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Abstract: Traditional approaches to achieve sustained delivery of pharmaceutical peptides
traditionally use co-excipients (e.g., microspheres and hydrogels). Here, we investigate the release of
an amyloidogenic glucagon analogue (3474) from an aggregated state and the influence of surfactants
on this process. The formulation of peptide 3474 in dodecyl maltoside (DDM), rhamnolipid (RL), and
sophorolipid (SL) led to faster fibrillation. When the aggregates were subjected to multiple cycles
of release by repeated resuspension in fresh buffer, the kinetics of the release of soluble peptide
3474 from different surfactant aggregates all followed a simple exponential decay fit, with half-lives
of 5–18 min and relatively constant levels of release in each cycle. However, different amounts
of peptide are released from different aggregates, ranging from 0.015 mg/mL (3475-buffer) up to
0.03 mg/mL (3474-DDM), with 3474-buffer and 3474-RL in between. In addition to higher release
levels, 3474-DDM aggregates showed a different amyloid FTIR structure, compared to 3474-RL
and 3474-SL aggregates and a faster rate of degradation by proteinase K. This demonstrates that
the stability of organized peptide aggregates can be modulated to achieve differences in release of
soluble peptides, thus coupling aggregate polymorphism to differential release profiles. We achieved
aggregate polymorphism by the addition of different surfactants, but polymorphism may also be
reached through other approaches, including different excipients as well as changes in pH and
salinity, providing a versatile handle to control release profiles.
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1. Introduction

The controlled release of pharmaceutical drugs is subject to intense research efforts. Many
strategies involve different forms of immobilization of the drug in microspheres or hydrogels [1–6],
e.g., through cross-linking of various molecules to generate biodegradable microsphere polymers,
which trap the active drug compound. There is a large range of polymers with different biodegradation
and drug release profiles [7,8], including both micelles [9], peptide nanorods [10] and composites
of polysaccharides and polylactides [11]. Delivery of self-assembled peptides may offer another
strategy to generate an injectable drug with extended release. A good example is provided by insulin
degludec, in which the natural propensity of insulin to form fibers consisting of concatemers of
hexameric subunits with zinc is exploited for sustained release of insulin over 42 h [12]. Another way
to assemble proteins is via amyloid aggregates, i.e., cross β-sheet fiber aggregates formed by proteins
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and peptides [13]. Amyloids in the form of misfolded proteins are associated with at least 50 human
diseases [14], but also find use in nature in a wide range of applications, including cell-cell contacts,
biofilm strengthening, and cellular structures [15–17]. Amyloid formation occurs above the equilibrium
solubility of the monomeric species and is usually detected with the dye thioflavin T, which undergoes
a marked increase in fluorescence upon binding fibrils [18]. Thus, aggregates of the amyloid β peptide
(1-40) are in a dynamic equilibrium with the soluble peptide population and aggregates diluted
into phosphate buffered saline (PBS) release peptides until the critical concentration (equilibrium
solubility) is reached over a timespan of ~24 h [19,20]. It has been suggested that most, if not all,
proteins and peptides can form amyloid structures [21–23]. Amyloids may offer a general approach
to depot formation. Their high resistance to proteolysis, pH changes, physical stress, and chemical
stability [24–27] offer the prospect of a common strategy for the release of peptides and unstructured
proteins. Indeed, Riek and coworkers [28] have shown that long-acting gonadotropin-releasing
hormone analogues act by forming amyloids with long-lasting peptide release (half-life times ranging
from 15–30 days). In contrast, most short-acting variants did not form amyloids.

Aggregation of proteins and peptides is strongly influenced by surfactants [29], ranging from
inhibition to promotion of aggregation. The promotion of aggregation can be driven by destabilization
of the native protein structure by surfactants [30,31], assembly of proteins through the formation of
shared micelles [32], or micellar interactions similar to membrane interactions [33–35]. In addition,
surfactants may also lead to off-pathway aggregation by electrostatic interactions stabilizing oligomeric
interactions [36] or inhibition of aggregation, e.g., observed in insulin by modulating the effective
polarity of water [37] and by hydrophobic interactions with recombinant human growth hormone
(rHGH) that prevent aggregation from the molten globule state [38,39].

