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• The FRET-Probe enables early and sen
sitive detection of insulin fibril 
formation.

• Recombinant and commercial insulins 
can be studied using wide concentration 
range.

• Developed technique can monitor 
structural insulin hexamer TR transition 
events.

• Conversion from the visible hexamer T- 
state to R-state can be monitored in real- 
time.

• External luminescent probe provides a 
method for insulin engineering and 
formulation.

A R T I C L E  I N F O

Handling Editor: Professor Chuck Henry

Keywords:
Insulin
Fibers
FRET-Probe
Aggregation
Thioflavine T (ThT)
TR transition

A B S T R A C T

Background: The detection of amyloid fibrils is critical in production, storage and therapeutic use of insulin due to 
impact on efficacy and potential cytotoxicity after injection. Monitoring insulin aggregation, particularly at early 
stages, offers a valuable insight to aid the design of stable and effective insulin analogs, and addressing chal
lenges in diabetes management. Despite numerous methods and probes developed this far, the detection of in
sulin fibers at nanomolar concentrations has remained a challenge. Moreover, as rapid-acting or slow-acting 
engineered insulin analogs are constantly developed, simple and sensitive methodologies also for monitoring 
structural transition of hexameric TR insulin forms are needed.
Results: To address limitations in methodologies for insulin research, we developed an intramolecular Förster 
Resonance Energy Transfer (FRET) based peptide-probe, named as the FRET-Probe, for the detection of insulin 
fibers and hexamer TR transition changes at nanomolar concentrations. Using a comprehensive panel of insulin 
concentrations and therapeutically available insulin formulations, we highlight the sensitivity of the FRET-Probe 
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in insulin fibril detection at early stages. In a comparative study with thioflavin T (ThT), we demonstrated 15- 
fold improved sensitivity of the FRET-Probe, and its ability for early insulin fiber detection. In addition, we 
demonstrate the ability of the FRET-Probe to differentiate between insulin hexameric forms (T6, T3R3, and R6), in 
the presence of anionic ligands and phenol derivatives. Thus, the FRET-Probe provides an unprecedented tool for 
characterizing structural dynamics using a luminescent external probe.
Significance: The FRET-Probe provides a simple and sensitive method for insulin fibril detection, enabling 
significantly improved detection of especially early insulin aggregation events, in comparison to ThT. The FRET- 
Probe also provides valuable insights into insulin analog stability and function, enabling insulin hexamer 
conformational measurements in real-time. The FRET-Probe can give comprehensive perspective on insulin 
behavior in varying conditions, thus supporting the insulin engineering and formulation processes.

1. Introduction

Insulin is a small protein composed of two polypeptide chains (A and 
B) linked by two disulfide bonds. In mammalians, it is produced by the 
β-cells of the pancreas, where it is stored as a hexamer stabilized by two 
zinc ions. When entering the bloodstream, it dissociates into active 
monomers that bind to insulin receptors [1]. Insulin is essential for 
regulating blood sugar levels and treating diabetes. Diabetes is a 
growing global health concern, with its prevalence increasing due to 
population growth, aging, and rising rates of inactivity and obesity. 
Type 1 diabetes results from an autoimmune destruction of the β-cells 
while type 2 diabetes is characterized by β-cell dysfunction and insulin 
resistance [2,3]. The prevalence of diabetes was estimated to have risen 
from 198 million in 1990 to notable 828 million in 2022 [4].

Insulin stability is influenced by its structural form, as insulin hex
amer is more stable than the monomer against degradation and dena
turation [5,6]. Insulin hexamer exhibits equilibrium among three forms, 
T6, T3R3

f and R6. The addition of zinc to insulin promotes the formation 
of T6 hexamers at sufficient insulin concentrations, while chaotropic 
anions and phenolic compounds shift the hexameric equilibrium toward 
more stable T3R3

f and R6 forms [5,6]. The “relaxed” R6 insulin differs 
from the “tense” T6 insulin by extending the helical structure of mono
mers to include the first eight amino acids on the B-chain. In the T3R3

f 

insulin, consisting of dimers in both T- and R-state, the R monomer 
adopts a “frayed” conformation, where the three first amino acids of the 
B-chain are in an extended state [7]. The additives promoting R6 hex
amer formation are usually added to therapeutic formulations to 
enhance insulin stability [8].

Different patients have varying needs for insulin, and thus novel 
insulin analogs with altered amino acid structure have been developed. 
Rapid-acting analogs, such as aspart and glulisine, accelerate hexamer 
dissociation to increase absorption rates. These engineered analogs have 
only minor changes in their sequences, for example, in aspart single 
proline (B28) is displaced with aspartic acid, while in glulisine, aspar
agine (B3) and lysine (B29) are substituted with lysine and glutamic 
acid, respectively [9,10]. Even though ultrarapid insulins have also been 
developed [11], slow-acting analogs like glargine have their own market 
to achieve extended release. In glargine, asparagine (A21) is replaced 
with glycine, and two arginine residues are added to the B-chain 
C-terminus. This leads to a shift in the isoelectric point, enhancing sol
ubility in acidic solutions (formulated at pH 4), but inducing precipi
tation upon injection into neutral pH. This aggregate dissolves slowly to 
provide up to 24 h of insulin release [12]. However, often aggregation is 
an unwanted phenomenon. It occurs during insulin production, storage 
and upon subcutaneous injection, causing amyloid fibers to form [13,
14]. Aggregation is promoted by conditions such as pH shifts [15], high 
temperatures [16], agitation [17], contact with hydrophobic surfaces 
[18], and the aggregation tendency is insulin analog specific [19]. In 
disfavoring environment, insulin monomers may partially unfold, 
forming β-sheet-rich protofilament cores that extend into amyloid fibrils 
[20–22]. These fibrils reduce insulin bioavailability and can trigger 
immune responses or cytotoxic effects [13,14].

