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H I G H L I G H T S

• A clinically effective bioimaging probe: it should target both human beta cell mass and function.• Probes for imaging beta cells: it can be broadly categorised into holding-oriented or gate-oriented probes.• Needs to develop more probes:for imaging human beta cell function.
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A B S T R A C T

Beta cells assume a fundamental role in maintaining blood glucose homeostasis through the secretion of insulin,
which is contingent on both beta cell mass and function, in response to elevated blood glucose levels or se-
cretagogues. For this reason, evaluating beta cell mass and function, as well as scrutinizing how they change over
time in a diabetic state, are essential prerequisites in elucidating diabetes pathophysiology. Current clinical
methods to measure human beta cell mass and/or function are largely lacking, indirect and sub-optimal,
highlighting the continued need for noninvasive in vivo beta cell imaging technologies such as optical imaging
techniques. While numerous probes have been developed and evaluated for their specificity to beta cells, most of
them are more suited to visualize beta cell mass rather than function. In this review, we highlight the distinction
between beta cell mass and function, and the importance of developing more probes to measure beta cell
function. Additionally, we also explore various existing probes that can be employed to measure beta cell mass
and function in vivo, as well as the caveats in probe development for in vivo beta cell imaging.

1. Introduction

Pancreatic beta cells play an essential role in maintaining blood
glucose homeostasis by secreting insulin in response to an increase in
blood glucose levels or secretagogues. The insulin released stimulates
glucose uptake in cells of the peripheral organs such as myocytes and
adipocytes, which consequently leads to a regulated reduction in cir-
culating blood glucose levels [1]. Understandably, a failure to properly
secrete sufficient insulin is likely to culminate in the dysregulation of
blood glucose level, prolonged hyperglycemia and ultimately, diabetes.

This usually manifests in the development of various diabetic compli-
cations including cardiovascular diseases, nephropathy, retinopathy,
neuropathy, pregnancy complications and even death.
The ability of pancreatic beta cells to secrete insulin is ultimately

dependent on both the beta cell mass and function. Hence, studying
changes in beta cell mass and function during disease progression is
critical to shed light on the contribution of these two factors towards
the pathogenesis of diabetes. In vivo imaging of beta cells is a potential
technique that has been explored to examine the changes in beta cell
mass and/or function noninvasively in real time. However, to
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accurately determine these changes, it is necessary to develop reliable
bioimaging probes that exclusively target the beta cells. Over the years,
many groups have proposed several biomarkers that are specific to beta
cells and have developed tracers to the respective targets [2,3]. How-
ever, many of these tracers only target the beta cell mass and there are
very few existing tracers that enable the evaluation of beta cell func-
tion. This is an issue that needs to be addressed as beta cell mass may
not necessarily correlate with beta cell function. Therefore, probes that
solely target beta cell mass may not necessarily be clinically effective as
a diagnostic tool for all types of diabetes.
In this review, we present the importance of imaging both the beta

cell mass and function in vivo, the requirements for in vivo beta cell
imaging and the current probes available to target beta cell mass and
function. We also scrutinize several key considerations in the devel-
opment of probes for noninvasive, in vivo imaging of beta cell mass and
function.

2. How alterations in beta cell mass and function contribute to
diabetes

The islets of Langerhans are a region of the pancreas responsible for
some of the endocrine activities of the body (Fig. 1a). It comprises five
different endocrine cell types, each secreting a different hormone
(Fig. 1b). The proportion and physical distribution pattern of the dif-
ferent cell types is species-dependent [4]. In human islets, the different
cell types are more randomly distributed and the percentage composi-
tion of the different cell types is as follows: ∼50 % beta cells, 40 %
alpha cells and 10 % delta, pancreatic polypeptide (PP) and epsilon
cells [4,5]. On the other hand, rodent islets have a central core of ∼80
% beta cells, encircled by ∼10-15 % alpha cells and,< 10 % delta, PP
and epsilon cells on the islet perimeter [4,5].
The function of beta cells is to produce and secrete insulin, a hor-

mone that regulates blood glucose homeostasis. The total amount of
insulin secreted by the pancreas is generally determined by two factors:
beta cell mass and beta cell function [6]. Beta cell mass refers to the
total number of beta cells in the pancreas (number of cells expressed as

mass) while beta cell function refers to the ability of individual beta
cells to secrete a defined amount of insulin upon nutrient stimulation.
Although these two factors play a central role in the development of
diabetes (Fig. 1c) [6], it is important to note that beta cell mass does not
necessarily correlate with beta cell function (Fig. 1c). In the following
sub-sections, we will discuss the changes in beta cell mass and function
in the context of Type 1 and Type 2 diabetes.

