca2+ and insulin  

 

Ca2+-free Dulbecco’s Modified Eagle Medium (DMEM) (without insulin, Thermo Fisher, 

Australia) and insulin-supplied DMEM, containing 2 mM Ca2+ and 150 mU/L insulin were 

delivered into the microfluidic chip via inlet 1 and 2, respectively, with a total flow rate of 5 

μL/min. The Calibrator 5 in the insulin ELISA kit (Mercodia, Sweden), containing 200 mU/L 

insulin, was used to supplement the DMEM to prepare the insulin-supplied DMEM. Indicator 

solution, 100 μM Rhod-5N (Life Technologies, USA) in pH7.4 PBS (prepared as described in 

Supporting Information), was loaded into the channel via inlet 3 at 5 μL/min, so that the 1:1 

mixing with the upstream flow of DMEM resulted in reaching the optimal concentration of 

Rhod-5N (50 μM) at the optical window. To generate oscillating concentrations of insulin and 

Ca2+, the ratios of the flow rates were finely tuned between two values in each group and each 

ratio lasted 180 seconds. After insulin carried by fluid flowed through the chip device and 

discharged from the outlet (Figure S1A), the effluent was collected to quantify insulin content 

via the same ELISA kit. Note that a minimum sample volume of 25 μL is required by the insulin 

ELISA. Considering the flow rate was 10 μL/min at the outlet, the sampling time was set as 3 

minutes to provide sufficient sample volume for insulin quantification following the protocol 

provided by the manufacturer (Supporting Information). 

 

8.4 Results and Discussion 

 

8.4.1 Fluorometric characterisations of Rhod-5N 

 

The fluorometric property of Rhod-5N in response to a series of high [Ca2+] (up to 2 mM) was 

studied in PBS buffer (pH 7.4), commonly used in biomedical research. DI water with almost 

zero ionic strength was applied as a control experiment. As shown in Figure 2A, Rhod-5N is 
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switched on with the addition of 0.5-2 mM [Ca2+], amplifying fluorescence intensity up to 

80 times that of Rhod-5N only. Both the Ca2+-induced fluorescence of Rhod-5N in PBS (pH 7.4, 

Figure 2A) and DI water (Figure S2A) show a dominant broad emission band peaking at around 

580 nm, accompanied by a spectral shoulder from 610 nm to 675 nm. For the same range of 

[Ca2+], the fluorescence intensity of Rhod-5N in PBS buffer was slightly lower than that in DI 

water (Figure S2B). This is attributable to the shielding effect on Ca2+ imposed by other cations 

in PBS, which retards Ca2+ binding with Rhod-5N, i.e., a lower amount of Rhod-5N-Ca2+ 

complex was formed in a buffering environment with high ionic strength, which, therefore, 

would result in a higher Kd of Rhod-5N to Ca2+. The combined advantages of the increased Kd of 

Rhod-5N in buffer and high bio-compatibility of the PBS (isotonic and non-toxic to most cells) 

are favourable features for monitoring the dynamic [Ca2+]ex.  

 

For the same range of [Ca2+], the fluorescence intensity of 25 μM Rhod-5N (in DI water) was 

higher than that of 2.5 μM Rhod-5N (Figure S2C). The fluorescence intensity plateau appeared 

for 2.5 μM Rhod-5N at around 0.25 mM Ca2+, lower than that for 25 μM Rhod-5N (1.25 mM 

Ca2+). That the performance of Rhod-5N is concentration-dependent prompted the need to 

examine a wide range of Rhod-5N concentrations, from 2.5 μM to 250 μM (in PBS, pH 7.4) in 

this study, with different [Ca2+]. As shown in Figure 2B, the largest fluorescence enhancement 

was observed for Rhod-5N at 50-100 μM across 0-2 mM Ca2+, exhibiting two orders of 

magnitude amplification against the background fluorescence. A concentration-quenching 

behaviour of Rhod-5N in the presence of Ca2+ (i.e., a decrease of the fluorescence intensity of 

Ca2+-bounded Rhod-5N) was observed when the concentration of Rhod-5N increased over 100 

μM, which however can be avoided by employing Rhod-5N at the concentration of 50 μM 

(Figure 2B). Thus, 50 μM Rhod-5N was used in the following experiment of quantifying [Ca2+]ex 

under physiologically relevant conditions. 

 

Given that [Ca2+] will be ultimately analysed in the context of a physiological environment, the 

preservation of the sensing selectivity of Rhod-5N to Ca2+ was examined. For this purpose, the 

fluorescence intensities of Rhod-5N with and without Ca2+ were measured in the presence of 

other common extracellular cations at physiological concentrations, including Mg2+ (1 mM), Na+ 

(150 mM), K+ (5 mM), Fe2+ (50 μM), Cu2+ (50 μM), Zn2+ (50 μM), Al3+ (50 μM). In the absence 

of Ca2+, Rhod-5N was non- or weakly- fluorescent in the presence of other metal ions, except for 



210 

 

Zn2+, which induced a minor increase of Rhod-5N fluorescence (Fig. 2C). By contrast, the 

fluorescence intensity of Rhod-5N was markedly increased in the presence of 1 mM Ca2+ and 

other ions, apart from the groups with Cu2+ or Zn2+. The latter is in good agreement with 

previous studies, where Cu2+ and Zn2+ were shown to display higher binding affinities with the 

BAPTA-based indicator than that of Ca2+ [24,25]. As such, Cu2+ and Zn2+ are expected to 

compete with Ca2+ to form Cu2+-/Zn2+- bound Rhod-5N complexes, thereby diminishing the 

fluorescence originating from the Ca2+-bound Rhod-5N complex.  

 

 
Figure 2. Fluorometric characterisations of Rhod-5N with various [Ca2+] (λex = 530 nm, λem = 580 nm). 

(A) Variations of emission of 25 µM Rhod-5N (in PBS, pH 7.4) in response to different [Ca2+]. (B) 

Fluorescence intensities of 2.5-250 μM Rhod-5N as a function of different [Ca2+] up to 2 mM. (C) In the 

presence of various common extracellular cations, relative fluorescence changes (F-F0)/F0 of 50 μM 

Rhod-5N with (red bars) and without (blue bars) Ca2+ addition. The concentrations of the presented 

cations are consistent with those in the extracellular environment, i.e., Mg2+ (1 mM), Na+ (150 mM), K+ (5 

mM), Fe2+ (50 μM), Cu2+ (50 μM), Zn2+ (50 μM) and Al3+ (50 μM). (D) The fluorometric titration curve 

of 50 μM Rhod-5N, obtained by fitting the fluorescence enhancement at 580 nm via Hill’s equation, 

where Hill’s coefficient (nh) was determined as 0.94 ± 0.06 and Kd was computed as 3.29 ± 0.41 mM, 

with an R2 of 0.9994. The fluorescence enhancement is given by the filled circles with error bars from 1 

μM to 1 M Ca2+ in cell culture medium at 37 °C. Apart from further notation, all Rhod-5N was prepared 

in PBS buffer (pH 7.4), Ca2+ and other cations were dissolved in DI water. C-D: F and F0 represent the 

fluorescence of Rhod-5N in the presence and absence of the respective metal ions. 
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The observed interference by Zn2+ and Cu2+ prompted the investigation into how much the 

sensing capability and sensitivity of Rhod-5N towards Ca2+ would be perturbed by 

physiologically relevant ions; therefore, a solution containing all the above-mentioned 

extracellular metal ions was prepared (termed “ions-supplied solution”). As shown in Figure 

S2D-E, Rhod-5N maintained a high sensitivity and responsivity to Ca2+ (0.5-2 mM) in the 

ions-supplied solution, evidenced by the continuous increase of fluorescence intensity at 580 nm. 

The Ca2+-induced relative fluorescence change of Rhod-5N increased even in a more linear 

fashion in the ions-supplied solution compared to DI water (Figure S2F). These observations 

confirm that the excellent selectivity of Rhod-5N towards Ca2+ over other metal ions can be 

retained in physiological solutions. 