Given the clinical and pharmaceutical implications, early and low- 
concentration detection of insulin fibers and conformation is critical. 

Numerous methods, discussed in more detail in Table S1, including 
Fourier transform infrared spectroscopy (FTIR) [23], circular dichroism 
(CD) [22], transmission electron microscopy (TEM) [22], cryo-electron 
microscopy (cryo-EM) [20,21] light scattering [24], and capillary elec
trophoresis (CE) [25], have been employed to monitor insulin aggre
gation. FTIR and CD analyze conformational changes associated with 
fibril formation. CD can be used not only for aggregates, but also for TR 
transition monitoring [26]. Light scattering detects the size, and can be 
mainly used for large aggregates, but lacks sensitivity to early in
termediates and small concentrations. CE effectively separates insulin 
monomers from oligomers, which are present in early-state aggregation, 
but has relatively hard implementation.

Fluorescent probes, particularly the gold standard thioflavin T (ThT), 
are commonly used to study insulin fibrillation, due to their simple 
protocols. ThT binds to β-sheet-rich amyloid fibrils, generating fluores
cence signals to quantify mature fibrils [27]. However, ThT does not 
enable the detection of early-stage oligomers and has low sensitivity. 
Other probes, such as 8-Anilinonaphthalene-1-sulfonic acid (ANS) [28] 
and Nile red [29], detect changes in hydrophobicity during aggregation 
but lack specificity for fibrillar structures, typical to insulin aggregates. 
Unfortunately, insulin structural changes prior aggregation is not 
detected with these fluorescent probes.

To our knowledge, none of the existing methods have demonstrated 
the detection of insulin fibers at nanomolar concentration. Furthermore, 
their ability to differentiate early structural transitions, such as β-sheet 
formation or changes in aggregate morphology is often constrained by 
their detection limits. Earlier, we have introduced an intramolecular 
FRET-Probe [30], as a tool to monitor protein stability. This dual-labeled 
negatively charged peptide-probe changes its structure upon binding to 
its target, monitored as increased time-resolved Förster resonance en
ergy transfer (TR-FRET) signal. Here, we utilized this tool to monitor 
insulin aggregation under acidic and neutral buffer conditions, by 
detecting insulin fibers at nanomolar sensitivity. The method offers 
potential to resolve early-stage aggregation, in significantly improved 
fashion compared to ThT. In addition, we demonstrate the FRET-Probes 
ability to distinguish different insulin hexameric forms, providing a 
valuable insight into insulin analog development, by monitoring insulin 
TR transition changes in the presence of additives.

2. Experimental section

2.1. Materials and methods

Detailed list of materials and instrumentation, and protocols related 
to preparation of the insulin, β-amyloid peptide 1–42 (Aβ42), and islet 
amyloid polypeptide (IAPP) fibrils, luminescence decay measurements, 
TEM imaging, and data analysis are presented in Supplementary Mate
rial. All presented assays were performed in triplicates unless otherwise 
indicated.

2.2. Fibrillation detection in acidic pH

The FRET-Probe (0.03–7.6 nM) and ThT (0.2–200 μM) concentration 
was optimized using insulin fibers (50 μM) produced in HCl (pH 1.8), 
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100 mM NaCl. Aggregated or non-aggregated insulin (2 μL) was added 
to a 384-well plate, followed by addition (20 μL) of the FRET-Probe in 
10 mM Tris-HCl (pH 7.5), 0.01 % Triton X-100 or ThT in 50 mM 
phosphate buffer (pH 7.4). After 5 min incubation, TR-FRET (FRET- 
Probe) and ThT fluorescence signals were measured. Fibrillation process 
was monitored using opposite addition order. For Aβ42 and IAPP assays, 
the FRET-Probe (1 nM) or ThT (10 μM) was first added in 65 μL and 100 
μL volume, respectively. Thereafter, 2 μL (FRET-Probe) or 5 μL (ThT) 
fiber samples were added, respectively. For insulin, 1 nM FRET-Probe or 
3 μM ThT was used in 20 μL volume, followed the addition of 2 μL fiber 
sample. TR-FRET and ThT fluorescence signals were measured as pre
viously. The same protocol was used for insulin titration (0.004–18.2 μM 
in a final 22 μL volume), performed by diluting either the 200 μM (28 h 
at 60 ◦C) or 50 μM insulin fibers (6 or 8 h at 60 ◦C). FRET-Probe and ThT 
concentrations are given in final 22 μL volume, and the insulin con
centration is given in a fibril formation reaction, unless otherwise 
indicated, which is diluted 11-fold in the well.