Here we investigate the potential use of amyloid aggregates as injectable particles for
subcutaneous depot formation and its manipulation through different ways of forming aggregates.
As a model system, we use an inactive analogue of the peptide hormone glucagon (peptide 3474)
which fibrillates in the presence of micelles of different surfactants, namely the nonionic surfactant
dodecyl maltoside (DDM) and the two glycolipid biosurfactants rhamnolipid (RL) and sophorolipid
(SL), both of which have a carboxyl group that is ionized above pH 5–6. Peptide 3474 is a variant of the
native glucagon sequence, in which five amino acids have been changed, conferring a global charge
of −2 at neutral pH. These changes lead to improved solubility at neutral pH, compared to native
glucagon, that has a global charge of 0 at neutral pH. We find that the DDM-induced aggregates lead
to higher levels of release of 3474, compared to the aggregates formed in RL and SL, and the difference
in release can be correlated to changes in aggregate structure.

2. Materials and Methods

Chemicals: Rhamnolipid (RL), 90% pure, was from Agae Technologies (Corvallis, OR), 87% pure
sophorolipid was from Ecover (Malle, Belgium), dodecyl maltoside (DDM) came from Avanti Lipids
(Alabaster, AL), proteinase K was from MP Biomedicals (Santa Ana, CA), and all other chemicals
were from Sigma (St. Louis, MO). Peptide 3474 (sequence HSQGTFTSDYSKYLDSARAEDFVAWLERT)
was synthesized and purified to 98% as a trifluoroacetate-lyophilisate purity at Zealand Pharma A/S
(Glostrup, Denmark).

Thioflavin T (ThT) fibrillation assay to prepare peptide aggregates: Fibrillation of 3474 was
performed on a Tecan Genios Pro Plate Reader (Tecan, Switzerland) at 40 ◦C with constant agitation
(300 rpm orbital shaking). ThT was prepared in milliQ water stocks at 1 mM and diluted to a final
concentration of 20 µMmL. The 3474 was dissolved in milliQ water-HCl pH 2.5 at a concentration of
5 mg/mL and centrifuged for 10 min at 21.130 g on an Eppendorf microcentrifuge 5424 R (Eppendorf,
Germany) before dilution to a final concentration of 1 mg/mL in 50 mM phosphate pH 7.0 buffer. ThT
fluorescence was monitored with excitation at 448 nm and emission at 485 nm. Data was collected
every 10 min over 250 h.
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ATR-FTIR: Prior to measurement, aggregated samples of 3474 were washed by 3 cycles
of resuspension in water followed by centrifugation at 21.130 g for 10 min on an Eppendorf
microcentrifuge 5424 R (Eppendorf, Germany). Spectra were collected on a Tensor 27 FTIR spectrometer
(Bruker Optics, Billerica, MA). To record spectra, 2 µL of peptide samples were dried under nitrogen
flow. Data were collected as an average of 68 scans and a resolution of 2 cm−1. Data processing and
peak identification were carried out as described [40].

Circular dichroism: Spectra were recorded on a JASCO J-810 spectropolarimeter (Jasco
Spectroscopic Co. Ltd., Japan). The samples contained 1 mg/mL 3474 and were measured in a
0.2 mm cuvette over 260–190 nm with 5 repetitions at a scanning speed of 100 nm/min. Spectra of
3474 in SL, RL, and sodium dodecyl sulphate (SDS) were reconstructed as weighted averages of the
spectra of 3474 in SDS (fraction f SDS) and in buffer (1-f SDS) in Excel Solver.

Release Assay for 3474 Aggregates: Peptide aggregates were washed in 11.8 mM NaP with
137 mM NaCl and 2.7 mM KCl (PBS) with a triple cycle of centrifugation and resuspension in buffer.
The centrifugation was done in an Eppendorf microcentrifuge 5424 R (Eppendorf, Germany) at 21.130 g.
The washed aggregates were resuspended in PBS at 1.0 mg/mL, after which they were left to incubate
at 37 ◦C in darkness. Samples were extracted at different time intervals (cycles 1, 2 or 3—0, 0.25, 0.5,
1, 2, and 4 h, cycle 4—0, 0.25, and 12 h). For each time-point, samples were centrifuged at 21.130 g
for 5 min and supernatant was collected. Between each cycle, the entire supernatant was removed
after the centrifugation step and fresh PBS was added to the original sample volume (1 mg/mL).
The concentration of peptide in the supernatant samples was measured on a TSKgel G2000SW column
(Tosoh Bioscience, Japan) using an Ultimate 3000 HPLC (Thermo Fisher Scientific, Massachusetts, USA)
with a fluorescence or UV detector. The UV was collected at 280 nm on an Ultimate 3000 RS Diode array
detector and fluorescence with excitation at 280 nm and emission at 350 nm on an Ultimate 3000 RS
Fluorescence detector. The elution buffer consisted of 45% (V/V) acetonitrile and 0.1% trifluoroacetic
acid in MilliQ water. Chromeleon 7 software was used to determine the peak area of the samples,
which was converted into concentration using a 3474-standard diluted from a known stock solution.