2.1. Type 1 diabetes

Type 1 diabetes (T1D) is a chronic autoimmune disorder whereby
the beta cells are destroyed by the T cells, resulting in the near-absence
of functional beta cells [7] and eventually, hyperglycaemia [8]. Al-
though hyperglycaemia occurs due to a reduction in both beta cell mass
and function, the extent to which each factor contributes to the de-
velopment of hyperglycaemia often differ among individuals.
During the asymptomatic pre-diabetic phase, there is a progressive

loss of the first phase insulin response [9–11] while the beta cell mass
remains largely unchanged [6,12]. This suggests that the deficit in the
first phase insulin response is largely due to a gradual decline in beta
cell function. A significant diminution in beta cell mass due to apoptosis
[13] then follows during the late pre-diabetic phase, prior to clinical
onset [6]. This is coupled with a further decrease in the first phase
insulin release, possibly due to the synergistic decrease in both beta cell
mass and function (Fig. 1c).
By clinical onset, it is assumed that patients with T1D would have

lost ∼70-90 % of their beta cell mass [6] and the extent of the decline
in the beta cell mass and function is influenced by a variety of factors
such as the age of onset [14–16]. Although the remaining beta cells
show signs of dysfunction, which include degranulation and beta cell
exhaustion, the expression of beta cell-specific markers such as Glucose
Transporter 2 (GLUT2) still persists [17]. This suggests that the pre-
sence of beta cell-specific markers that are commonly associated with
beta cell mass may not precisely reflect and correlate well with beta cell
function.

Fig. 1. Illustration of islets of Langerhans in the pancreas and the changes in beta cell mass and/or function during the progression of diabetes. (a) Gross
morphology of the pancreas. (b) The composition of different cell types present in a human islet. (c) Changes in beta cell mass and/or function when there is no
apparent diabetes or during early and late phases of T1D or T2D.
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2.2. Type 2 diabetes

Type 2 diabetes (T2D) is a metabolic disorder resulting from both
insulin resistance and beta cell dysfunction. The development of T2D is
also associated with changes in the beta cell mass and function. In the
early (pre-diabetic) stages of T2D, compensatory mechanisms are em-
ployed whereby both the beta cell mass [18–21] and function [22–24]
may increase to meet the elevated insulin demand brought about by
insulin resistance [6,25]. Over time, the beta cell mass will stay con-
stant while beta cell function declines due to “exhaustion”. When
compensatory mechanisms fail and the beta cells are unable to cope
with the heavy insulin demand, hyperglycaemia sets in, inevitably
giving rise to overt T2D (Fig. 1c).
In late-stage T2D, diabetic individuals exhibit a significant decrease

in beta cell mass due to apoptosis (Fig. 1c) [19,26]. Human T2D islets
have been observed to be smaller in size and lesser total yield from the
pancreas as compared to non-diabetic islets, confirming the reduction
in beta cell mass observed in T2D individuals [27]. However, normal 24
h glucose profiles can be observed in individuals who have undergone
hemipancreatectomy whereby 50 % of the pancreas is removed [28],
indicating that a decrease in beta cell mass is insufficient to result in
overt diabetes. A reduction in insulin secretion among patients with
T2D can also be observed, indicating beta cell dysfunction [29]. Beta
cell dysfunction is thought to play a larger role in the onset of T2D as
the decrease in insulin secretion is greater (50–97 % decrease) as
compared to the decrease in beta cell mass (24–65 % decrease) [6].
Together, these data indicate that beta cell dysfunction triggers the
onset of T2D and the severity of T2D is then compounded by a decline
in beta cell mass over time.

3. Existing challenges of in vivo imaging of beta cell mass and
function

Much of our knowledge regarding beta cell mass and function in
diabetes is derived from mouse models [6]. However, with the in-
creasing number of studies that reported architectural, molecular and
functional differences between human and rodent beta cells, there is a
need to study beta cell mass and function in humans for clinical
translational purposes. Unfortunately, current methods available to
study beta cell mass and function in humans remain insufficient.
Functional clinical tests that are commonly used to diagnose diabetes in
humans (e.g. blood glucose, insulin/C-peptide, HbA1c measurements or
oral glucose testing) are unable to accurately determine beta cell
function at the individual islet or beta cell level. As diagnostic tools,
they are only capable of providing a gross but incomplete information
on the collective function of the total beta cell population in the human
body at one point in time [30].
In addition, these methods are also unable to provide insights into

the underlying pathophysiological processes such as the progressive
loss of beta cell mass over time. The study of beta cell mass now relies
on pancreatic specimens from biopsies and autopsies of diabetic pa-
tients. Although this is the gold standard for measuring beta cell mass, it
poses three main limitations. Firstly, these human tissue samples are
difficult to obtain due to the invasive nature of the biopsy. Secondly, as
the fixation of the pancreas sections would have killed the cells, these
sections only provide a single time point evaluation of beta cell mass
[31]. Lastly, as the biopsies are usually obtained post-mortem, mea-
surement of beta cell mass would have limited benefits for the now-
deceased patients. Rather, the ability to measure beta cell mass in a
living patient would provide greater merits for clinical and diagnostic
purposes.
As we are unable to study concurrent changes in beta cell mass and

function during diabetes progression using the aforementioned
methods, the development of technologies like probes for noninvasive
in vivo visualization to monitor changes in beta cell mass and function
over time is expected to give us important insights regarding the

development and course of the disease. Most significantly, it enables the
appropriate clinical intervention based on the real-time progression of
the disease – precision medicine efforts in diabetes. Furthermore, such
probes can also be used to monitor the effectiveness of new therapeutic
approaches, such as islet transplantations [32].