2.3. Fibrillation detection in neutral pH

The FRET-Probe (0.06–7.6 nM) and ThT (0.5–50 μM) concentrations 
were optimized using insulin fibers (50 μM) produced in 20 mM HEPES 
(pH 7.5) supplemented with 100 mM NaCl. To study the effects of 
concentration, fiber production was conducted without the addition of 
NaCl. Aggregated or non-aggregated insulin (2 μL) was added to a 384- 
well plate, followed by addition (20 μL) of the FRET-Probe in 7.7 mM 
Na2HPO4, 6.1 mM citric acid (pH 4), 0.01 % Triton X-100 or ThT in PBS 
(pH 7.4). TR-FRET and ThT fluorescence signals were measured as 
previously after 5 min incubation. As in the case of acidic pH, all other 
assays were performed with the opposite addition order, 20 μL detection 
(0.5 nM FRET-Probe or 6.3 μM ThT) and 2 μL of insulin sample. Also, the 
therapeutic insulins (~600 μM) were using this protocol.

2.4. Insulin TR transition monitoring

Insulin hexamer conformation determination assays were performed 
only with the FRET-Probe (1 nM). In the resorcinol titration (0.78–200 
mM), 20 μL of the FRET-Probe was added in 20 mM HEPES (pH 7.5), 
0.01 % Triton X-100 solution. Thereafter, 2 μL of the 600 μM insulin 
samples (54.5 μM in well) with 150 μM ZnCl2, in the absence or presence 
of 50 mM KSCN and 200 mM NaCl, and varying concentration of 
resorcinol were added in phosphate buffer (7 mM, pH 7.4). TR-FRET 
signals were monitored after 5 min incubation. Measurements were 
conducted using a black 384-well microtiter plate (4titude, Surrey, U. 
K.). TR transition measurements were performed stepwise, in which the 
individual components were added to the same wells containing the 
FRET-Probe (1 nM) in 20 μL. The addition order was; 1. insulin (30 μM), 
2. Zn(ClO4)2 (12 μM), 3. KSCN (5 mM), and 4. resorcinol (5 mM), and 

the TR-FRET signal was monitored at every step after 10 min incubation 
using black 384-well microtiter plate (Corning, Kennebunk, MA, USA). 
All additions were made in H2O (1 μL), and the concentration for insulin 
and Zn(ClO4)2 is given in 22 μL, and for KSCN and resorcinol in 23 and 
24 μL, respectively.

3. Results and discussion

3.1. FRET-probe distinguishes native and aggregated insulin

We have previously introduced the FRET-Probe consisting a lumi
nescent europium (Eu3+) chelate and a cyanine 5 (Cy5) dye acceptor, 
coupled to the N- and C-termini of a negatively charged peptide, 
respectively, illustrated in Fig. 1A [30]. The FRET-Probe was developed 
to study protein thermal and chemical stability, and it has been shown to 
detect structural changes in proteins, monitored as TR-FRET signal. This 
is due to distance dependent shift between the donor and acceptor labels 
upon the FRET-Probe conformational change. This ability allows the 
monitoring of insulin structure and aggregation, which was validated 
using ThT, the gold standard assay, as our main reference method 
(Fig. 1B).

Insulin is known to aggregate for example at low pH, increased 
temperature and agitation, also leading to aggregate variations [15–18,
31,32]. To prove the FRET-Probe ability to detect insulin fibrils, we first 
conducted assays with native insulin and insulin fibrils formed at low pH 
(HCl pH 1.8 + NaCl 100 mM) by measuring FRET-Probe emission 
spectra using 340 nm excitation wavelength. Under these conditions, no 
TR-FRET signal at the expected Cy5 maximum (~670 nm) was detected 
in buffer or in the presence of native insulin. However, 70-fold increase 
in TR-FRET emission, maximum at 672 nm, was detected upon addition 
of insulin fibrils (Fig. S1A). To confirm that the formed aggregate is 
amyloid type, a similar experiment was conducted using ThT as a con
trol (Fig. S1B). ThT results as an increase in the emission at 494 nm were 
consistent with the FRET-Probe signal change, while the buffer or native 
insulin showed no increase in ThT emission (Fig. S1B). To better un
derstand the molecular basis of the TR-FRET signal observed with the 
FRET-Probe, we investigated the luminescence decays of the 
FRET-Probe in the presence of insulin incubated 0–8 h at low pH (HCl 
pH 1.8 + 100 mM NaCl) (Fig. S2). The data show a clear increase in 
monitored lifetime in a relation to insulin aggregation progresses. This 
indicates that structural changes within the probe are occurring upon 
interaction with insulin fibers and therefore increasing the monitored 
TR-FRET signal.