 

The effective sensing range of an indicator is typically defined as 0.1-10×Kd, so an indicator 

suited to monitoring dynamic [Ca2+]ex must bear with a high value of Kd in the extracellular 

environment. Though Kd of Rhod-5N is specified as 0.32 mM by the manufacturer (Ca2+ in a 

solution with an ionic strength of 100 mM at room temperature) [7], it is important that we 

re-determine the Kd under the conditions the indicator would be employed [26]. As such, the 

fluorescence of Rhod-5N as a function of [Ca2+] was measured in DMEM at 37 °C, which is a 

common environment for cell culture in vitro and has an ionic strength of 167.22 mM. By fitting 

the fluorescence data with Hill’s equation as derived in Equations (1-4), Kd of Rhod-5N towards 

Ca2+ at ionic strength of DMEM was computed to be 3.29 ± 0.41 mM (R2 = 0.9994), with Hill’s 

coefficient (nh) at 0.94 ± 0.06, suggesting 1:1 binding ratio of Rhod-5N to Ca2+ [27]. The fitting 

results and the fluorometric titration data clearly define the sensing window to Ca2+ from 0.33-33 

mM (0.1-10 × Kd, visualised by two dashed lines in Figure 2D), within which Rhod-5N displays 

relatively linear fluorescence changes in response to Ca2+. Thus, the sensing capacity of 

Rhod-5N to extracellular Ca2+ is validated in conditions with physiological concentrations of 

ions. 

 

The Kd obtained via Hill’s fitting as mentioned above, also known as apparent Kd, was one order 

of magnitude larger than the value provided by the manufacturer (0.32 mM). In line with our 

theoretical prediction (details in Supporting Information), there could be three reasons for this 

discrepancy. First, other cations, glucose, or amino acids in the cell culture medium may bind 
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with the carboxyl groups (binding units) of Rhod-5N, competing with the binding of Rhod-5N to 

Ca2+. Second, the ionic environment and increasing amount of CaCl2 during the titration analysis 

may impose a shielding effect on Ca2+ as discussed in Equations (S1-4), which in turn results in a 

lower effective [Ca2+] to bind with the indicator (Figure S3A) [28], and a smaller effective 

dissociation constant (Ked) of 1.31 ± 0.20 mM (Figure S3B). In the interests of convenient 

comparison, the apparent Kd is used throughout the manuscript. Third, Kd could be reduced to 

almost half when the titrations were conducted at 37 °C compared to 20 °C, as reported by 

Grynkiewicz et al [29].  

 

In addition, with the continuous exposure of Rhod-5N (50 μM) to ambient light up to 7 days, 

little variations in Ca2+-induced fluorescence were observed (Figure S3C), which attests to the 

high photostability of this indicator under the environment light. Taken together, Rhod-5N (50 

μM) has been demonstrated to give rise to high sensitivity, high selectivity, enhanced Kd, and 

robust fluorescent signal in a biomimetic environment, favouring the viability of this indicator 

for detecting dynamic variations of [Ca2+]ex.  

 

8.4.2 Design principle and fluidic dynamics 

 

To realise the multiplexed sensing of [Ca2+]ex and hormone(s), a PDMS microfluidic chip was 

designed and fabricated via soft lithography in accordance with the following criteria: (1) 

allowing immobilisation of biological subjects and manipulation of the microenvironment, and 

(2) enabling compatibility with the set-ups for simultaneous quantification of fluorescence 

signals and hormone(s) of interest. As shown in Figure 3A, the microfluidic chip features: (1) 

double Y-shape inlets to introduce cell culture media and Rhod-5N, respectively, (2) two 

serpentine channels, following the double Y-shape inlets, to enhance the mixing efficiency of 

reagents, (3) U-shape cups to trap and immobilise the subjects of interest, (4) an optical window 

for fluorescence detection, and (5) an outlet to collect hormone for analysis. The modular 

functions of the microfluidic chip are discussed as follows, with structural dimensions illustrated 

and/or characterised in Figure S4-5.  
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8.4.3 Flow velocity profile  

 

Two Y-shape channels are implemented in different locations of the microfluidic chip, which 

allows tuning of the microenvironment by the delivery of customised perfusion fluid (via Port 

1&2, with regulated ratios between media) and introducing the fluorescent indicator for sensing 

(via Port 3), respectively.  

 

To understand the stream dynamics in the microfluidic chip, three input flows in the canals via 

ports 1, 2, and 3 (P1, P2, and P3) are conceived, with constant flow rates of Q1, Q2 and Q4, 

respectively (Figure 3B (i)). In accordance with the mass conservation law, the flow rate in each 

branch canal can be interrelated as: Q5 = Q4 + Q3 = Q4 + Q1 + Q2, where Port 4 is the outlet with 

flow rate Q5. As revealed by the 2D computational fluidic dynamic (CFD) of COMSOL (Figure 

3B (ii)), the velocity profile of each channel exhibits the features of laminar flow, showing the 

highest value in the centre of the channels, but approaching zero at the wall. The specific 

velocity (denoted as V) in the profile is also indicated as V5 = V4 + V3 = V4 + V1 + V2, consistent 

with the flow rate, Q, in each branch. 

 

Under laminar flow, the mixing of molecules in the channels relies on a relatively slow diffusion 

process which is dependent on the specific diffusion coefficient of the molecule [30]. To ensure 

the complete mixing of the perfused media prior to their arrival at the site of interest (e.g., 

U-shape cups or optical window), two serpentine channels, around 40 cm and 20 cm long, are 

built into the microfluidic chip following the respective Y-shaped inlets. The trapping site is 

embedded in the middle of the former serpentine channel, the second half of which is designed to 

collect and mix the effluent from each cup. The latter serpentine channel is used to enhance the 

mixing of the fluorescent indicator with the fluid from the U-shape cups. 

  

The serpentine channels not only extend the distance that the molecules travel, but also facilitate 

the mixing of the co-flowing solutions when they pass the curved section (due to the centrifugal 

forces) [31]. To visualise the mixing process, food colouring and DI water were delivered into 

the microfluidic channel via inlet 1&2, respectively. As shown in Figure 3C, the food colouring 

molecules diffused gradually with DI water as the co-fluid flowed through the serpentine channel, 

the mixing efficiency of which was quantitatively characterised via fluorescence imaging in 

section 2.3. 
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 8.4.4 U-shape cups for trapping  

 

The capacity for immobilising biological subjects (e.g., tissues) and collecting the effluent from 

the trapping site is of significance for interrogating the secretory function of the subjects 

concerned. To this end, U-shape cups are devised and implemented in between two columns in 

the former serpentine channel (Figure 3A&D).  

 

 
Figure 3. Design, simulation and characterisations of the microfluidic chip. (A) Overall layout of the 

microfluidic chip. (B) (i) Stick diagram of the microfluidic channels, where arrows indicate the fluidic 

flow in each branch. The formulae underneath suggest the relationship between the flows according to the 

mass conservation law; (ii) Velocity mapping of the microfluidic channels via 2D CFD simulation. (C) (i) 

Perfusion and mixing of water and food colouring in the channels. Food colouring and water were 

delivered 1:1 into the microfluidic chip via the medium inlet at a total flow rate of 5 μL/min (inlet 1 

channel is illustrated with the parallel dashed lines for visualisation); (ii) Close-up view showing the 

mixing process of the water and food colouring from two separate flows to a homogenised mixture (left to 

right indicated by an arrow). (D) (i) Velocity mapping of the fluidic dynamics at the trapping site and the 

serpentine channels in the vicinity; (ii) Close-up view of the flow velocity at the cup, where perfusion 

flow is divided into a main stream (F1) along the main channel, and a partial stream (F2) directing into the 

cup; (iii) Progressive variations of perfusion speed across the cups due to the division of the streams by F1 

and F2 (indicated by food colouring). (E) (i) Outlook of the microfluidic chip assembled on a glass slide. 

The optical window, visible to the naked eyes, is used for detecting the fluorescence of Rhod-5N; (ii) 

Fluorescence intensity of Rhod-5N as a function of [Ca2+], measured in triplicates. Error bars indicate the 

standard deviation of three repeat measurements (λex = 530 nm, λem = 580 nm). Arrows indicate the 

perfusion directions.  
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As shown in Figure 3D (i), the fluidic dynamics relevant to the U-shape cups were evaluated by 

2D CFD simulations. The decrease of velocity downstream of the trapping site suggests that a 

substantial portion of the flow would be directed through the cups, as visualised by the gradual 

diffusion of food colouring in the sequential cups in Figure 3D (iii). The close-up view at the 

trapping site indicates that the perfusion in the channel is governed by two flows: the main flow 

F1 guiding downward along the serpentine channel, and the side flow F2 directing a partial fluidic 

stream into the cup (Figure 3D (ii)). Based on the Darcy-Weisbach equation, the flow ratio of F2 

versus F1 in this configuration is larger than 1 (i.e., a higher volumetric flow rate directing into 

the cup compared with the main channel, due to the lower resistance in the U-shape cup) [32,33]. 