4. Requirements of targets and probes for effective in vivo beta cell
imaging

Beta cells constitute less than 2 % of the cells in a healthy pancreas
[33] and this percentage is expected to decrease in a diabetic pancreas.
With such a paltry amount of beta cells compared to other pancreatic
cell types, bioimaging probes should exhibit binding only to beta cells,
but not to other endocrine or exocrine cells in order to achieve a de-
cently high signal-to-noise ratio [6,30,33]. A 1000-fold greater labeling
specificity for beta cells as opposed to exocrine cells was proposed by
Sweet et al. [34] to be the standard. A highly specific tracer would
allow us to accurately quantify the beta cell mass as the amount of
tracers binding would be proportional to the extant beta cell mass in the
pancreas [30]. As such, the probe developed should bind specifically to
a target or marker found exclusively on the beta cells so that a more
accurate measurement of the beta cell status can be obtained. Ad-
ditionally, it is also crucial that the probe itself does not alter the beta
cell mass or function so that the result obtained is a true representation
of an individual’s beta cell status.
The effectiveness of a probe is also dependent on its circulation time

which is influenced by its route of excretion [30]. As large probes tend
to have increased circulation time as compared to smaller probes, a
stable probe is required to ensure that it reaches the target before the
probe is degraded [30,35]. An alternate solution is to choose probes
that can be internalized into the beta cells as compared to probes that
merely bind to the surface of the beta cell. This allows the probe to be
trapped inside the beta cells and could also provide clear images of
individual beta cells with low background.
There is a risk in having unbound tracers, which are retained and

trapped in the nearby extracellular spaces, eliciting irrelevant signals
that may overwhelm the true signals [34]. Hence, properties such as the
extent of hydrophobicity of the probe need to be taken into con-
sideration. Hydrophilic molecules are generally excreted in the kidneys,
whereas hydrophobic molecules are excreted in the liver. For this
reason, probes with hydrophilic properties are largely preferred as
hydrophobic probes may accumulate in the liver and intestine, resulting
in high background noise [30,36].
Some amount of tissue and cellular inflammation always occur in

diabetes. Thus, in order to be able to accurately image a diseased
pancreas in vivo, it important that the probe remains unaffected even in
the presence of stressors such as inflammation [30]. Also, the beta cell-
specific target of the probe should exhibit constant expression even in
diseased states. This would then enable us to accurately measure beta
cell mass and function in a diabetic individual.
Apart from the effectiveness of the probe, another important aspect

that has to be considered is safety since the probe will be used for in vivo
imaging. Therefore, the probe needs to exhibit beneficial pharmacoki-
netics and low toxicity [30]. It would also be ideal if the probe can be
used at a lower concentration. This would help increase the target-to-
background ratio and also decrease toxicity [30]. All these properties
required to effectively and safely visualize beta cells in vivo are sum-
marized in Table 1 [37].

5. Understanding the mechanism(s) of various probes for
identifying and imaging beta cell mass and/or function

Understanding the various probes and the mechanisms employed to
visualize beta cell mass and function in vivo is crucial to evaluate their
suitability for imaging both healthy and diseased beta cells. The me-
chanisms of currently developed probes can be broadly categorized into
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two different actions: holding-oriented and gate-oriented. Holding-or-
iented imaging probes act by exclusively binding (hence, “holding”) to
a cell-type specific biomarker, which can be known or unknown. These
targeted biomarkers commonly include antigens, surface receptors,
metabolites, or other small molecules. By contrast, gate-oriented ima-
ging probes are centred around their capacity to be transported across
cell membranes by specific cellular transporters (hence, “gate”). They
may not necessarily bind to specific biomarkers, but these probes can be
channelled in or out of the cells. With the discovery of beta cell-specific
gates, gate-oriented probes can potentially be employed to accurately
image beta cell function.

5.1. Holding-oriented probes (HOPs)

Fluorescent low molecular weight probes have been widely used to
target cell type-specific biomarkers. These probes fall under the cate-
gory of holding-oriented probes (HOPs), which means that they pin-
point the presence of beta cells by binding to known or unknown beta
cell-specific biomarkers [38]. Many of such markers and the attendant
probes, which include antibodies, peptide ligands and radioisotopes,
have been proposed in the past decade (Table 2) [2,38].
However, one challenge in developing these HOPs is the identifi-

cation of beta cell-specific targets. Many of the probes developed bound
to targets that are not only found in the beta cell, but also in other cell
types, therefore making it difficult for them to be used for clinical beta
cell imaging. In the following sections, we discuss three broad cate-
gories of HOPs, namely antibody-based, receptor-targeting and small
molecule probes, and elaborate on a few relatively well-characterized
candidates for imaging of beta cell mass and function (Fig. 2).