After showing the functionality with insulin, we further tested the 
FRET-Probe with Aβ42 and IAPP to provide preliminary evidence of the 
wider applicability of this probe across different amyloid fibrils 
(Fig. S3). Aβ42 and IAPP (20 μM) were incubated in 10 mM HCl (pH 2) at 
37 ◦C, and samples were collected at various time points (0–72 h for 

Fig. 1. Chemical structures of the FRET-Probe and thioflavin T (ThT). (A) Structure of the FRET-Probe comprises N-terminal luminescent Eu3+-chelate, acting as a 
donor, and organic Cy5 acceptor conjugated at C-termini of a negatively charged glutamic acid-rich peptide. (B) The structure of ThT contains a benzylamine and a 
benzothiazole ring connected through a carbon-carbon bond, and the rotational changes are detected as changes in fluorescence signal.
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Aβ42; 0–75 h for IAPP). These samples were then analyzed using both the 
FRET-Probe and ThT. With both methods, Aβ42 was clearly detected 
after 23 h of incubation, but with the FRET-Probe, already after 7.5 h, 
which was the earliest time point used (Fig. S3A). In case of IAPP, fibril 
formation was clearly delayed under the same acidic conditions used for 
Aβ42 [33]. This can explain the minimal increase in ThT fluorescence 
over time, as the FRET-Probe started to increase already after 48 h, 
providing a clear ~5-fold TR-FRET signal increase after 75 h (Fig. S3B). 
This indicated that the FRET-Probe has improved sensitivity over ThT in 
case of both Aβ42 and IAPP. Additionally, the use of increased concen
tration of Aβ42 (20–100 μM) did not improve the ThT-based detection at 
early time points, even the obtained fluorescence signal was increased 
(Fig. S3C). The fibril formation was further confirmed with TEM images 
(Fig. S3D), but as insulin was the main target in our study, assays with 
Aβ42 and IAPP were not further continued. However, already these re
sults highlight the FRET-Probe’s broader applicability for detecting 
diverse amyloid fibrils.

3.2. High sensitivity detection of insulin aggregates

Initial experiments demonstrated that both the FRET-Probe and ThT 
can detect insulin fibrils at high concentration. To enable more sensitive 
detection, a careful optimization of assay conditions was required. The 
optimal probe concentration is critical in balancing between sensitivity 
and specificity. Previously, a wide range of ThT concentrations (typi
cally 1–100 μM) [31,32,34,35] have been employed for the detection of 
insulin fibrils, and notably, there has been a lack of systematic evalua
tion to determine the optimal concentration of ThT. This is especially 
important, as it is known that the maximal ThT signal depends mostly on 
the ThT concentration rather than the fibril to ThT ratio [36].

We first evaluated the effect of ThT concentration on the signal-to- 
background (S/B) ratio in the detection of 50 μM differently aged in
sulin fibrils, and performed the same measurements with the FRET- 
Probe. For this study, insulin was incubated for 8-, 24- or 70 h using 
HCl (pH 1.8) supplemented with 100 mM NaCl. The results indicate that 

the functionality of the FRET-Probe is not dependent on the fibril age. In 
all cases the highest S/B ratios were observed using 1 nM FRET-Probe or 
3 μM ThT concentrations (Fig. S4). These optimized concentrations were 
used for the rest of the studies. Notably, the 1 nM FRET-Probe demon
strated consistent fibril detection, as the S/B ratios were equal 
(162–164) for the differently aged samples. This consistency across in
sulin fibril detection suggests that the interaction between the FRET- 
Probe and insulin fibrils remains relatively stable independently of 
fibril age, and thus its form. The data also indicates that, the assay 
reached the signal saturation in all cases. In contrast, ThT showed 
greater variability in S/B ratios across fibril ages. With 3 μM ThT con
centration, S/B values detected were 17, 99, and 139 for the 8, 24, and 
70 h samples, respectively. Thus, the ThT ability to monitor fibrils at 
earlier states is significantly lower than with the FRET-Probe.

Since the FRET-Probe consistently demonstrated fibril detection over 
the given times, we next evaluated concentration and time dependent 
insulin aggregation. We prepared solutions with four different insulin 
concentrations (1, 5, 25 and 50 μM) in acidic conditions, and subjected 
these to 48 h incubation at 60 ◦C. Samples were collected at designated 
time intervals, and thereafter analyzed using the FRET-Probe and ThT in 
their optimal concentrations. The results unveiled characteristic 
sigmoidal curves for insulin aggregation, featuring a lag phase, expo
nential growth, and eventual plateau (Fig. 2A). The expected trend 
emerged, where the higher insulin concentrations led to a shorter lag 
time, indicating faster insulin aggregation [34,37,38]. The FRET-Probe 
demonstrated a shorter lag time than the ThT for all samples. proved 
by its higher sensitivity to detect formed fibers. Furthermore, the 
FRET-Probe exhibited substantially higher S/B ratios in comparison to 
ThT across all concentrations. Especially at the lowest insulin concen
tration (1 μM), the FRET-Probe showed its high capability to detect the 
formed fibers, while ThT struggled to detect fibrils even after 48 h of 
incubation (Fig. 2B). The FRET-Probe detected insulin fibrils after 13 h, 
ultimately resulting in an impressive S/B ratio of 5 after 48 h.

As typical ThT insulin assays are performed at high concentrations, 
we continued our investigation by performing experiments using 200 

Fig. 2. Insulin aggregation detection with the FRET-Probe (1 nM, solid line) and ThT (3 μM, dashed line) at varying insulin concentrations. Insulin fibers were 
formed at (A) 5 (blue), 25 (red) and 50 μM (black), (B) 1 μM and (C) 200 (red) and 400 μM (black) insulin in HCl pH 1.8 containing 100 mM NaCl at 60 ◦C. Data are 
presented as the mean ± SD (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and 400 μM insulin (Fig. 2C). Also under these conditions, the FRET- 
Probe consistently exhibited a shorter lag time in comparison to ThT. 
This persistent pattern underscores sensitivity of the FRET-Probe in over 
ThT, but also greater dynamics over a wide range of insulin concen
trations. Interestingly, the increase in insulin concentration from 200 to 
400 μM, had only a minor effect on insulin detectability in both assays.