The subjects of interest would primarily be guided by F2 to accomplish trapping in the cup. 

Figure 3D also shows that each narrow cross-section channel (neck of a cup in connection with 

the adjacent main channel) has an increased flow velocity, which helps maintain the trapping of 

the subjects during continuous perfusion. Once the U-shape cup is occupied, the flow resistance 

in the corresponding cup increases substantially, leading to a reduction of flow in the side stream, 

and facilitating the loading of subjects to the next pocket (Figure S6A). The use of these pockets 

is also advantageous to reduce shear stress, thus preserving the viability of trapped subjects [34].  

 

To mimic the loading of biological subjects for hormone secretion analysis, specifically 

pancreatic islets (usually 200 ± 20 μm in diameter), and advance the understanding of the flow in 

the chip, three groups of polyethylene (PE) microspheres (ø = 90-100 μm, 180-210 μm and 

210-250 μm, ρ = 1.08 g cm-3) were loaded into the chip. As shown in Figure S6B-E, only the 

microspheres of 180-210 μm in diameter can be individually captured by each cup in a sequential 

manner, without dislodgement under continuous flow. In contrast, the smaller microspheres 

(90-100 μm) were stacked in the cups (Figure S7) while the larger ones (210-250 μm) were not 

observed due to the complete clogging of the channels (data not shown). These results, therefore, 

validate that the fabricated chip with the given dimension and trapping site is suitable to 

selectively immobilise the designated subjects for the secretory activity study.  
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8.4.5 Optical window for fluorescence readout  

 

An optical window (500 μm in diameter) is incorporated downstream of the second serpentine 

channel (Figure 3E (i)), which is visually distinctive from the main channel without inducing a 

delay in refreshing sample. The on-chip fluorescence of Rhod-5N was measured at the optical 

window via an in-house built LIF set-up with a bifurcated optical fibre (Figure S1B-D). In 

accordance with the on-chip fluorescence of Rhod-5N as a function of [Ca2+], we confirmed that 

the variations of multiple measurements (n = 3) were negligible, suggesting complete mixing and 

high stability of the binding between Rhod-5N and Ca2+ (Figure 3E (ii)). 

 

8.4.6 Generation of a dynamic microenvironment  

 

In order to characterise the concentration of perfusate at the trapping site (unoccupied) in our 

microfluidic configuration, calcein and DI water were perfused into the channel via inlet 1 and 

inlet 2, respectively. Serial concentrations of calcein (1-9 μM) were generated by adjusting the 

flow rate ratios between calcein and DI water in the range of 1:9–9:1, while maintaining a 

constant total flow rate of 2 μL/min. As shown in Figure 4A, when tuning up the ratio of calcein 

flow rate, the width of the green band (fluorescence of calcein) gradually increased from top to 

bottom. 

To examine whether the targeted concentrations of calcein were achieved homogeneously in the 

trapping site, the fluorescence intensity of the region of interest (ROI) in the ten U-shape cups 

was measured and averaged to plot against the theoretical concentrations of calcein (Figure 4B). 

As shown in the on-chip measurement, a linear fluorescence intensity as a function of calcein 

concentration was observed when the concentration of calcein increased from 1 μM to 9 μM (R2 

= 0.9989, red fitting curve). This is highly consistent with the linear fluorescence of calcein (0-10 

μM) measured by the plate reader (R2 = 0.9995, blue fitting curve), where the fluorescence was 

measured in a 96-well plate with the same concentrations. These results validate the capacity of 

our microfluidic chip to homogenise a series of perfusing chemical gradients at the trapping site 

with tunable concentrations. It is desirable that multiple captured biological subjects can be 

exposed to identical stimuli for a uniform response. This means the applicable range of flow rate 

must ensure homogenising of the gradient across the cups. As shown in Figure 4C (left panel), 

when calcein and DI water were delivered at a flow rate ratio of 1:1, homogenous fluorescence 
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was observed across ten cups at a flow rate of 3 μL/min. As the flow rate increased to 6 μL/min, 

a shadow appeared in the first cup due to its lower fluorescence intensity (indicated by the circle 

in the middle panel of Figure 4C), suggesting the incomplete mixing of calcein and DI water. 

Increasing the flow rate to 20 μL/min resulted in an extension of this shaded area, corresponding 

to a further decrease in mixing efficiency under the higher flow rate (Figure 4C, right panel). 

 

 
Figure 4. Characterisations of on-chip mixing efficiency under varying perfusion conditions. (A) 

Fluorescent image of the medium inlet with varying flow rate ratios of calcein versus DI water ranging 

from 1:9 to 9:1 at a constant total flow rate of 2 μL/min. The top panel shows the bright field image of the 

channel with a red arrow indicating the direction of perfusion. (B) Fluorescence of a series of calcein 

(0-10 μM) measured on the microfluidic chip (on-chip) and in a microplate (off-chip). The fluorescence 

was obtained by averaging the fluorescence intensities of ten cups (one signal of one ROI in each cup) 

and of three repeat measurements in a microplate, respectively. The dashed curves show the linear fitting 

of the experimental results (filled circles). Error bars indicate standard deviations of the measured 

fluorescence intensities of ten cups (on-chip) or the triplicate measurements (off-chip). (C) Fluorescence 

at the trapping site under different total flow rates of 3-20 μL/min with 1:1 co-perfusion of calcein and DI 

water. The shadow appearing in the first two cups (at the bottom) increases when the total flow rate 

exceeds 3 μL/min. The black circle (middle panel) tags the first cup with exposure to the perfusion fluid. 

(D) Variations of fluorescence at the trapping site under various flow rates (1-60 μL/min). The cup 

numbered 1 notes that it was the first exposed to the flow, and the following cups are numbered 2-10. 

Error bars indicate standard deviations of the fluorescence intensity of an ROI in a cup. All measurements 

were carried out at λex = 475 nm and λem = 515 nm, with cups unoccupied. 
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The applicable flow rates were further refined by studying the change in fluorescence of calcein 

in each cup under a series of flow rates. As shown in Figure 4D, in the range of 1-3 μL/min, the 

identical fluorescence intensity across ten cups suggests a homogeneous distribution of calcein at 

the trapping site. When the flow rate increased over 3.5 μL/min, the fluorescence intensity in the 

first cup started to decrease. Further increase of the flow rate over 6 μL/min resulted in a 

fluorescence drop in the first two cups. These results demonstrate that the maximum flow rate for 

the complete mixing of calcein (Qc) (Dc = 3.3×10-6 cm2 s) [35] is 3 μL/min with the current chip 

configuration.  

 

Qc can be used as a benchmark value to define the upper bound flow rate for other molecules (Qa) 

with different diffusion coefficients. For instance, glucose is widely used as a nutrient stimulus 

during the study of secretory activity (e.g. insulin secretion from the pancreatic islets). According 

to Equations (S5-10), the maximum flow rate of glucose is calculated to be 6.09 μL/min at room 

temperature (around 23 °C) and 6.38 μL/min at 37 °C. Since the flow rate typically applied 

during biomimetic studies is around 5 μL/min [36,37] the calculated maximum flow rate for 

glucose suggests the suitability of the configuration of the current microfluidic chip for this 

purpose. 

 

8.4.7 Biomedical applications  

 

The demonstrated characteristics of both Rhod-5N and the (integrated) microfluidic system 

imply their potential for broad biomedical applications. To this end, we examined the 

fluorescence of Rhod-5N in response to human serum Ca2+ at concentrations ranging from 

hypocalcaemia to hypercalcaemia (Figure 5A). In addition, we compared the Ca2+-induced 

fluorescence of Rhod-5N in cell culture medium with and without fetal bovine serum (FBS), 

respectively (Figure 5B). Lastly, we investigated the feasibility of using the microfluidic chip for 

multiplexed sensing by simultaneously recording and quantifying the dynamic [Ca2+]ex and 

insulin concentrations, both of which were oscillating to mimic their pulsatile patterns in vivo 

(Figure 5C and D). 