5.1.1. Antibody-based probes
The high specificity of monoclonal antibodies to a particular target

enables them to be developed as probes to target beta cell-specific an-
tigens. Although a number of monoclonal antibodies has been gener-
ated to target proteins on the beta cell, several of these candidates were
later found to be not entirely specific to the beta cell. For example, the
monoclonal antibody mAb-8/9 that specifically targets the transmem-
brane protein TMEM27 was found to home in on not only beta cells, but
also cells in the kidney [39].
One potential candidate for the imaging of beta cell mass is IC2,

which is a rat IgM monoclonal antibody that targets the sphingomyelin-
rich patches found exclusively on the surface of beta cells [42]. It shows
high specificity to human islets and is absent in nonendocrine pan-
creatic tissues in humans [42,43]. Additionally, IC2 was found to co-
localize with insulin [42]. Although it also displayed co-localization
with glucagon and somatostatin, this feature was reported to be insig-
nificant [42].
Several limitations, nevertheless, persist with the usage of

antibodies as tracers, despite their high specificity and target retention.
These include a higher radiation exposure associated with antibody
radiotracers that circulate in the blood for a longer time [37]. Also. In
addition, the high lipophilicity of antibodies increases their tendency to
accumulate in the liver, which may ramp background noise up [37]. To
resolve this extended retention, radiometal labeled camelid antibodies
(nanobodies) may be employed for the imaging instead. Lacking the
standard antibody light chains, which consequently renders them
smaller than conventional antibodies (mere 13−14 kDa), nanobodies
still possess high affinity and specificity to their targets [62]. Further-
more, these nanobodies may provide an advantage over conventional
antibodies due to their reported faster clearance rate and shorter re-
tention time, therefore minimizing the deleterious effects associated
with their non-specific retention [63].
Nanobodies are currently used for bioimaging in a variety of animal

disease models [64–67]. A nanobody 4hD29 that targets dipeptidyl
peptidase 6 (DPP6), a biomarker for endocrine pancreas, demonstrated
high specificity to human DDP6 present on human beta cells [45]. In
the clinical context, nanobodies-based probes may be a promising
starting point for subsequent development due to their inherent merits.
Further improvements should be focused on resolving their renal re-
tention and the associated consequences. This is because although na-
nobodies are filtered through the glomeruli, they are still reabsorbed by
the proximal tubules and accumulate in the renal cortex [62]. With this
problem resolved, noninvasive imaging of beta cell using nanobodies is
possible, without potentially eliciting nephrotoxicity.

5.1.2. Receptor-targeting probes
Receptor-targeting probes, which bind to a specific receptor on the

beta cells, are another example of HOPs that can be employed to vi-
sualize beta cell mass in vivo. An example is exendin-4 which targets the
glucagon-like peptide-1 receptor (GLP1-R). GLP1-R is a G-protein-cou-
pled receptor (GPCR) that is expressed by pancreatic beta cells [68,69]
and its activation promotes insulin production and beta cell prolifera-
tion [70]. The specificity of GLP1-R to beta cells makes it an ideal target
to measure beta cell mass in vivo. Although GLP1 is the natural ligand
for GLP1-R, it has a short plasma half-life due to its rapid degradation
by dipeptidyl peptidase 4 [71], making it unsuitable to be used as a
probe. Exendin, another GLP1-R agonist which displays similarly high
affinity to GLP1-R as GLP1, was found to have high stability in vivo
[72]. Therefore, several synthetic variations of exendin-4 were devel-
oped to test their efficiency as probes for imaging beta cells in vivo
[51,54,73,74].
While exendin-4 probes display high specificity to beta cells in rats

[54], with a good correlational relationship between pancreatic uptake
of the probe and beta cell mass [50,54], it is not the case in other an-
imal models such as mice [50,75], pigs [50,53] and non-human pri-
mates [50], suggesting the presence of species-specific differences in

Table 1
Properties of an optimal target and probe for in vivo beta cell imaging.

Properties of an optimal target Considerations

Specific to beta cells More accurate measurement of beta cell mass
Constant expression without being affected by stressors e.g. inflammation, high glucose
Sufficiently expressed Allows for probe to bind

Properties of an optimal probe Considerations

High specificity to beta cells Provides a good signal-to-noise ratio
Beneficial pharmacokinetics e.g. stable, good retention time, complete excretion Ensures safety and viability of probe
Low or no toxicity or side effects Ensures safety
Does not, by itself, influence beta cell mass or function Allows accurate measurement of beta cell mass and function
Representative in both humans and animals Allows clinical translation from animals to humans
Low concentration of probe required Minimize the likelihood of toxic effects
Probe with hydrophilic properties preferred Low background noise
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the probe’s ability to bind to beta cells. Additionally, high uptake of
exendin-4 is observed in many other organs such as the kidneys, sto-
mach and lungs [75,76], which could lead to an overestimation of beta
cell mass due to increased background signal. A study also observed a
downregulation in GLP1-R expression in the presence of inflammation
[77], suggesting that exendin-4 may not be suitable for imaging beta
cells in a diabetic condition.