Transmission Electron Microscopy: Samples of aggregated 3474 were transferred to a carbon-
coated glow-discharged 400 mesh nickel grid, stained with 1% phosphotungstic acid and blotted dry.
A JEOL 1010 electron microscope was used at 60 kW with an Olympus KeenView camera.

Proteinase K amyloid digestion assay: The 3474 aggregates were washed twice in MQ water
and twice in PBS by centrifugation at 21.130 g for 10 min on an Eppendorf microcentrifuge 5424 R
(Eppendorf, Germany) by removing the supernatant. Proteinase K was added to the aggregates at molar
protease–peptide ratios of 1:1, 1:5, 1:10, 1:50, 1:100, 1:500, 1:1000, and 0:1. ThT was added to 40 µMmL and
the decline in ThT fluorescence was used to estimate proteolysis of the 3474 aggregates. ThT fluorescence
was measured over 72 h with excitation at 448 nm, emission at 485 nm and a gain of 75, and slit widths of
9.0/9.0 on a Synergy H4 Hybrid Reader (BioTek, Vermont USA). The experiment was run at 37 ◦C with
300 rpm shaking for 15 s between each time point (equal to shaking 10% of the time).

3. Results

3.1. The Peptide 3474 Aggregates in Buffer and in the Presence of Different Surfactants

In this study we investigate release of an inactive fibrillating glucagon analogue (3474) in a simple
dissolution model. Although 3474 is more soluble than native glucagon at neutral pH, the peptide
still forms ThT-positive aggregates in an accelerated stress assay (constant shaking at 40 ◦C). There
is an abrupt increase in ThT signal after 130–200 h, leading to a large overshoot and then a decline,
over a ~30 h period, to a plateau level well above the start value (Figure 1A with sample in buffer).
This overshoot is reproducible and may reflect a very efficient cycle of fragmentation and growth,
which sets in once a sufficient number of fibrils have formed. Over longer time scales, these fibrils may
rearrange and bundle together to reduce the number of ThT binding sites, leading to a reduction in ThT
fluorescence, as reported in numerous other fibrillation studies. FTIR confirmed that these aggregates
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contained amyloid with a peak around 1627 cm−1 in a second derivative spectrum (Figure 1B), which
is characteristic for cross-β structures [41].
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Figure 1. Amyloidogenic propensity of 3474 in buffer and surfactants. (A) Incubation of 3474 at 40 ◦C
under constant agitation and monitoring amyloid formation, using the amyloid dye ThT, shows that
fibrillation of 3474 is accelerated by the addition of dodecyl maltoside (DDM), rhamnolipid (RL), and
sophorolipid (SL), while sodium dodecyl sulphate (SDS) inhibits aggregation completely. (B) FTIR
confirms the amyloid peak of 3474. (C) The far-UV circular dichroism signal of 3474 before aggregation
shows increasing α-helicity with surfactants. (D) Comparison of measured circular dichroism (CD)
structure and the calculated signal of 3474-DDM based on linear combinations of its structure in buffer
and SDS.