 

As shown in Figure 5A, the fluorescence enhancement of Rhod-5N exhibited a behaviour of 

concentration-dependence on [Ca2+] in both unfiltered and filtered serum samples, where [Ca2+] 

spans from 0.24 mM to 3.21 mM. Under such experimental setups, Ca2+-induced fluorescence of 



219 

 

Rhod-5 at hypocalcaemia and hypercalcaemia can be readily distinguishable from that at 

normocalcaemia (the measured fluorescence data provided in Figure S8A). These observations 

suggest that Rhod-5N may potentially be developed as a fluorescence-based diagnostic tool for 

hypocalcaemia and hypercalcemia which are in close relation to a number of diseases such as 

nutritional deficiency and cancers, respectively [38,39].  

 

Similar to other fluorescence-based sensors used for measuring [Ca2+] in serum [20,21], 

Rhod-5N exhibits distinctive fluorescent signals over a broad range of [Ca2+] in raw serum 

samples (unfiltered). In addition, Rhod-5N is commercially available and can be readily accessed 

without conducting a sophisticated synthesis. However, the fluorescence change of Rhod-5N in 

response to variations of Ca2+ is not visually distinctive. This would limit the use of Rhod-5N as 

a convenient diagnostic tool for abnormal serum Ca2 that can be read by naked eyes [18]. 

 

Intriguingly, the slopes of the fluorescence enhancement differed slightly in the filtered and 

unfiltered sera, with a slower increase observed in the unfiltered serum (Figure 5A and Figure 

S8A). This is likely due to the presence of various Ca2+-bound proteins and ionised Ca2+ in the 

unfiltered serum samples (i.e., the altered equilibrium between Ca2+-protein complex and ionised 

Ca2+), both of which may have given rise to different fluorescence strengths upon binding with 

the indicator. The clarification of the respective weighing of the fluorescence arising from 

ionised Ca2+ and bound Ca2+ in the unfiltered serum is beyond the scope of this study. 

Nevertheless, our data suggest that a higher protein content would result in a higher Kd of 

Rhod-5N (i.e., the presence of protein suppressed the formation of (ionised) Ca2+-bound 

Rhod-5N complex) [40,41].  

 

Given that hormone secretion would be studied with the provision of an in vitro culture medium, 

e.g., DMEM with 10% FBS and thus with the interference by proteins, the fluorescent responses 

of Rhod-5N to varying [Ca2+] in DMEM with and without FBS were compared (static 

measurements conducted in a microplate). Similar to Figure 5A, the fluorescence enhancement 

of Rhod-5N exhibited a linear dependence as a function of logarithmic [Ca2+] in the cell medium 

samples (Figure 5B). In addition, a divergence was observed between the fluorescence 

enhancements of DMEM only and DMEM + FBS (Figure 5B). Apart from the suppressing effect 

of protein on Ca2+-Rhod-5N interaction, the divergence is also related to the higher background 
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fluorescence (F0) measured in DMEM + FBS relative to DMEM only (Figure S8B). The raised 

background can be accounted for by the presence of a small amount of Ca2+ in FBS, which 

resulted in an increase of Ca2+-induced fluorescence in DMEM+FBS for [Ca2+] ≤ 0.1 mM (inset 

image in Figure S8B, but this perturbation appeared to be negligible when the introduced [Ca2+] 

increased over 0.5 mM). These results suggest that, (1) Rhod-5N is a competent indicator for 

measuring [Ca2+]ex in a cell culture medium, e.g., DMEM or DMEM+FBS; and (2) different 

calibration curves are required for a precise quantification of [Ca2+] in the presence of proteins.  

 

 
Figure 5. Quantifying [Ca2+]ex (ionised) in various biomedical scenarios. (A) The linearity of 

fluorescence enhancement of Rhod-5N observed for a widespread range of [Ca2+] in unfiltered and 

filtered human serum samples. (B) The linearity of fluorescence enhancement of Rhod-5N observed for a 

widespread range of [Ca2+] in DMEM with and without FBS (10%), respectively. Of note, [Ca2+] in (A) 

and (B) are expressed in logarithmic concentration, and their concentrations range from hypocalcaemia 

and normocalcaemia to hypercalcaemia. The measurements in (A) and (B) were performed in a 96-well 

microplate, with λex = 530 nm and λem = 580 nm. (C-D) Simultaneous sensing of oscillatory [Ca2+] and 

insulin concentrations via the multiplexed microfluidic sensing platform. [Ca2+] and insulin 

concentrations were artificially oscillated between 0.25-0.75 mM and 18.75-56.25 mU/L, respectively.  

 

In the multiplexed sensing experiment, insulin and Ca2+ within the designated concentrations 

were co-perfused into the microfluidic chip in a pulsatile manner, for which DMEM was used as 
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the fluidic medium. Since the presence of insulin attenuated the relative change of Ca2+-induced 

fluorescence of Rhod-5N (Figure S9A), the calibration curve was needed for the quantification 

of [Ca2+] in the presence of insulin. As shown in Figure S9B, we found this calibration curve fits 

well with the Hill function (R2 = 0.9983), with the respective k and nh at 0.42 ± 0.11 mM and 

1.52 ± 0.91. As the fitting parameters were obtained from a narrow concentration range of Ca2+, 

the numerical values of k and nh obtained here are only used to quantify Ca2+ and they do not 

have physicochemical implications. To eliminate any photobleaching interference on the 

indicator, an interval of 10 seconds between each cycle of signal acquisition was applied 

throughout all the measurements, where the excitation duration was set at 200 ms. 

 

With regard to the quantification of insulin, one potential concern is the nonspecific binding of 

insulin to the chip. Although the chip channels were pre-treated with a blocking agent, BSA, the 

loss of insulin due to its contact with perfusion surfaces cannot be avoided. To enable retrieving 

the exact concentration of perfused insulin, the loss of insulin as aforementioned must be 

considered, i.e., the measured insulin should undergo a calibration. To obtain the calibration 

factor, the (theoretical) concentration of insulin in the stock solution as prepared was compared 

with the concentration of insulin from the chip outlet. As indicated in Figure S9D, a relatively 

constant loss of 49% was observed from a series of samples containing different concentrations 

of insulin, suggesting that a factor of 49% should be used as a correction factor. It is worth 

noting that all the above experimentally measured insulin concentrations were determined on the 

basis of the standard curve given by the calibrators of the ELISA kit (Figure S9C). 

 

In Figure 5C-D, a continuous dual-sensing of oscillatory [Ca2+] and insulin is demonstrated, with 

the temporal frequency and concentration dynamics approximating their pulsatile patterns in 

vivo.[41] The measured duration and intensity of oscillating [Ca2+] are in line with the theoretical 

prediction of [Ca2+] at the optical window (Figure 5C, Figure S10A & C). These observations 

validate the ability of the microfluidic system to track the dynamic [Ca2+]ex in the range of 0.2-2 

mM at the trapping site. They further indicate the oscillation period of [Ca2+] around 360 s, 

which is in good agreement with the switching frequency of the perfusion set-up. Compared to 

the theoretical timing (vertical grey-dash line), about 50 seconds of the rising edge was observed 

when switching the low concentration of Ca2+ to the high level. This transition time reflects the 

duration between the flow arriving at the first cup and the flow exiting the trapping site (details 



222 

 

in Supporting Information). With regard to determining the insulin concentration, the oscillation 

within 7.5-75 mU/L at the outlet, corresponding to 15-150 mU/L at the trapping site, was 

obtained by using the aforementioned calibration factor (Figure 5D and Figure S10B&D). 

Relative to the theoretical insulin concentration, our measurement represented an accurate 

retrieval with less than a 5% deviation. In terms of the temporal response, insulin signals 

displayed a time delay of around 80 s, which is approximately the perfusion time (75 s) from the 

optical window to the outlet (Figure S11). Overall, this sensing platform is competent to record 

the physiological oscillations and durations of [Ca2+] and insulin and allows for retrieving and 

evaluating the oscillations of target molecules at any position on the chip. However, its extension 

to other specific experiments requires careful evaluation and possible optimisation to suit the 

specific purpose.  