Nevertheless, despite such caveats, exendin-4 continues to demon-
strate promising results in other studies, even in the presence of hy-
perglycaemia [54,78]. A study examining the uptake of exendin-4 in
the presence of hyperglycaemia reported that neither high glucose nor
inflammation affected the uptake of the probe [78]. The study also
reported a good correlation between the uptake of exendin-4 and the
beta cell mass [78].

Table 2
List of existing HOPs, their targets and validation models.

Type of probe Name of probe Specific target Validation model(s)

Antibody-based 8/9-mAb TMEM27 Ex vivo studies:

• Mouse pancreas sections [39]• Human pancreas sections [39]
In vivo studies:

• Nude mice with insulinoma xenografts [39]
Antibody-based IC2 Sphingomyelin In vitro studies:

• Rat islets [40]• Rat insulinoma cells [40]• Mouse islets [41]• Human islets [42]
Ex vivo studies

• Human pancreas section (Non-diabetic, T1D, T2D) [42,43]
In vivo studies

• STZ mice [42,43]• NOD mice [42,43]
Antibody-based 125-I labeled SCA B1, SCA B2, SCA B3, SCA B4 unknown In vitro studies:

• Human pancreatic islets [44]• Rat pancreatic [44]• INS-1 cells [44]
In vivo studies:

• Rats (control vs pre-treated with low or high STZ) [44]
Antibody-based Camelid single-domain antibody DPP6 In vivo studies

• Mice xenografted with EndoC-βH1 beta cells [45]
Antibody-based IC3-B3 FYXD2 Ex vivo studies:

• Human pancreas sections [46]
Phage display- derived peptide D88 FYXD2 In vitro studies:

• Capan-2 cells [47]• Human islets [47]
Ex vivo studies

• Human pancreas sections [47]
Small molecule probe [44]DTBZ

[18F]FE-DTBZ d4
[18F]-FP-(+)-DTBZ

VMAT2 Ex vivo studies:

• Rat and human pancreas sections [48]• Pig islets [49]
Receptor targeting probes Exendin-4 GLP1-R In vivo studies:

• Mouse [48,50]• Non-diabetic vs STZ induced diabetic rats [51,52], Biobreeding diabetes
prone rats [52]

• Non-diabetic vs STZ-induced diabetic pigs [53]
Ex vivo studies:

• Mouse [50]• Rat [50]• Pig [50]• Non-human primate [50]
In vitro studies:

• Islet beta cell [52]• Non-diabetic rat [50]• Non-diabetic mouse [50]• Non-diabetic pig [50]• Non-diabetic non-human primate [50]
Clinical trials:

• Non diabetic humans vs T1D humans [54]
Receptor targeting Probes [11C]AZ12204657

[11C]-MK-7246
GPR44 In vitro studies:

• Human islets [55]• EndoC-βH1 beta cells [55]
Small molecule probe GdDOTA-diPEN Zn2+ In vivo studies:

• Mouse [56]
Small molecule probe FluoZin-3 Zn2+ In vitro studies:

• Mouse Pancreatic islets [57]• Pancreatic beta cells [58]
Small molecule probe ZIMIR/

ZIMIR-HaloTag
Zn2+ In vitro studies:

• MIN6 [59–61]• NIH-3T3 [60]• Rodent islets [59,60]• INS1 [59,61]
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5.1.3. Small molecule probes
Several small molecule probes such as derivatives of dihydrote-

trabenazine (DTBZ) have been developed to target beta cell-specific
transporter vesicular monoamine transporter type 2 (VMAT2). VMAT2
is an integral membrane protein which facilitates the transport of bio-
genic amines. It is present in the central and peripheral nervous sys-
tems, the haemopoietic and the neuroendocrine systems [79]. While
several studies have shown that VMAT2 is expressed in human and non-
human primate beta cells [80–83], others reported the lack of VMAT2
expression in human and monkey beta cells [83]. Therefore, further
evaluation of the expression of VMAT2 in human beta cells is required.
Despite this controversy, the small molecule probe DTBZ has been
shown in several studies to be able to bind to the pancreas after ad-
ministration [48].
More importantly, DTBZ does bind non-specifically to pancreatic

exocrine cells and PP cells [48]. As VMAT2 is also expressed in other
pancreatic cells besides beta cells, it will lead to an overestimation of
beta cell mass. Additionally, the low expression of VMAT2 in rodents
[49] makes it difficult to image the beta cell mass in rodents, posing a
challenge as most preclinical trials are conducted on rodent models. As
a result, the applicability of the small molecule probe DTBZ for in vivo
imaging of beta cell mass is still being debated.
Apart from transporters, small molecule probes can also target ions

that are taken up by beta cells such as Zn2+ [84]. As Zn2+ in the se-
cretory granules are co-secreted with insulin upon stimulation [85],
probes targeting Zn2+ have been developed to measure insulin secre-
tion via Zn2+ release. One such example is FluoZin-3, a small molecule
probe that binds to secreted Zn2+ ions and forms a fluorescent complex
that can be captured by laser-scanning confocal microscopy [57]. As
Zn2+ [86] is bound 1:1 to FluoZin-3 [87], examining Zn2+ secretion
would give us an insight into insulin secretion for measuring beta cell
function. Although it has been used to measure Zn2+ secretion from
pancreatic beta cells in vitro [57,58], the use of FluoZin-3 is limited to
total internal reflection fluorescence (TIRF) imaging and cannot be used
in intact islets due to the low penetration depth of TIRF microscopy.
To overcome the limitations posed by FluoZin-3, a new generation

