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Insulin fibrillation poses a variety of problems in biomedical and biotechnological applications of insulin.
Inhibiting insulin fibrillation is highly on demand to address those problems. We herein demonstrate the
capability of amphiphilic sulfonatocalixarene to inhibit insulin fibrillation. The amphiphilic assembly of
p-sulfonatocalix[4]arene tetra dodecyl ether exhibits much better efficiency on inhibiting insulin
fibrillation, with respect to p-sulfonatocalix[4]arene and sodium dodecyl benzenesulphonate. The
pronounced inhibition effect results from both the preorganized scaffold of calixarene and the
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Insulin is a 51-residue protein hormone, composed of A
(21-residue) and B (30-residue) chains linked by two disulfide
bonds (Fig. 1). It plays a crucial role in regulating glucose
metabolism and treating diabetes [1-3]. However, insulin tends
to form insoluble amyloid fibrils under certain conditions, such as
high concentration, elevated temperature, low pH and high ionic
strength, which reduce the insulin potency [4,5]. For example,
amyloid deposits are commonly formed at the site of repeated
insulin injection in diabetic patients, thereby causing severe
subcutaneous insulin resistance and poor glycemic control [6,7].
Moreover, the instability of insulin also makes the production,
storage and delivery rather difficult [3,8]. Consequently, it is highly
on demand to inhibit insulin fibrillation.

In recent years, many efforts have been devoted to develop
inhibiting agents of insulin fibrillation, including natural small
molecules [9-11], synthetic compounds [12,13], peptides [14,15],
ionic liquids [16] and nanoparticles [17,18]. One core issue of
inhibiting insulin (and other proteins) fibrillation is the molecular
recognition. Such a challenging problem attracts the research
interest of supramolecular chemists too. A series of artificial
receptors, such as cyclodextrin [19,20], calixarene [21], cucurbi-
turil [22,23] and molecular tweezer [24], have been engaged in

* Corresponding authors.
E-mail addresses: huxinyue@nankai.edu.cn (X.-Y. Hu), dshguo@nankai.edu.cn
(D.-S. Guo).

https://doi.org/10.1016/j.cclet.2020.01.042

inhibiting insulin fibrillation, benefiting from their binding
capabilities towards amino acids.

More recently, we proposed a strategy of heteromultivalent
recognition by co-assembling of cyclodextrin and calixarene
amphiphiles, which not only inhibited the fibrillation of amy-
loid-p peptides, but also dissolved amyloid-g fibrils [25]. This
heteromultivalency strategy improves the binding affinity and
selectivity drastically, especially to proteins with multiple and
diverse binding sites. We envisaged that the self-assembled
heteromultivalency strategy could be easily amenable to other
ensembles and targets. Therefore, as a natural evolution of our
ongoing program on inhibiting amyloid fibrillation via host-guest
interactions, we report here the inhibition of insulin fibrillation
by the amphiphilic assembly of p-sulfonatocalix[4]arene tetra
dodecyl ether (SC4CE). In comparation, the efficiency of
p-sulfonatocalix[4]arene (SC4A, the non-amphiphilic parent com-
pound of SC4CE) and sodium dodecyl benzenesulphonate (SDBS,
the mimic building subunit of SC4CE) on inhibiting insulin
fibrillation were also investigated. The SC4CE micelle [26] exhibits
much better efficiency on inhibiting insulin fibrillation.

The insulin aggregation can be studied by many techniques,
such as fluorescence spectroscopy, circular dichroism (CD),
turbidity and transmission electron microscopy (TEM) [27]. Insulin
fibrillation has been shown to form insoluble aggregates with
p-sheet structures [3]. The presence of insoluble protein aggregates
leads to an apparent increase in UV-vis absorbance at all
wavelengths due to scattering effects [28]. Therefore, the absor-
bance assay has been extensively employed to monitor the kinetics
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Fig.1. Amino acid sequence of insulin and molecular structures of SC4A, SC4CE and
SDBS.