 

8.5 Conclusions  

 
Our work has established a fluorescent sensing method enabling the quantification of [Ca2+]ex 

(0.2-2 mM), based upon a cost-effective and easily accessible indicator, Rhod-5N, that exhibits 

highly predictable fluorescence changes in different concentrations of Ca2+ in biomedical media, 

including human serum and cell culture medium with and without FBS. We have designed and 

fabricated a microfluidic chip that can refine, tune and homogenise the concentrations of 

chemical gradients in the perfusion fluid under physiologically analogous flow rates for the 

generation of a dynamic micro-environment. By integrating the chip with the modalities of LIF 

detection set-up and ELISA, we showed that this microfluidic sensing system can simultaneously 

measure the dynamic changes of both [Ca2+]ex and a hormone (insulin) with a high temporal 

resolution. Compared with the recently developed sensors for [Ca2+]ex [19,22,23,44], our 

microfluidic platform provides a unique opportunity for continuous and multiplexed sensing of 

Ca2+ and hormone in a biomimetic environment, which is critical to evaluate the link between 

[Ca2+]ex and the secretory function of endocrine tissues. However, in addition to the lack of 

automation capacity for sample collection, the present system is shown to detect dynamic insulin 

with a temporal resolution of 3 minutes (because of the minimal volume of the sample required 

for the ELISA). By contrast, capillary electrophoresis immunoassay has attained a 10-second 

temporal resolution at the cost of complicating the experimental setups.[45] The future biological 

applications of this platform may provide valuable insights into the roles of [Ca2+]ex in biological 
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events, and potentially lead to the identification of novel targets for the development of new 

therapies.  
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8.7 Supplementary Information 

 

8.7.1 Chemicals and reagents  

 

Ca2+, Mg2+, K+, and Na+ ions were provided in the form of chlorate salts (Chem-Supply, 

Adelaide, Australia). Other cations, including Fe2+, Cu2+, Zn2+, and Al3+ were provided in the 

form of perchlorate salts (Sigma-Aldrich, St. Louis, USA). Na2HPO4 and KH2PO4 for preparing 

phosphate-buffered saline (PBS) were purchased from Chem-Supply, Australia. All the salts 

were in analytical grade and used without further purification. Calcein (> 93%) was purchased 

from Sigma, Australia. Calcein indicator supplied in powder form was dissolved in a freshly 

prepared solvent for studies as described below.  

 

PBS buffer was prepared by dissolving 4 g NaCl, 0.1 g KCl, 0.71 g Na2HPO4 and 0.12 g 

KH2PO4 in 500 mL DI water.  The pH of PBS was then adjusted to 7.4 under monitoring by a pH 

meter (827 pH Lab Metrohm, Australia). The pH meter was calibrated by standard solutions with 

pH 4, 7 and 9 (Metrohm, Australia) prior to the measurement. A stock solution of 200 mM Ca2+ 

was prepared by dissolving 588.08 mg CaCl2•2H2O (MW = 147.02) into 20 mL DI water. For 

Rhod-5N in DI water, a stock solution of 0.1 mM Rhod-5N (MW = 900.034), prepared by 

dissolving 500 μg Rhod-5N into 5.56 mL DI water, was diluted into 5 μM and 50 μM with DI 

water, respectively. For Rhod-5N in PBS solution, 1mM stock solution was prepared by 

dissolving the same amount of Rhod-5N in 555.6 μL PBS buffer. This stock solution was diluted 

with PBS buffer for target concentrations when in use. 0.5 mM calcein stock solution was 

prepared by dissolving 62.25 mg calcein (MW = 622.53) in 200 mL PBS buffer, which would be 

diluted into 10 μM with PBS buffer for use. Ca2+, Rhod-5N and calcein solutions were used 

without further adjustment on pH. Blue polyethylene (PE) microspheres (ø = 180-212 μm, 

90-100 μm and 210-250µm) for simulating the tissue loading were obtained from Cospheric, 

USA. Fetal bovine serum (FBS) was obtained from Thermo Fisher Scientific, Australia. All 

glassware used during the experiment was thoroughly cleaned in accordance with standard 

cleaning procedures.  
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8.7.2 Fluorescence detection by plate reader (off-chip measurement) 

  

50 μL Ca2+ and 50 μL Rhod-5N solutions were mixed in a 96-well assay plate (black plate, clear 

bottom, Corning, USA), where the Ca2+ samples were diluted into the detection concentration as 

shown in the results. The fluorescence was measured by Synergy H4 Hybrid Multi-Mode 

Microplate Reader (BioTek, USA). With the exposure to 535 nm excitation light, the emission 

spectra from 555 nm to 700 nm of Rhod-5N were obtained. To characterise the 

concentration-dependent fluorescence of calcein, the volume ratio of calcein solution (10 μM) 

versus DI water was set from 1:9 to 9:1 with a total volume of 100 μL. The excitation was 470 

nm and the emission spectra were recorded from 490 nm to 700 nm. 

 

All measurements were carried out at room temperature except for the Ca2+ titration experiment 

which was conducted at 37 °C. The scanning speed was set at 2 nm with the bandpass at 9 nm. 

The gain rate was set as 60% with a read height of 8 mm. Each spectrum here was measured in 

duplicates and triplicates for Rhod-5N and calcein, respectively.  

 

To investigate the photostability of Rhod-5N, the indicator was placed in an ambient 

environment and exposed to light in the lab from 0 (no exposure, aluminium foil blocked) to 7 

days. The fluorescence of Rhod-5N in response to various [Ca2+] was measured in triplicate by a 

plate reader upon the completion of the proposed exposure duration. 

 

8.7.3 Calibration of effective Ca2+ concentration ([Ca2+]e) 

 

Ca2+ is subject to the shielding effect imposed by other ionised species in the ionic solution. The 

effective concentration of Ca2+ ([Ca2+]e) available for binding with the indicator is thus smaller 

than the ionised concentration of Ca2+ ([Ca2+]ic). While the apparent Kd is computed with [Ca2+]ic, 

the effective dissociation constant (Ked) can be extracted if the calibrated [Ca2+]e is used. The 

relationship between [Ca2+]e and [Ca2+]ic  can be given by: 

[𝐶𝑎2+]𝑒 = 𝛾𝑖 × [𝐶𝑎2+]𝑖𝑐  (S1) 

 

where γi  describes the relationship between the effective concentration and the ionised 

concentration of an ion species under a specific condition.  
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For an ionic solution, γi of the specific ion is determined by the ionic strength of the solution and 

the temperature of the environment. γi can be calculated via the Davis formula when I < 0.5 

mol/L [1]: 

log(𝛾𝑖) =  −𝑎 × 𝑧𝑖
2  (

√𝐼

1 +  √𝐼
− 0.3 × 𝐼) 

(S2) 

 

where a is the coefficient constant, zi is the valence of the ion, and I (mol/L) is the ionic strength 

of a solution. The coefficient constant can be determined as: 

𝑎 = 1.82 ×  106  × (𝜀𝑇)−3/2  (S3) 

 

where T is the absolute temperature, and the dielectric constant ε of water at 37 °C is 74.12 [2]. a 

is calculated to be 0.52.  

 

The ionic strength of a solution is expressed as [3]:  

 

𝐼 =  
1

2
 ∑ 𝑐𝑖 𝑧𝑖

2  
(S4) 

 

where ci is the ionised concentration of an ion. Based on the ionic species in the cell culture 

medium (for Ca2+) and in PBS (for Rhod-5N) as listed in Table S2, the background ionic 

strength was determined at 167.22 mM.  

 

According to Equation (S1-4), the addition of Ca2+ during the titration experiment could vary the 

[Ca2+]e, as shown in Figure S3A. By plotting the fluorescence intensity of Rhod-5N against 

[Ca2+]e (Figure S3B), the effective dissociation constant (Ked) was computed as 1.31 ± 0.20 mM, 

with nh at 0.88 ± 0.041 (R2 = 0.9996). 

 

8.7.4 Surface characterisations of the microfluidic chip 

 

An optical microscope (Olympus BX51, Olympus, Japan) was used to examine the microfluidic 

channels (Figure S5A-F). An optical profiler Contour GT-I (Bruker, Germany) was used to 

examine the dimensions of the chip (Figure S5G-H), where the VSI mode was selected, 5× and 

0.55 were applied on the objective and multiplier, respectively. Three PDMS chip replicas were 
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measured, and the averaged values of the measurements were used to compare with the chip 

design to determine the accuracy of the fabrication procedure. 

 

As shown in Table S3, the dimensions of the PDMS chip, in general, undergo shrinkage in 

comparison to the values set in the design. There are two factors contributing to the shrinkage. 