of probes known as the zinc indicator for monitoring induced exocytotic
release (ZIMIR) has been developed specifically for imaging Zn2+/in-
sulin secretion [59,60]. ZIMIR probes are amphipathic in nature and
consist of three components: Zn2+ binding motif derived from dipico-
lylamine, fluorescein fluorophore that remains quenched until Zn2+ is
present, and a pair of lipophilic dodecyl chains that anchor to the
membrane lipids of the plasma membrane via hydrophobic interaction
[59]. ZIMIR serves as a Zn2+ reporter by emitting fluorescence only in

the presence of Zn2+ and has been used successfully to visualize pan-
creatic beta cell insulin/Zn2+ secretion in vitro [59]. As Zn2+ con-
centration near the plasma membrane is at the highest upon insulin
secretion, the anchoring of ZIMIR to the plasma membrane enhances
the sensitivity of the probe to the beta cells’ secretory activity. Cer-
tainly, this renders ZIMIR probes to be more sensitive to changes in
Zn2+ concentration than the previous Zn2+ sensors, like FluoZin-3.
Furthermore, as ZIMIR is amphipathic and highly charged at a neutral
pH, the probe is unable to diffuse across the cell membrane [59,60,88]
and, as a result, only detects extracellular Zn2+ and not intracellular
Zn2+. For its in vivo clinical applications, nonetheless, ZIMIR probes
still require additional moieties that enable them to bind specifically to
beta cells. A notable example of such conjugates is ZIMIR-Ex4(9–39)
targeting GLP1-R on beta cells, which has demonstrated its feasibility
for in vivo imaging [60]. Nevertheless, it is crucial to note that most
studies have only examined the use of ZIMIR in vitro and further studies
assessing its potential in vivo are required.
Although the above-mentioned examples elaborated on small mo-

lecule probes with known targets present on the beta cell, there are
probes that have been developed for in vivo beta cell imaging whose
binding targets are currently unidentified. Kang et al. screened 1200
compounds using the DOFLA technique and discovered a probe from
the BDNCA series originating from their BODIPY library, which is se-
lective for beta TC-6 cells [89]. The authors were able to identify
Pancreatic Islet Yellow (PiY), a small molecule probe that showed clear
fluorescence signal for beta cells upon tail vein injection in mouse
models [89] (Fig. 2). The probe also showed a good correlation with
insulin levels without affecting insulin secretion, decent applicability
for surgical procedures, and it also stained mouse and rat islets without
toxicity [89], making it suitable for imaging beta cell mass in vivo.
Nonetheless, the target for PiY is currently unknown [89] and further
investigations are required.

5.2. Gate-oriented probes (GOPs)

Besides targeting beta cell-specific marker(s) to image pancreatic
beta cells in vivo, transporters on the surface of beta cells can be utilized
to deliver a fluorescent or radiolabeled probe into the beta cell for
imaging purposes (Fig. 3). Beta cells, like any other cells, possess
multiple surface channels that allow the transport of metabolites into
and out of the cells. By behaving like the substrate of a channel, gate-
oriented probe (GOP) pinpoints the exact location and allows the vi-
sualization of an organ through its intracellular accumulation within
cells possessing the relevant channel, without the need to bind to a

Fig. 2. Illustration of various holding-oriented probes
binding on or in a beta cell. Different beta cell markers have
been proposed over the past decade and can be employed as
specific targets to visualize beta cell mass and/or function.
Abbreviations: GLP1 receptor – glucagon-like peptide-1 re-
ceptor; TMEM27 - transmembrane protein 27; VMAT2 – ve-
sicular monoamine transporter 2; 111In-DTPA-IC2 – IC2 anti-
body radiolabeled with indium by chelate agent
diethylenetriamine pentaacetic acid (DTPA); 89Zr-8/9-mAb
–monoclonal antibody mAb-8/9 radiolabeled with zirconium;
111In-DTPA-Exendin-4 – Exendin4 radiolabeled with indium
by chelate agent diethylenetriamine pentaacetic acid (DTPA);
11C-AZ12204657–Small-molecule GPR44 antagonist
AZ12204657 radiolabeled with carbon; 11C-MK7246-
Chemoattractant receptor-homologous molecule expressed on
TH2 cells (CRTH2) antagonistMK7246 radiolabeled with
carbon;11C-DTBZ – carbon radiolabeled Dihydrotetraben-
azine; 8F-DTBZ – fluorine radiolabeled Dihydrotetrabenazine;
ZIMIR- Zinc indicator for monitoring induced exocytotic re-
lease; PiY- Pancreatic islet Yellow.
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specific target [38]. It is, therefore, feasible to design GOPs that work
with surface transporters that are tightly associated with beta cell mass
or function (Table 3).