of insulin aggregation [22,29,30]. Herein, the absorbance at
540nm was measured to monitor the kinetics of insulin
aggregation, where native insulin and all of potential inhibitors
(SCA4CE, SC4A and SDBS) have negligible absorbance (Fig. S1 in
Supporting information). The aggregation of 1.0 mg/mL
(172.0 pmol/L) insulin was conducted in physiologic salt concen-
trations using phosphate buffer saline (PBS, 10 mmol/L, pH 7.4).
Previous studies have shown that the B-chain residues contribute
mainly to insulin aggregation [15,20]. Lysine (K) and arginine (R)
are two B-chain residues of insulin, which can be encapsulated by
SC4A with moderate binding affinities (K, ~ 10 L/mol) [31,32].
Firstly, 1.0 equiv. SC4CE (172.0 pumol/L, much higher than its critical
micelle concentration of 3.5wmol/L, Fig. S2 in Supporting
information) was employed to investigate the inhibition of insulin
fibrillation. The fibrillation of insulin follows a nucleation
dependent mechanism involving nucleation, elongation, and
equilibration phase (Fig. S4 in Supporting information) [3]. As
shown in Fig. 2a, the initial nucleation occurs in the first 25 h, and
the nucleation phase is followed by the elongation phase. TEM
images (Fig. 2d) show that insulin forms large amounts of mature
fibrils after the incubation for 100 h. In contrary to the solution of
insulin, the absorbance of insulin solution incubated with SC4CE
shows no increase during this 135-h kinetic study (Fig. 2a), and no
trace of amyloid fibril is found in TEM images (Fig. 2d),
demonstrating that the SC4CE micelle completely inhibits the
formation of insulin fibrils. In order to examine the advantage of
assembly over monomer, SC4A was studied as a control inhibitor.
The absorbance of insulin solution incubated with SC4A is slightly
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lower than insulin (Fig. 2a), indicating that SC4A produces a weak
inhibition effect on insulin aggregation under the present
condition. SDBS was used as the other control inhibitor to examine
the advantage of calixarene scaffold over building subunit. The
absorbance of insulin solution incubated with SDBS is lower than
insulin after 60 h, suggesting that SDBS partially inhibits insulin
aggregation. Intuitively, TEM images (Fig. 2d) show that insulin
aggregates into mature fibrils in the presence of SC4A or SDBS,
indicating that both SC4A and SDBS are inactive to inhibit insulin
fibrillation. CD spectra were then performed to analyze the effect of
SC4CE on the secondary structure transition of insulin during
the amyloid formation period. The native insulin shows significant
a-helical structure with two negative bands at 208 nm and 222 nm
[33]. As the fibrillation proceeds, the ellipticities at these two
wavelengths increase progressively, indicating the decreased
content of a-helix (Fig. 2¢) [34]. As expected, the CD spectra of
insulin in the presence of SC4CE remain nearly unchanged over a
period of 120 h (Fig. 2c), indicating SC4CE inhibits the structural
transformation of insulin. The efficient inhibition of SC4CE benefits
from two factors. The calixarene cavity donates the recognition site
to insulin, more importantly, the amphiphilic assembly provides
multivalent recognition which enhances the interaction between
the micelle and insulin [35].

The kinetics of insulin aggregation in the presence of SC4CE
with different concentrations was further investigated. The
absorbance assay (Fig. 2b) shows that the SC4CE micelle inhibits
the insulin fibril formation at unexpectedly low concentrations.
SCACE (17.2 wmol/L), which is an order of magnitude lower than
the concentration of insulin (172.0 wmol/L), performs the efficacy
to prolong the lag time. SC4ACE (86.0 umol/L) is able to completely
inhibit the aggregation during the 135-h kinetic study. It is worth
noting that although an amount of inhibitors have been reported to
inhibit insulin fibrillation, most of them need a large excess
[10,30]. But for the SC4CE micelle, only 0.5 equiv. is sufficient to
inhibit the insulin fibrillation. The SC4CE micelle probably
hampers the nucleus formation and thus inhibits further
aggregation of insulin [36]. Moreover, when the concentration
of SCACE (1.7 pmol/L) is lower than its critical micelle concentra-
tion, SC4CE has almost no inhibition effect on insulin fibrillation.

To better understand the inhibition of insulin fibrillation by the
SC4CE assembly, we evaluated the interaction between SC4CE and
insulin via competitive fluorescence titration [37-39]. Initially, we
intended to measure the binding affinity of SC4CE and insulin using
lucigenin as a probe [40]. The binding affinity of SC4CE and
lucigenin was firstly measured via direct fluorescence titration
(K,=8.1x10> L/mol, Fig. S7 in Supporting information). By
competitively titrating of the complex of SC4CE (10.0 pmol/L)
and lucigenin (10.0 pmol/L) with insulin, the fluorescence intensity
increases quickly until it reaches equilibrium (Fig. 3a). In contrary
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Fig. 2. Kinetics of insulin (172.0 wmol/L) aggregation in PBS (10 mmol/L, pH 7.4), (a) monitored by absorbance assay in the absence and presence of SDBS (688.0 mol/L), SC4A
(172.0 wmol/L), SCACE (172.0 wmol/L), and (b) monitored by absorbance assay with SC4CE of different concentrations. Averages and standard deviation over three replicates
are shown. (c) CD spectra of insulin (8.6 pmol/L) in PBS (10 mmol/L, pH 7.4) in the absence and presence of SC4CE (8.6 p.mol/L) at different time points. (d) TEM images of
insulin in the absence and presence of SDBS, SC4A and SC4CE, incubated in PBS (10 mmol/L, pH 7.4) for 100 h. Scale bars: 200 nm.
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Fig. 3. (a) Competitive titration curves at Ay, = 510 nm of lysine, arginine and
insulin in the presence of SC4CE (10.0 wmol/L) and lucigenin (10.0 wmol/L) in PB
(10 mmol/L, pH 7.4), fit according to a n:1 (insulin) and 1:1 (lysine and arginine)
competitive binding model, n = 0.95, Ax =420 nm. Data are from three independent
experiments and are presented as mean+S.E.M. (b) Simplified scheme of
heteromultivalent recognition between SC4CE and insulin.