Firstly, the PDMS was poured into the mould to form the structure, thus the dimension of the 

resultant PDMS chip was smaller than the mould. Secondly, since the curing process was 

performed in the mould with incubation at 70 °C, the PDMS would shrink when cooling down to 

room temperature (thermal expansion coefficient of PDMS: 300×10-6 /°C) [4]. Table S3 shows 

that the PDMS chips bear with different errors for different dimensions, typically <10% for the 

width and height of the main channel, and the opening and base of the tissue array, whereas ~25% 

for finer structures, such as the walls and cross-channel sections of the tissue cups.  

 

Perfusion set-up and pre-preparations. A microfluidic perfusion system was set up to investigate 

the fluid dynamics in the microfluidic chip as depicted in Figure S1. The perfusion system was 

controlled by a microfluidic pump syringe driver (NanoJet Stereotaxic Syringe Pump, Chemyx, 

USA). The designated solutions were perfused from 500 μl glass syringes (SGE, Trajan, USA) to 

the connected fluorinated ethylene propylene (FEP) tubing (1/16’' OD× .010’’, IDEX, USA) and 

the inlets of the chip in downstream. The FEP tubing was connected to the syringe via a 10-32 

female and male lure adapter (IDEX, USA). The effluent from the chip was collected for insulin 

measurement via ELISA kit.   

 

Prior to perfusions, the microfluidic chip and glass syringes were filled with 70% ethanol to 

prevent the entrapment of bubbles, followed by 3 times rinses with DI water. For insulin 

detection experiment, an additional treatment with 3% bovine serum albumin (BSA) for 15 

minutes was performed prior to the experiments to reduce the non-specific adsorption of protein 

onto PDMS. DI water, ethanol and 3% BSA were processed by syringe filter (pore size 0.45 μm, 

Minisart, Germany) before the perfusion.  

 

8.7.5 On-chip imaging and fluorescence detection  

 

The perfusion of food colouring was observed by Nikon SMZ25 Stereo microscope. To obtain a 

broad view of the channels, magnification, zoom factor and objective were 0.5×, 1.0× and 0.5×, 
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respectively, with an exposure time of 250 ms. For a close-up view of the trapping site, the 

parameters were adjusted to 1.5×, 3.0× and 0.5× with an exposure time of 400 ms. 

 

The on-chip fluorescence was measured by an in-house built portable fluorescence detection 

system as shown in Figure S1B-D. The 532 nm excitation light from Match Box laser generator 

(Integrated Optics, Lithuania) was delivered into a bifurcated fibre (FG200UEA, THORLABS, 

USA). The output laser beam from the fibre, after coupling with an optical objective, was 

focused onto the optical window of the chip (Figure S1C). The fluorescence was collected and 

delivered by the adjacent branch of the fibre to QEPro spectrometer (Ocean Optics, UK). Note 

that each sample was recorded with 5 repeated spectral measurements. A 532 nm long-pass filter 

(THORLABS, USA) was placed in front of the spectrometer to remove the interference from the 

scattered excitation light. To prevent the errors from the stage vibration, the microfluidic chip 

attached on a glass slide was tightly mounted on an aluminium slide holder (Figure S1D). The 

position of the chip was precisely controlled by a micro-stepper (LST-15FC60-40R-XYZ, 

Lambda Scientific) in a stepwise manner.  

 

The imaging of calcein was completed by Nikon Ti-E inverted fluorescence microscope. The 

exposure time was set as 400 ms with the gain rate at level 1. The acquired fluorescence images 

were analysed by image processing software, Fiji. With the software, the fluorescence was 

measured by drawing a 23×23 Region of Interest (ROI) within the trapping site and reading the 

fluorescence intensity of the ROI. 

 

8.7.6 Analysis of diffusion and flow rate in the channel  

 

The diffusion of molecules in a microfluidic channel, i.e. the travelling distance (𝑑) of molecules 

over a certain period of time (𝑡), can be described as: 

𝑑2 = 2 • 𝐷 • 𝑡  (S5) 

 

where 𝐷 is the diffusion coefficient of the molecules and 𝑡 is the travelling time. According to 

the Stokes-Einstein equation, 𝐷 can be calculated by: 

𝐷 =   
𝑘𝑏 𝑇

6𝜋𝑟𝜇
 

(S6) 
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where 𝑘𝑏  is the Boltzmann constant, 𝑇 is the absolute temperature and 𝑟 is the hydrodynamic 

radius. The mixing time (𝜏) required for achieving a homogeneous distribution of the molecules 

can be expressed as [5]:   

𝜏 ~  
𝑤2

𝐷
 

(S7) 

 

Assuming two laminar flows are carried with velocity (𝑣): 

𝑣 =  
𝑄

𝑤ℎ
 

(S8) 

 

where 𝑄  is the volumetric flow rate. As such, the product of Equation (S7-8) leads to the 

minimum length (𝐿) that is required for complete mixing of two solutions, which can be written 

as: 

𝐿 =  
𝑄𝑤

ℎ𝐷
 

(S9) 

 

For a given channel length for fluid travelling, the maximum volumetric flow rate to ensure the 

thorough mixing of flows in a channel is calculated as: 

𝑄 =  
𝐿ℎ𝐷

𝑤
 

(S10) 

 

8.7.7 Preparation and loading of Polyethylene (PE) microspheres suspension  

 

Blue PE microspheres (ø = 180-212 μm and 90-100 μm) were used as an analogous object of the 

loading of tissue into the microfluidic channels. The preparation of microsphere suspension 

followed the protocol by the manufacturer. Briefly, 30 mg PE microspheres were dispersed in 1 

mL 0.1% Tween 80 (Sigma, USA) to prepare a 30 mg/mL stock suspension. Prior to the loading, 

the stock suspension was diluted into 0.1 mg/mL with 0.1% Tween 80 and inlet 2 and inlet 3 

were blocked by inserting a long tube around 10 cm. The microfluidic chip was preconditioned 

by perfusing ethanol, followed by DI water. After that, a 1 mL pipette tip was inserted into inlet 

1 and a 5 cm tubing was inserted into the outlet, followed by loading the microsphere suspension 

via inlet 1. By plugging off the tubing from the outlet, the microsphere suspension commenced 

to perfusion into the channel and underwent subsequent trapping at the U-shape cups. 
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8.7.8 Calibration curve of Ca2+-induced fluorescence of Rhod-5N (on-chip)  

 

Since Ca2+-induced fluorescence of Rhod-5N in the microfluidic chip is likely to deviate from 

that measured in a microplate, we conducted an on-chip-based standard calibration curve of the 

fluorescence intensity of the indicator as a function of [Ca2+] to improve the sensing accuracy. 

 

As shown in Table S4, with a total flow rate of 4 μL/min, Ca2+-free DMEM and DMEM 

containing 4 mM Ca2+ were delivered into the microfluidic chip via inlet 1 and inlet 2 at varying 

flow rate ratios to generate serial concentrations of Ca2+. Meanwhile, Rhod-5N (100 μM in PBS, 

pH 7.4) was loaded into the channels (inlet 3) at a constant flow rate of 4 μL/min; the optimal 

concentration of 50μM Rhod-5N was obtained after mixing with the perfused flow from inlets 

1&2. In response to varying Ca2+ concentrations, the variations of fluorescence intensity at 580 

nm (emission peak of Rhod-5N) were recorded.  

 

Each measurement was repeated three times with an interval of 30 seconds. When adjusting the 

flow rate for a different [Ca2+], the fluorescence was recorded only after stable signals were 

observed.  

 

8.7.9 Temporal characterisation of the on-chip perfusion  

 

For any selected flow rate, the fluid travelling from the inlet, via optical window to the outlet 

undergoes a time difference. To obtain a corrected temporal readout, the volume of each section 

of the channel and the corresponding time duration were listed in Table S5 and Figure S9. In 

short, when tuning the ratio of the flow rate at the inlets to obtain oscillating [Ca2+], a time delay 

of ~130 seconds (t1 + t2 + t3) takes place for such a change at the optical window. When the 

perfusion flow arrives at the trapping site, a substantial portion flows through the U-shape cups 

and it would travel a shorter distance before reaching the optical window compared with the flow 

passing the main channel. Consequently, the early arrival of this portion of flow at the optical 

window initiates the change in Ca2+-induced fluorescence around 10 seconds earlier than the 

calculation, i.e. 10-second reduction in t2. In addition, the transition periods between the two 

concentrations reflect the time from the flow arrives at the 1st U-shape cup to completely refresh 

the trapping site. For the dual-sensing of Ca2+-induced fluorescence and insulin concentration, a 
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time delay of ~75 seconds (t4) can be predicted due to the distance between the optical window 

and sample tube. 