5.2.1. Glucose transporter-mediated substrates
Beta cells secrete insulin in response to elevated blood glucose le-

vels. Glucose is primarily taken up into beta cells via glucose transporter
GLUT2 [95–97]. Since streptozotocin (STZ) and glucosamine (GlcN)
have a high affinity for GLUT2, analogues of STZ and GlcN can po-
tentially be used as GOPs for in vivo beta cell imaging [98]. STZ is a
diabetogenic agent that is selectively taken up into the beta cells via
GLUT2 and causes DNA damage, thus killing the beta cells [99]. The
uptake of STZ via GLUT2 is attributed to the 2-glucosamine moiety
present in STZ, in which GLUT2 has high affinity for, therefore allowing
it to be transported into the beta cell by GLUT2 [90,98]. Inspired by the
structure of STZ, a two-photon fluorescent probe known as TP-β was
developed to target the beta cells [90] (Fig. 3). The TP-β fluorescent
probe contains a 2-glucosamine moiety that allows it to be transported
into the beta cell via GLUT2, a C6-linker and a hydrophilic rhodamine
fluorescent core which allows the probe to access the centre of the islet
[90]. The probe was able to stain beta cells in mouse islets in vivo ra-
pidly [90], suggesting its suitability for imaging beta cell mass in vivo.
However, as the probe was only tested on mouse islets, more studies
need to be conducted on human islets in order to confirm the probe’s
suitability of imaging beta cell mass in human. As mentioned earlier,
GlcN analogues may also serve as potential GOPs to analyse beta cell

mass in vivo. However, currently, no known analogues of GlcN have
been developed for beta cell imaging and this could be a possible area
of research.
Labeled sugars that are internalized by GLUT2 can also be used as

GOPs for in vivo beta cell imaging (Fig. 3). An example is the fluorescent
D-glucose derivative 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxy-D-glucose (2-NBDG) which was demonstrated to be taken up by
GLUT2 [100]. Thus, this probe can be used to examine beta cell mass in
vivo by measuring the accumulation of 2-NBDG in the beta cells. How-
ever, there are several disadvantages of the probe which prevents it from
being an ideal probe for in vivo imaging, such as high concentrations
required, low sensitivity and rapid photobleaching [90]. Apart from
these limitations, the most important disadvantage of the probe is that it
exhibits a lower affinity for GLUT2 as compared to D-glucose. Thus, the
presence of D-glucose would inhibit the cellular uptake of 2-NBDG [100],
rendering it unsuitable for imaging beta cells in a diabetic individual.
Other labeled sugars that have been developed and assessed for

their ability to image beta cell mass in vivo are: D-[3H]mannoheptulose,
U-[14C]sucrose, 11C labeled D-mannoheptulose, 3-desoxy-3[18F]fluoro-
D-mannoheptulose, 2-desoxy-2[18F]fluoro-D-mannoheptulose, 7-desoxy-
7[125I]iodo-D-mannoheptulose, 6-desoxy-6[125I]iodo-D-mannoheptu-
lose and D-[U-14C]glucose [101–107]. Similar to the other glucose
transporter-mediated substrates, these radiolabeled sugars are trans-
ported by GLUT2 into the beta cells and may, therefore, be used as
probes for labeling beta cells to ultimately measure beta cell function in
vivo.

Fig. 3. Illustration of various gating-oriented probes and
their mechanisms of entry into the beta cell. Different
types of transporters exist on the surface of beta cells. These
transporters are paired with specific substrates, which can be
used as potential probes to image beta cell mass and function.
Abbreviations: GLUT – glucose transporter; KATP – ATP-de-
pendent K+ channels; VDCC – Voltage-dependent Ca2+

channel; TP-β – two-photon fluorescent probe; 2-NBDG – 2-
[N-(37-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glu-
cose; ADP – adenosine diphosphate; ATP - adenosine tripho-
sphate.

Table 3
List of existing GOPs, the specific channels utilized and validation models.

Type of probe Name of probe Specific channel Validation model(s)

Glucose transporter- mediated substrate TP-β GLUT2 Ex vivo studies:

• Mouse islets [90]
In vivo studies:

• Mice [90]
Glucose transporter-mediated substrate 2-NBDG GLUT2 Ex vivo studies:

• Mouse beta cell line MIN6 [91]
Glucose transporter- mediated substrate D-[3H]mannoheptulose GLUT2 –
Glucose transporter- mediated substrate 19-fluorine GLUT2 In vivo studies:

• Rat Pancreatic islets [92]
VDCC-mediated probes Mn2+ VDCC In vitro studies:

• Mouse insulinoma βTC3 cells [93]• Mouse islets [94]
In vivo studies:

• Mouse (Type 1, Type 2 Diabetic mouse model and non-diabetic mice) [94]
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Despite the fact that GLUT2 is well studied in rodent models for
glucose uptake in beta cells, it is important to note that GLUT1 and not
GLUT2 is the major glucose transporter in human beta cells [108]. Such
species-specific differences in glucose transport and regulation may
account for variations in the effectiveness of these glucose transporter-
mediated probes. Therefore, testing of these probes on human models is
necessary to determine their suitability.