3.3. Fibril detection proved via TEM images

To verify that the increase in the FRET-Probe signal is due to fiber 
formation, TEM images were taken from 25 μM insulin samples incu
bated in HCl (pH 1.8) for 6- and 23 h (Fig. S5). Conditions were selected 
based on the results observed earlier (Fig. 2A), where the FRET-Probe 
but not ThT (6 h) reached the signal saturation, and later the point in 
which the aggregation was well saturated with both methods (23 h). 
TEM images confirmed the presence of insulin fibers already after 6 h of 
incubation, with a notable increase in fibril abundance after 23 h. These 
findings give a strong confirmation that the saturation of FRET-Probe 
signal at 6 h samples (Fig. 2A), indeed is due to fiber formation. Only 
a modest 2-fold increase in ThT signal was measured in these conditions 
(Fig. 2A). The TEM validation not only strengthens the evidence for the 
FRET-Probe capacity to measure insulin fibers but also emphasizes its 
ability for early-stage detection. Interestingly, insulin fibrils are shorter 
in comparison to what was seen with Aβ42 (Fig. S3D and S5), but the 
effect of fibril morphology for their detectability with either ThT or the 
FRET-Probe was not further studied.

3.4. Detecting non-mature aggregates

After confirming the FRET-Probe detection of insulin fibers, we 
further studied to understand FRET-Probe capacity to detect non- 
maturated fibrils. First, fully aggregated insulin was first prepared 
using 200 μM insulin solution at 60 ◦C for 28 h and thereafter, the so
lution was diluted and titrated from 0.018 to 18.2 μM with the FRET- 
Probe and ThT. Both methods show linear correlation and the signal 
increase was monitored upon fiber concentration increase (Fig. 3A). As 
expected, the FRET-Probe reached saturation at lower concentration in 
comparison to ThT. However, in this assay setup, there is no clear dif
ference between the FRET-Probe and ThT in terms of sensitivity, which 
can be explained by high concentration and long pre-incubation time in 
fibril preparation. In these conditions, aggregation proceed to satura
tion, and large insulin fibers were expected to be formed. Based on these 
results, ThT detection prefers larger aggregate size over the FRET-Probe. 
As found earlier (Fig. 2C), shorter lag time was measured with the FRET- 
Probe over ThT, which indicate that the FRET-Probe can visualize also 
the formation of smaller and less mature fibers.

To study less mature fibrils further, we prepared 50 μM insulin so
lution with pre-incubation at 60 ◦C for 8 h. The condition was selected 

based on the earlier results as both methods had reached saturation after 
8 h (Fig. 2A). The pre-incubated solutions were diluted and titrated from 
0.004 to 4.54 μM with FRET-Probe and ThT (Fig. 3B). We set the S/B 
ratio of 2 as the cut-off value for insulin fibril detection, and obtained 10 
nM and 148 nM insulin sensitivities for the FRET-Probe and ThT, 
respectively (Fig. 3B). This translates to 15-fold increase in sensitivity 
between FRET-Probe and ThT. These findings suggest that the FRET- 
Probe exhibits significantly greater sensitivity than ThT in detecting 
non-mature insulin fibers pre-incubated for 8 h. However, no significant 
difference is observed between the two probes for mature fibers pre- 
incubated for 28 h (Fig. 3A).

3.5. Effects of sodium salts to insulin fiber formation

The presence of NaCl has been shown to significantly promote in
sulin fiber formation [39,40] while Na2SO4 delays insulin aggregation 
by stabilizing the protein structure [41]. Additionally, it has been 
demonstrated that heating of insulin from 25 to 90 ◦C in the absence of 
NaCl does not result in an increase in ThT signal [39], suggesting that 
electrostatic repulsion between charged residues on the protein surface 
might prevent fibrillation under salt-free conditions [42]. Amyloid fi
brils are also known to exhibit polymorphism depending on the presence 
of ions [43]. Thus, understanding of the FRET-Probe functionality in a 
changing aggregation condition is essential in our way to study for 
example commercial insulin formulations.

To investigate the effect of sodium salts, we conducted a study using 
100 mM NaCl as a control, and compared the condition to 100 mM 
Na2SO4. With 50 μM insulin solutions incubated at 60 ◦C, the effect of 
NaCl and Na2SO4 on insulin aggregation rate was clear, as detected with 
the FRET-Probe and ThT assays (Fig. S6). As expected, NaCl was found 
to accelerate and Na2SO4 inhibit the insulin aggregation. Na2SO4 also 
inhibited the aggregation in the presence of NaCl, showing no significant 
difference compared to Na2SO4 alone. The most significant difference 
between the FRET-Probe and ThT was observed in the absence of sodium 
salt. The sigmoidal curve shape was similar with and without NaCl using 
the FRET-Probe, but ThT exhibited a less pronounced growth (Fig. S4). 
This suggests that the FRET-Probe might be more sensitive to detect 
distinct fibril polymorphs than ThT. Na2SO4 had small interfering effect 
on ThT measurements, as indicated by an elevated baseline signal 
(Fig. S6B). Collectively, these data affirm that the FRET-Probe is appli
cable in the presence of sodium salts that accelerate or inhibit insulin 
aggregation, and the data is comparable to ThT.