 

8.7.10 Measurement of Ca2+-induced fluorescence of Rhod-5N in serum or cell culture 

medium with FBS  

 

To investigate the fluorescent response of Rhod-5N to serum Ca2+, a human serum sample was 

used (obtained from our current Biobank with approval from the Central Adelaide Local Health 

Network Human Research Committee). The concentrations of ionised Ca2+ (1.21 mM) and total 

Ca2+ (2.64 mM) were examined by the test for Blood Biochemistry at SA Pathology, Australia. 

To clarify the impact of serum protein on the sensing performance, 600 μL serum was filtered by 

a centrifugal filter with a pore size of 3kDa (around 380 μL filtered serum was collected). Both 

the filtered and unfiltered serum samples were either 5 times diluted with pH 7.4 PBS buffer or 

supplemented with 200 mM Ca2+ stock solution to adjust [Ca2+] from hypocalcemia to 

hypercalcemia (up to 3.2 mM Ca2+ in our test).  

 

To prepare different concentrations of Ca2+ in the cell culture media, the stock solution of Ca2+ 

was added into DMEM with or without FBS, where the mixture of DMEM with 10% FBS was 

obtained by adding 1 mL FBS to 9 mL Ca2+-free DMEM.  
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Figure S1. Schematic and experimental set-up of the multiplexing microfluidic platform for Ca2+ and 

insulin sensing. (A) Schematic of the microfluidic perfusion system incorporated with a fluorescence 

detection system and ELISA kit. (B) Major optical components include a matchbox laser, 532 nm 

long-pass filter, an automatic shutter and a spectrometer. (C) The glass slide fixed in an aluminium slide 

holder was placed onto the position adjuster. (D) Schematic of the slide holder for mounting the glass 

slide. 
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Figure S2. Fluorometric characterisations of Rhod-5N for different [Ca2+] under various conditions. (A) 

Emission spectra of 25 µM Rhod-5N (DI water) in response to 1 mM Ca2+ (DI water) and in the absence 

of Ca2+. (B) Fluorescence intensities of 25 µM Rhod-5N in DI water and PBS as a function of 0-2 mM 

Ca2+, respectively. (C) Ca2+-induced fluorescence of 2.5 µM and 25 µM Rhod-5N in DI water. (D) 

Emission spectra of 50 µM Rhod-5N (PBS, pH7.4) in response to increasing concentration of Ca2+ 

(ions-supplied solution). (E) Fluorescence intensity of 50 µM Rhod-5N (PBS, pH7.4) in response to 

increasing concentration of Ca2+ (ions-supplied solution). (F) Relative fluorescence intensity of 50 µM 

Rhod-5N (PBS, pH7.4) to Ca2+ in DI water (red) and in ions-supplied solution (blue). F0 and F were the 

fluorescence of the indicator in the absence and presence of Ca2+, respectively. (λex = 535 nm, λem = 580 

nm) 
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Figure S3. Calibrations of Ked and investigation of photostability of Rhod-5N. (A) Comparison of ionised 

Ca2+ concentration ([Ca2+]ic) and effective Ca2+ concentration ([Ca2+]e) in different ionic strengths. (B) 

Fitting of [Ca2+]e (solid dots) via Hill’s function. The effective dissociation constant (Ked) was determined 

as 1.31 ± 0.20 mM with nh of 0.88 ± 0.041 (R2 = 0.9996). (C) Ca2+-induced fluorescence of Rhod-5N with 

the exposure to ambient light from 0-7 days. 
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Figure S4. The layout and dimension of the microfluidic chip design (unit: µm). (A) Overall layout of the 

microfluidic chip, which consisted of three inlets, two sections of serpentine channels, a tissue trapping 

site consisting of ten U-shape cups embedded in the first serpentine channel, an optical window and an 

outlet. (B-D) Detailed dimensions of the chip structure. 

 

 
Figure S5. The microfluidic chip imaged by an optical microscope and optical profiler, respectively. (A-F) 

Zoom-in view of the respective microscale parts of the chip under an optical microscope. The 

well-defined structures are highly consistent with the chip design. (G-H) Illustrative 3D images of the 

chip by optical profiler, suggesting the good surface properties of the fabricated PDMS device. 
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Figure S6. PE microspheres trapping in the microfluidic chip (ø = 180-210 μm). (A) Velocity mapping in 

the microfluidic channels with particles occupying the first five cups. The inset shows a detailed view of 

the occupied cups and the following empty cups. (B-D) Continuous loading of microspheres under 

hydrodynamic force. (E)  Completion of the particle trapping, where all the cups were occupied by a 

single particle. 

  

  
Figure S7. PE microspheres loading in the microfluidic chip (ø = 90-100 μm). (A) The first few particles 

distributed in the cups in a relatively even manner. (B-D) Microspheres were stacked within each cup 

during the continuous loading.  
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Figure S8. Measuring Ca2+-induced fluorescence of Rhod-5N in different media. (A) Fluorescence 

intensity of Rhod-5N as a function of [Ca2+] in filtered and unfiltered serum samples; (B) Fluorescence 

intensity of Rhod-5N as a function of [Ca2+] in a cell culture medium DMEM with and without 10% FBS. 

 

 
Figure S9. Calibration curves for Ca2+-insulin dual-sensing. (A) Comparison of relative enhancement of 

Ca2+-induced fluorescence of Rhod-5N in the absence and presence of insulin, where F is the fluorescence 

of Rhod-5N with the addition of the specific concentration of Ca2+ and F0 is the fluorescence of Rhod-5N 

without any Ca2+ (on-chip measurement). Error bars indicate the standard deviation of triplicate 

measurements. (B) Calibration curve of Ca2+-induced fluorescence as a function of [Ca2+] (on-chip 

measurement). Error bars indicate the standard deviation of triplicate measurements. (C) Standard curve 

for insulin quantification, obtained by measuring the OD of the calibrators of the ELISA kit (a 96-well 

microplate measurement). (D) Determination of insulin concentrations of the samples as named in the 

legend. The systematic loss was calculated by: (theoretical concentration – experimental 

concentration)/theoretical concentration. (A-B: λex = 535 nm, λem = 580 nm; C-D: λex = 450 nm) 
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Figure S10. Simultaneous sensing of oscillatory Ca2+ and insulin with different concentrations. (A-B) 

Ca2+ and insulin oscillate between 0.1-0.5 mM and 7.5-37.5 mU/L, respectively; (C-D) Ca2+ and insulin 

oscillate between 0.5-1.0 mM and 37.5-75mU/L, respectively.  
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Figure S11. The perfusion setting for the on-chip Ca2+ detections. Briefly, two DMEM media containing 

varying concentrations of Ca2+ were pumped into the channel via inlet 1 and inlet 2. While the total flow 

rate of inlet 1 and inlet 2 were constant, the ratio of the flow rate at inlet 1 to inlet 2 was altered to obtain 

serial concentrations of Ca2+ in the channel. The Rhod-5N solution was pumped into the channel at inlet 3 

at the same flow rate as the total flow rate of inlet 1 and inlet 2. The time intervals of fluid travelling are 

indicated for different sections of the channel.  