5.2.2. Voltage-dependent Ca2+ channel (VDCC)-mediated probes
GLUT1/2 facilitates the transport of glucose into beta cells. As ATP/

ADP ratio increases, ATP-dependent K+ channels close, resulting in
membrane depolarisation and the activation of VDCC [93]. The entry of
Ca2+ through VDCC ultimately results in the secretion of insulin. Since
Ca2+ channel activity is intricately involved in insulin secretion, it
could be a good proxy for evaluating pancreatic beta cell function [94]
(Fig. 3).
As divalent manganese ions (Mn2+) behave similarly to Ca2+ ions,

are readily taken up by VDCC [109], and can be a contrast agent for
MRI [110,111], they can potentially serve as a GOP to examine beta cell
function in vivo. A study demonstrated that Mn2+ was taken up by
glucose activated beta cells and islets in rodents [93], thus enhancing
the MRI contrast significantly as compared to the non-activated cells
which emit a lower signal. Similar findings were also observed in
human islets [110], thus confirming that Mn2+ is a good contrast agent
and can be used to examine beta cell mass/function. In vivo studies were
also performed to evaluate the potential of Mn2+ to detect alterations
in functional beta cell mass in a diabetic condition [94,112]. In general,
upon glucose stimulation, the accumulation of Mn2+ is high in non-
diabetic models with high insulin levels whereas diabetic models
showed lower Mn2+ corresponding to low insulin levels [112], in-
dicating that Mn2+ can be used to measure beta cell function. While the
above-mentioned studies are promising for evaluating beta cell mass
and/or function, the toxicity levels of Mn2+ ions need to be ascertained
before they can be tested in humans since exposure to high con-
centrations of Mn2+ for long periods can be prejudicial to the human
body [113].

6. Key considerations when developing or examining bioimaging
probes

There are several key considerations to take note of when devel-
oping or examining probes for in vivo beta cell imaging. Firstly, there is
a need to be able to determine the function of the probe i.e.whether it is
used to measure beta cell mass and/or function. Although several of the
probes discussed such as IC2 was shown to co-localize with insulin [43],
it is important to note that the co-localization of a probe with insulin
does not indicate that the probe is able to measure beta cell function.
This is because the functionality of a beta cell involves both the pro-
duction and secretion of insulin, and not just the expression of insulin in
the beta cell. We noted that many of the HOPs and GOPs discussed in
the above-mentioned sections were developed to measure beta cell
mass in vivo while very few probes actually measured beta cell function.
Since beta cell mass does not necessarily correlate with beta cell
function, probes measuring solely beta cell mass may only be partly
useful for clinical diagnosis of diabetes. This highlights the need to
develop more probes to also measure beta cell function.
Secondly, to determine if a particular probe can be used to visualize

beta cell mass or function in a diabetic patient, it is necessary to per-
form studies in human cells. As many of the probes especially those in
the GOP category have only undergone studies in rodents, the various
species-specific differences in islet/beta cell biology could possibly
render the probe ineffective in humans. Besides testing the probe in
different animal models, it is also essential to examine if the probe is
suited for its intended function based on its properties. For example, a
probe developed for imaging beta cell function could have a short re-
tention time to accurately reflect the rapid spontaneous changes in the

beta cell function whereas a probe developed for imaging beta cell mass
could have a longer retention time to provide sufficient time for
quantification.
Another important aspect to consider is the effect of inflammation

or hyperglycemia on the probe or its target. Various studies have de-
monstrated that the presence of cytokines and changes in blood glucose
levels may alter the expression of certain receptors [114], and conse-
quently compromise the probe'seffectiveness. Therefore, testing the
probe on a diabetic animal model is essential to accurately determine
the probe’s potential for clinical use for diabetes diagnosis.

7. Concluding remarks

Over the last decade, many probes have been developed to image
beta cells in vivo. However, upon a more rigorous examination of these
probes, most of these probes are only suitable for targeting beta cell
mass and not beta cell function. A possible method to overcome this
limitation is to develop probes targeting the markers of functional beta
cells, such as C-peptide being secreted. By analyzing for the presence of
C-peptide in parallel, it could provide a viable method to identify
probes capable of distinguishing functional beta cells from non-func-
tional beta cells.
In this review, we explained the difference between beta cell mass

and function, and the clinical relevance of imaging both of these two
parameters. We also discussed the properties of an ideal probe and
broadly categorized the existing potential probes for in vivo beta cell
imaging into two categories: HOPs: probes which bind to a target on the
beta cell, and GOPs: probes which utilize a channel for its entry into the
beta cell.
Further, we elaborated on the mechanism and potential of several

probes for in vivo beta cell imaging of mass and/or function, as well as
the key features that should be considered when developing or evalu-
ating a probe. We believe that this review now provides a better insight
into the probes available for in vivo imaging of beta cell mass and
function. We have also raised several important considerations in the
development of future probes so that further advancements can be
made in this area of in vivo beta cell imaging.
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