3.6. Detecting aggregation under neutral pH

It has been previously reported that insulin aggregates are not 
formed at 50–60 ◦C under neutral pH conditions without agitation, and 
the combination of heating and agitation is often required [17,28,34,44,

Fig. 3. Sensitivity of the insulin aggregation detection with the FRET-Probe and ThT. Titration of the pre-aggregated samples prepared using (A) 28 h incubation at 
60 ◦C for 200 μM insulin and (B) 8 h incubation at 60 ◦C for 50 μM insulin, detected with the FRET-Probe (1 nM, solid line) and ThT (3 μM, dashed line). Data are 
presented as the mean ± SD (n = 3).
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45]. Studying insulin under neutral conditions is important, as distinct 
features such as size, morphology, and structural organization are 
dependent on pH [45]. Thus, the FRET-Probe was investigated for the 
detectability of insulin aggregation under neutral pH and, moreover, 
aggregate structural variations.

First, we evaluated the FRET-Probe using 5–50 μM insulin samples in 
20 mM HEPES (pH 7.5) containing 100 mM NaCl collected before and 
after agitation (shaking at 1250 rpm) at room temperature (RT). We 
found, that the TR-FRET signal exhibited a significant 20-fold increase 
for agitated samples after 20 h of incubation, providing the first evi
dence that the FRET-Probe is functional also for fibers formed under 
neutral pH conditions (Fig. S7). These first results were obtained using 
the previously optimized probe concentration. Optimizing probe con
centrations revealed opposite trends for the FRET-Probe and ThT 
(Fig. S8). The FRET-Probe had greatest S/B at 0.5 nM, while ThT showed 
the highest S/B at 6.3 μM. Compared to acidic conditions, the optimal 
FRET-Probe concentration was halved, while for ThT it was doubled 
(Fig. S4, Fig. S8).

It is known that insulin concentration and aggregation rate are 
correlated in acidic solutions (Fig. 2) [34,37,38] as insulin oligomers act 
as on-pathway intermediates promoting fibril formation. However, the 
conflicting data exists on insulin aggregation in neutral pH solutions, 
with both inverse and direct correlations reported [34,44], however the 
experimental conditions were slightly different. Noormägi et al. [44] 
observed an inverse correlation at insulin concentrations of 2.5–30 μM, 
whereas Mawhinney et al. [34] reported a direct correlation at 2.5–30 
μM but an inverse correlation at 50–100 μM. This difference might be 
due to the distinct mechanisms governing aggregation at neutral pH, as 
formed insulin oligomers can act as off-pathway species that compete 
with mature fibril formation. Thus, at higher concentrations the 
increased oligomer population reduces the monomeric insulins, thereby 
slowing fibrillation. This may not be the case at lower concentration, 
where monomers are more dominant. In addition, electrostatic repul
sion between charged residues at neutral pH may promote kinetic bar
riers, requiring agitation to induce fibrillation.

Therefore, we investigated the aggregation rate of 5–50 μM insulin 
incubated in 20 mM HEPES (pH 7.5) at 50 ◦C with slow agitation (300 
rpm). Samples were collected at designated intervals and monitored 
simultaneously using the FRET-Probe (0.5 nM) and ThT (6.3 μM) 
(Fig. S9). All samples were detectable with both the FRET-Probe and 
ThT; however, the FRET-Probe demonstrated a higher S/B ratio and 
shorter lag times across all samples (Fig. S9). Interestingly, unlike in 
acidic conditions, no clear direct or inverse correlation was observed 
between insulin concentration and aggregation rate in neutral pH. In
sulin samples at 25 and 50 μM aggregated at a similar, faster rate 
compared to those at 5 and 10 μM, which exhibited comparable, slower 
aggregation.

3.7. Monitoring aggregation of insulin analogs

Therapeutic insulins are stored in their designated formulation to 
ensure the correct functionality. The formulation varies based on their 
structural and functional demand, as there are several different engi
neered insulins in the market. Insulin analogs constitute 42 % of all 
insulin sales and these are developed to provide slow and fast acting 
options for healthcare [10,11]. From these commercial options, we 
selected four distinct insulin formulations; Actrapid®, Fiasp® (aspart), 
Apidra® (glulisine), and Lantus® (glargine). Actarapid is a 
regular-acting recombinant human insulin, the same used in all previous 
assays, but in its designated buffer. Fiasp (aspart insulin) and Apidra 
(glulisine) are both considered fast-acting insulin analogs, and having 
single or double mutation in their B-chain, respectively [9,10]. Lantus 
(glargine) is a slow-acting analog, it has modifications both in the A- and 
B-chains [12]. The formulation of the commercial products is highly 
similar regarding insulin concentration (approximately 600 μM), the use 
of water for injections, HCl/NaOH for pH adjustment, and phenolic 

compounds for insulin stability (Table S2). However, there is also dif
ferences, from which the most relevant is the absence of zinc in Apidra 
(Table S2).