to insulin, the fluorescence intensity increases slightly by
competitively titrating with lysine or arginine. The associated
titration curves are fit according to a n:1 (insulin) and 1:1 (lysine
and arginine) binding model to obtain binding affinities. The
obtained results suggest that the interaction of SC4CE with
insulin (K,=2.0x107 L/mol) is much stronger than lysine
(K;=3.0 x10%> L/mol) and arginine (K,=3.5x10% L/mol). We
suspected that other amino acids of insulin besides lysine and
arginine also contribute to the strong binding between the SC4CE
assembly and insulin. Garcia-Rio et al. have demonstrated that both
the host cavity and micellar pseudophase would become the
potential recognition sites of guest molecules in amphiphilic SC4A
micellar system [41]. In the SC4CE assembly, the micellar
pseudophase serves as the other recognition site besides the host
cavity. The SC4CE assembly can not only include lysine and arginine
into the host cavity, but also complex hydrophobic amino acids
(phenylalanine, leucine, valine, etc.) into the micellar pseudophase,
realizing finally the heteromultivalent recognition to insulin as
illustrated in Fig. 3b.

We further examined the disaggregation effect of the SC4CE
micelle on insulin fibrils. Insulin was pre-incubated in PBS as
described above, and the SC4CE micelle was added after the
incubation period. As shown in Fig. 4a, the absorbance of insulin
(after the incubation for 50 h) with application of the SC4CE
micelle increases slightly rather than declines, which indicates
that the SC4CE micelle has no disaggregation effect on
preformed insulin fibrils. Nevertheless, the absorbance of
insulin with application of the SC4CE micelle is lower than
insulin alone, reflecting the inhibition effect of the SC4CE
micelle. CD spectra (Fig. 4b) show that the a-helical content of
insulin (after the incubation for 100 h) with application of the
SC4CE micelle decreases slightly rather than increases, indicating
that SC4CE does not have the ability to disaggregate insulin fibrils,
which is consistent with the absorbance result. Meanwhile, the
decreased content of a-helix with application of the SC4CE micelle
is less than insulin alone (Fig. 4b), further demonstrating the
inhibition effect of the SC4CE micelle. TEM images (Fig. S8 in
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Fig.4. (a)Kinetics of insulin aggregation in PBS (10 mmol/L, pH 7.4) with or without
application of SC4CE, SC4CE was added during the elongation phase (after the
incubation for 50 h). Averages and standard deviation over three replicates are
shown. (b) CD spectra of insulin in PBS (10 mmol/L, pH 7.4) with or without
application of SC4CE at different time points, SCACE was added during the
elongation phase (after the incubation for 100 h).

Supporting information) also show that mature fibrils can still be
observed after incubation with the SC4CE micelle for 50 h. These
results suggest that the SC4CE micelle exhibits the inhibition
capability of insulin fibrillation even in the presence of “fibril
seeds”, however, it cannot dissolve mature fibrils. We speculate
that the inhibition of insulin fibrillation by SC4CE is a kinetic delay
process. That is, SCACE is capable of inhibiting insulin fibrillation
kinetically, but is incapable of disaggregating mature fibrils
thermodynamically.

In summary, the SC4CE micelle exhibits much better efficiency
on inhibiting insulin fibrillation than SC4A and SDBS, probably
derives from the heteromultivalent recognition. The SC4CE
micelle can even inhibit insulin aggregation and prolong the
nucleation time at low concentration. Mature fibrils cannot be
disaggregated in the presence of the SC4CE micelle, indicating
that the SC4CE micelle inhibits insulin fibrillation kinetically,
while cannot disaggregate insulin fibrils thermodynamically.
With such remarkable inhibition effect on insulin fibrillation, the
SC4CE assembly has the potential to improve the stability and
activity of insulin.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2020.01.042.
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