 
Detection a | To establish the on-chip Ca2+-induced fluorescence curve (without protein), Ca2+-free 

DMEM and DMEM containing 4 mM Ca2+ were delivered into the channel via inlet 1 and inlet 2, 

respectively;  

 
Detection b | To examine the dual-sensing capability of the microfluidic system, Ca2+-free DMEM and 

DMEM containing 2 mM Ca2+ and 150 mU/L insulin were delivered into the channel via inlet 1 and inlet 

2, respectively.  
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Table S1. Flow rate settings and corresponding concentrations of Ca2+ and insulin at the optical 

window 
[Ca2+]B 

(mM) 

[Ca2+]D 

(mM) 

Insulin 

(mU/L) 

Flow Rate (μL/min) RI 

Inlet 1 Inlet 2 Inlet 3 Outlet 

0.2 0.1 7.5 4.5 0.5 5 10 9 : 1 

0.5 0.25 18.75 3.75 1.25 5 10 3 : 1 

1 0.5 37.5 2.5 2.5 5 10 1 : 1 

1.5 0.75 56.25 1.25 3.75 5 10 1 : 3 

2.0 1.0 75 0 5 5 10 0 : 5 

 

Table S2. The concentrations of the ionic components in the sensing environment 
Components Concentration (mM) 

MgSO4 0.407 

KCl 4.017 

NaH2PO4 0.4528 

Na2HPO4 5.0 

NaCl 123.2 

NaHCO3 22.02 

KH2PO4 0.9 

 

Table S3. Comparison of the dimensions of the design and fabricated device  
 

Structure 

Main channel (µm) U-shape cups (µm) 

Width Height Opening Wall Cross 

channel 

Base Body 

Design 300 250 250 50 45 255 315 

Chip 289 ± 2 236 ± 7.9 235.8 ± 3.6 37.5 ± 2 55.6 ± 2.1 226.2 ± 2.1 285.4 ± 2.1 

Error (%) 3.7 5.6 5.68 25 23.56 9.3 9.4 

 

Table S4. Flow rate setting and the corresponding concentration of Ca2+ 
[Ca2+]T 

(mM) 

[Ca2+]D 

(mM) 

Flow Rate (μL/min) RI 

Inlet 1 Inlet 2 Inlet 3 Outlet 

0 0 4 0 4 8 4 : 0 

0.5 0.25 3.5 0.5 4 8 7 : 1 

1.0 0.5 3 1 4 8 3 : 1 

1.5 0.75 2.5 1.5 4 8 5 : 3 

2.0 1 2 2 4 8 1 : 1 

 

Table S5. The channel volume of different sections of the chip and the corresponding travelling 

time of the perfusion medium 
Channel Section V (μL) Q (μL/min) t (s) 

1. inlet – trapping site 4.9 5 59 

2. trapping site – 2nd joint 3.93 5 47 

3. 2nd joint – optical window 4.3 10 26 

4. optical window – tube  12.3 10 75 

* Section 4 includes the travel distance via a 25cm long tubing with an internal radius of 125 μm. 
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CHAPTER 9: CONCLUSIONS AND 

PERSPECTIVES 

 

The studies included in this thesis have yielded novel insights into the regulation of intestinal and 

pancreatic hormone secretion, including the role of sex, gastric emptying (GE), liver function 

and bitter taste signalling, and led the establishment of two microfluidic ‘organ-on-a-chip’ 

platforms for investigation of the secretory function of primary intestinal tissues and pancreatic 

islets.  

 

The secretion and action of both intestinal and pancreatic hormones are key to the maintenance 

of glucose homeostasis, particularly after meals. Men are known to be at greater risk of 

developing type 2 diabetes (T2D) than women. There is recent preclinical evidence suggesting 

that sex is a major determinant of intestinal hormone secretion, which may account for the sex-

driven disparity in T2D risk. In the study reported in Chapter 3, we found that the GLP-1 

response to intraduodenal glucose infusion at rates within the physiological range (2 and 3 

kcal/min) was substantially greater in healthy women than in age- and BMI-matched men, 

although no difference in GIP secretion or blood glucose was observed between the two groups. 

The lack of difference in glycaemia in this study is probably due to the inclusion of healthy 

young volunteers in the study with intact compensatory extra-gastrointestinal mechanisms of 

glucose disposal. Further studies are warranted to investigate the mechanisms responsible for the 

disparity in the GLP-1 response to small intestinal glucose between healthy men and women and 

the sex-related pathogenesis of dysglycaemia. 
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Counter-regulation of pancreatic hormones (insulin and glucagon) governs both hepatic glucose 

production and disposal. Altered liver function, as reflected by increased circulating liver 

enzyme levels, has been appreciated as a key determinant of hepatic insulin sensitivity and future 

risk of T2D. However, the relationships of metabolic derangements, including insulin resistance 

and hyperglucagonaemia, with the liver enzyme profile in individuals with T2D had not been 

well characterised. The study reported in Chapter 4 showed that circulating insulin, C-peptide 

and glucagon concentrations, both fasting and after oral glucose, correlated closely with serum 

liver enzymes, particularly ALT, in individuals with T2D relatively well-controlled by diet 

and/or metformin. That ALT is predictive of exaggerated insulin and glucagon concentrations 

during fasting and after an oral glucose load or a mixed meal, in the absence of differences in 

blood glucose, corroborates its potential as an ‘early’ biomarker for diabetogenic changes in 

insulin and glucagon secretion (and action) in T2D.  

 

As discussed above, patients with T2D often display an exaggerated glucagon response to meals, 

in addition to insulin resistance. It is noteworthy that postprandial glucagon secretion can be 

directly stimulated by amino acids and long-chain fatty acids following their absorption. Our 

group has recently shown that T2D patients with few complications, regardless of glycaemic 

control, frequently exhibit abnormally rapid GE, which may contribute to post-absorptive 

stimulation of glucagon secretion. The study reported in Chapter 5 showed, in a cohort of T2D 

patients with relatively good glycaemic control, that the ‘early’ postprandial phase of the 

glucagon response (0-30 minutes) to a standardised mixed meal was related inversely to the 

gastric half-emptying time (T50) (i.e., related directly to the rate of GE) and was predictive of 

the increase in blood glucose over this period. These observations suggest that the exaggerated 

early postprandial glucagon response is accounted for, at least in part, by accelerated GE in 
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well-controlled T2D, which supports the concept of using therapies that slow GE to reduce 

postprandial hyperglucagonaemia and hyperglycaemia in T2D. 

 

Dietary and pharmacological interventions that have the capacity to modulate intestinal and 

pancreatic hormone secretion directly represent a logical and attractive strategy to restore 

metabolic balance. Of emerging interest are the discoveries of a range of bitter taste receptors 

(BTRs) expressed on enteroendocrine cells along the gut and their coupling with intestinal 

hormone release. Although a range of bitter substances has been shown to stimulate intestinal 

hormone release, including GLP-1, to suppress appetite and lower blood glucose concentrations 

in rodents and humans, the effect of bitter substances on the function of extra-gastrointestinal 

tissues was poorly defined. Observations made in Chapter 6 showed that a bitter substance, 

denatonium benzoate (DB), was able to drive insulin secretion from rodent pancreatic β-cells, an 

effect mediated in part by the closure of KATP channels and the activation of BTRs, and that 

DB-evoked insulin secretion from isolated pancreatic islets also involved a paracrine action of 

intra-islet GLP-1 signalling. This work attests to the complex interaction of bitter substances 

with endocrine tissues beyond the gut, and calls for attention to the potential off-target effects of 

any bitter tasting medication that has systemic exposure.  

 

Investigation of intestinal and pancreatic hormone secretion has been reliant on measurements of 

hormone levels from blood samples or supernatants of tissues under well-based static incubation. 

These conventional methodologies are both demanding and limited by the lack of capacity to 

characterise the dynamic secretory activity in response to stimulation. There is an increasing 

demand for innovative platforms to investigate the secretory function of endocrine tissues. 

Chapters 7 and 8 reported two microfluidic ‘organ-on-a-chip’ platforms that are suitable for 
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studying hormone secretion from primary intestinal mucosa and isolated islets. The gut-on-a-

chip (GOC) device described in Chapter 7 enabled the delivery of luminal stimulation with 

monitoring of GLP-1 secretion on the serosal side with high temporal resolution (one assay every 

2 minutes). The tissue viability on the chip was maintained for over 90 minutes, allowing 

multiple cycles of ‘on’ and ‘off’ stimulation. The multiplexed microfluidic platform devised in 

Chapter 8 is capable of trapping microscale subjects (surrogates for pancreatic islets) in a 

biomimetic perfusion system, allowing simultaneous quantification of insulin concentration 

(15-150 mU/L) and Ca2+ (0.2-2 mM), an important regulator of insulin secretion that is 

co-released with insulin) from the effluents, via ELISA and light-induced fluorescence sensing 

respectively, with high temporal resolutions.  

 

In summary, the studies outlined in this thesis utilised a combination of clinical and preclinical 

models to deepen the understanding of mechanisms involved in the regulation of intestinal and 

pancreatic hormone secretion in health and T2D. The ‘organ-on-a-chip’ platforms developed in 

this thesis will enable future mechanistic studies in relation to the regulation of intestinal and 

pancreatic hormone secretion, and high throughput screening of novel therapeutic compounds for 

the management of T2D. 

   

 