We first tested the commercial insulins by using incubation at 50 ◦C 
with agitation at 300 rpm. The condition is the same as previously with 
human insulin in neutral condition, and thus human insulin in H2O was 
the control (Fig. S9). However, in this experiment the insulin concen
tration was significantly higher (~600 μM), as the commercial insulins 
were directly used in aggregation. With the FRET-Probe (0.5 nM) and 
ThT (6.3 μM) the same time-dependent pattern was visible using the 
both methods (Fig. 4). In all cases, the FRET-Probe detected insulin 
aggregation more rapidly than ThT, as expected. When we compared 
two fast-acting insulins, Fiasp and Apidra, we found that Apidra 
aggregated slightly faster than Fiasp (Fig. 4A). When the human insulin 
in H2O was compared with the regular-acting Actrapid and slow-acting 
Lantus, we interestingly observed that Lantus and insulin in H2O showed 
similar aggregation tendency, as the rate with Actrapid was significantly 
slower (Fig. 4B).

As zinc is added into insulin formulations to stabilize the hexamer 
form, we next investigated the impact of zinc on Actrapid and human 
insulin without formulation (H2O). With the latter, both addition and 
removal increased the aggregation rate (Fig. 5A). When zinc was 
chelated with EDTA (600 μM) to produce zinc-free insulin, the results 
with the FRET-Probe and ThT are in line. However, when 150 μM zinc 
was added, creating an insulin-to-zinc ratio of 2:1, the aggregation rate 
increased significantly when detected by the FRET-Probe (Fig. 5A). 
Previous studies have shown that a 1:3 insulin-to-zinc ratio reduces 
aggregation compared to zinc-free insulin [46], while 3:1 and 1:6 ratios 
accelerate aggregation [47]. These results demonstrate the importance 
of the zinc concentration for insulin stability. When the zinc chelation 
was performed for Actrapid, a clear increase in aggregation rate was 
observed with both methods (Fig. 5B). However, even in the presence of 
EDTA, Actrapid exhibited a slower aggregation rate compared to 
zinc-free human insulin in H2O. This difference may result from 
incomplete zinc chelation or the presence of additives, such as phenolic 
compounds, which can stabilize insulin into less accessible R6 confor
mation, as discussed later (see Section 3.7.).

The increase in insulin aggregation upon zinc removal can be 
explained by hexameric insulin dissociation, but the mechanism behind 
the increased aggregation rate with higher zinc concentrations is un
clear. Additionally, the clear difference between the FRET-Probe and 
ThT results in the presence of added zinc raises questions about the 
aggregation mechanism (Fig. 5A). It has been shown that zinc-free in
sulin primarily aggregates through second-order diffusion-limited ag
gregation (isodesmic aggregation), while zinc-insulin hexamers follow a 
nucleation-and-growth mechanism [47]. These distinct aggregation 
pathways are likely to produce aggregates with differing structures or 
morphologies, which might suggest that the FRET-Probe is more sensi
tive to early nucleation events or specific interactions within hexamers, 
while ThT preferentially detect fibrillar aggregates associated with iso
desmic growth.

3.8. Monitoring of insulin hexameric forms

Insulin hexamer undergoes a TR transition, meaning it exists in 
equilibrium in three conformational states: T6, T3R3

f , and R6. When in
sulin and zinc concentrations are sufficient, insulin assembles into a T6 
hexamer consisting of three insulin dimers arranged around a threefold 
symmetry axis. The HisB10 residues of each dimer coordinate a central 
zinc ion and the structure is stabilized by extended N-terminal B-chain 
residues (B1–B8), which cross between dimers and bury non-polar res
idues in adjacent dimers [48]. The T6 conformation is recognized as an 
active monomeric structure [1]. In contrast, the R structure differs from 
the T by adopting a helical arrangement in the first eight amino acids of 
the B-chain (B1–B8) [49]. This structural change significantly alters the 
position of the N-terminal residues and enables the formation of a 

M. Malakoutikhah et al.                                                                                                                                                                                                                       Analytica Chimica Acta 1369 (2025) 344366 

6 



secondary zinc coordination site including HisB5 and HisB10. In the R6 
form, all six subunits adopt this helical B1–B8 structure, and it is known 
that phenolic compounds, such as phenol, resorcinol, and m-cresol, 
stabilize the R6 conformation through hydrogen bonding and van der 
Waals interactions between dimers. In the presence of anionic ligands, 
TR transition occurs in only three monomers. The R conformation 
induced by anionic ligands differs from that stabilized by phenolic 
compounds by extending the three first amino acids on the B-chain, 
creating a T3R3

f hexamer [7]. In pharmaceutical insulin analogs, 
phenolic compounds are added not only for their antibacterial proper
ties (m-cresol), but also for their ability to induce the TR transition [8]. 
This area of research is highly important as novel insulin analogs are 
constantly engineered, and the same outcome can be achieved with 
varying means. As an example, fast-acting aspart is predominantly in the 
T3R3 conformation, while the another fast-acting insulin (glulisine) in 
the zinc-free T6 conformation [50,51].

During the aggregation studies with the FRET-Probe, we detected 
unexpected results when some of the compounds commonly used in 
commercial insulins were studied individually. Under the acidic condi
tions, insulin aggregates were formed at pH 1.8, and measurements were 
conducted using a detection solution at pH 7.5. The aggregate-to- 
detection volume ratio was 1:11, resulting in a final pH of approxi
mately 5. Under neutral conditions, the setup was reversed: aggregates 
were formed at pH 7.5, while the detection solution had a pH of 4, also 
yielding a final pH of around 5. However, when we used the same 
detection solution as in the acidic conditions to analyze aggregates 
formed at neutral pH, we observed an increase in signal even before 

aggregation occurred.
To explore whether the FRET-Probe could monitor conformational 

shifts in insulin hexamers, we supplemented 600 μM insulin with 150 
μM ZnCl2 to induce the T6 hexamer. Then we performed a resorcinol 
titration to induce the TR transition in the presence or absence of 
common anionic compounds: 50 mM KSCN and 200 mM NaCl (Fig. 6A). 
In resorcinol-free insulin solutions, the TR-FRET signal remained high, 
independent of KSCN or NaCl. However, both KSCN and NaCl reduced 
the signal intensity. When resorcinol was titrated, the TR-FRET signal 
decreased at significantly lower concentrations in the presence of KSCN 
and NaCl (EC50: 11 mM and 18 mM, respectively) compared to their 
absence (EC50: 62 mM) (Fig. 6A). These results suggest that the FRET- 
Probe is sensitive to insulin conformational changes, distinguishing 
between different hexameric forms.

To test the hypothesis that the FRET-Probe preferentially binds to the 
T6 hexamer and to a lesser extent to T3R3

f and R6 hexamers, we con
ducted a stepwise assay using 30 μM human insulin (Fig. 6B). Unlike 
previous assays, the FRET-Probe was added at the beginning of the re
action, and Zn(ClO4)2 was used instead of ZnCl2. The result indicates, 
that the insulin alone is mostly present in dimer, and converted to T6 
upon zinc addition. Further addition of KSCN turns insulin in T3R3

f , and 
further to R6 upon resorcinol addition to same wells. It is expected that 
the change in equilibrium rather than full TR transition is monitored 
with the FRET-Probe. However, by providing real-time monitoring of 
conformational transitions, the FRET-Probe can provide useful infor
mation on analog action profile engineering, not possible with other 
simple to use luminescent methodologies. Detecting shifts in hexameric 

Fig. 4. Aggregation rates of different insulins in their commercial formulations. The FRET-Probe (solid line) and ThT (dashed line) detection of 600 μM (A) Fiasp 
(black) and Apidra (red) or (B) Lantus (black), Actrapid (red), and human insulin (blue) in H2O. Samples were prepared using 50 ◦C incubation with agitation at 300 
rpm. All commercial insulins were used in their own commercial formulations. Data are presented as the mean ± SD (n = 3). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. The effect of zinc on insulin aggregation rate. (A) Aggregation of 600 μM human insulin in H2O was studied in the absence (black) and presence of 150 μM 
ZnCl2 (blue) or 600 μM EDTA (red) using the FRET-Probe (solid line) and ThT (dashed line). (B) Actrapid insulin aggregation was studied in the absence (red) and 
presence (black) of 600 μM EDTA using the FRET-Probe (solid line) and ThT (dashed line) for detection. Samples were prepared at 50 ◦C using agitation at 300 rpm. 
Data are presented as the mean ± SD (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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equilibrium can also guide modifications to enhance thermal and 
chemical stability, critical for storage and therapeutic efficacy.

4. Conclusions

In this study, we demonstrate the potential of the FRET-Probe 
technique for studying insulin aggregation and changes in hexameric 
conformations. In the insulin aggregation assays, the FRET-Probe 
showed high specificity and sensitivity, distinguishing insulin fibrils 
from native insulin and consistently exhibiting shorter lag times and 
higher signal-to-background (S/B) ratios compared to the standard ThT 
assay (Table S1). The FRET-Probe assay implementation and throughput 
are as simple as with the ThT and other dyes, but the higher sensitivity 
and earlier detection makes it tempting option for in vitro setting. Results 
indicate that the FRET-Probe detects aggregates that might distinct 
fibrillar morphology, but that it can be used also for other amyloid fibril 
forming peptides than insulin. The FRET-Probe ability to provide early 
insights into insulin fibril formation holds promise for advancing our 
understanding of amyloid-related diseases and improving therapeutic 
interventions. This study contributes to the refinement of techniques for 
amyloid fibril detection and offers valuable insights into the kinetics and 
mechanisms underlying insulin aggregation. Enhanced sensitivity with 
the FRET-Probe also might unravel the dynamics of insulin fibril for
mation, especially for early detection of amyloid fibrils, even its use for 
in vivo applications has not been studied.

The unique aspect of this work is the FRET-Probe ability to differ
entiate between insulin hexameric conformations (T6, T3R3

f , and R6), 
never shown with other probes. These transitions, are influenced by zinc 
ions, anionic ligands, and phenolic compounds, and were clearly 
detected using the FRET-Probe. The distinct signal profiles observed for 
each conformation highlight the FRET-Probe capability to resolve subtle 
structural dynamics within insulin hexamers in real-time. This feature 
offers a novel approach to studying the structural and functional prop
erties of insulin formulations under various conditions, providing in
sights not attainable with existing detection methods.
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