To form additional types of aggregates for slow-release studies, we turned to surfactants which
are known to induce protein aggregation under some circumstances [29]. At 10 mM surfactant (which
is well above the critical micelle concentration (cmc) for all tested surfactants), we find that SDS
completely suppresses aggregation, whereas DDM, RL, and SL shorten the lag-time of 3474 fibrillation
and suppress the overshoot phase, leading to a simpler sigmoidal ThT time profile (Figure 1A).
To elucidate the basis for these effects, we investigated changes to the secondary structure of 3474 by
far-UV circular dichroism (CD) in the presence of these surfactants (Figure 1C). The 3474 is mostly a
random coil in buffer solution, while SDS induces an α-helix structure as expected. DDM, RL, and SL
influence secondary structure to a lesser degree than SDS, with DDM resembling the SDS-induced
α-helix spectrum the most and SL the least (Figure 1C). All the spectra intercept in an isodichroic point
around 204 nm, suggesting that they are linear combinations of only two different spectra. In fact, the
spectra for 3474 in SL, RL, and DDM can be deconvoluted as weighted averages of the spectra of 3474
in buffer and in SDS (a representative sample for DDM is shown in Figure 1D). The SDS component
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contributes 17%, 51% and 63% to the spectra of SL, RL, and DDM, respectively, while the remaining
percentages come from 3474 in the random coil conformation.

3.2. 3474 Aggregates Show Burst Release of Soluble Peptides, Particularly Those Formed in DDM

We considered several ways to mimic a drug release profile. As an initial attempt to follow the
release of soluble peptides from 3474 aggregates, we placed the aggregates inside a dialysis membrane
with a 10 kDa cut-off. However, background binding of 3474 to the cellulose ester membrane made
this approach unfeasible. We had more success with a simple setup where 3474 aggregates were kept
suspended in solution for an extended period. At different time points, the aggregates were spun
down and samples were withdrawn to measure the concentration of peptide in the solution, using
absorbance and fluorescence from an Ultimate 3000 chromatography system. Before the start of this
incubation period, residual soluble 3474 (<5%) was removed in several centrifugation steps.

We focused on the release profile from the aggregates generated in the buffer, DDM, RL, and SL
over a period of 24 h, divided into 4 cycles. In each cycle, the aggregate was resuspended into the
PBS buffer and samples were withdrawn at regular intervals. The amount of released peptide was
determined by spinning down the sample suspension and measuring the concentration of monomeric
peptide by HPLC. After each cycle, the original suspension was centrifuged, the supernatant was
removed, and the pellet was resuspended in fresh PBS solution. In this way we attempted to model
a situation in which the released peptide was transported away at regular intervals, enabling a new
release equilibrium to establish itself. In all cases, there was a rapid release of peptide that reached
a plateau within 0–2 h, with 50–100% total release around the first sample point (15 min) (Figure 2).
DDM aggregates were released so rapidly that we could only estimate a lower limit for the half-life of
release of ≤5 min. In the remaining three cases, the release profile can be fitted to a simple exponential
decay with half-lives of 18 ± 4, 14 ± 3, and 15 ± 3 min in the buffer, RL, and SL, respectively.
The 3474-DDM aggregates reached the highest plateau at 0.031 ± 0.001 mg/mL, which was sustained
within the duration of the experiment (12 h in the present study and up to 28 days in other studies
(data not shown)), indicating that the equilibrium between aggregated and soluble 3474 is reached
quickly. The 3474 aggregates formed in the buffer, RL, and SL reached lower plateau concentrations
(0.0154 ± 0.001, 0.021 ± 0.001 and 0.019 ± 0.002 mg/mL, respectively, based on averages from 4 cycles).
Thus, each cycle only released 1.5–3% of the total protein, leading cumulatively to ca. 13% for DDM
over 4 cycles and correspondingly less for the other aggregates.

3.3. Fibril Structure Differences is Reflected by Significant Differences in Proteolysis Susceptibility

To rationalize these differences in release, we turned to a closer inspection of the different
aggregates. Transmission electron micrographs showed short unbranched fibrils of 3474 in the buffer
(Figure 3A), with no obvious changes to fiber structure or morphology compared to fibers formed
in RL or SL (Figure 3B,C), while fibers formed in DDM had weaker contours and showed signs of
partial dissolution (Figure 3D). FTIR spectra of the washed aggregates revealed an important difference
(Figure 1B). While the pronounced peak in the 1625–1630 cm−1 region confirms the amyloid cross-β
structure of all four types of aggregates, the position of the amyloid peak is almost identical in the
buffer (1627.3 cm−1), SL (1627.5 cm−1), and RL (1627.8 cm−1) but shifts by 3 nm in DDM (1630.3 cm−1).
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Figure 2. Soluble 3474 is released at the same final level in consecutive release cycles from each type of
aggregate. The 3474 aggregates were prepared in the buffer, 10 mM DDM, 10 mM RL, or 10 mM SL and
spun down. In each cycle, the aggregate was washed and resuspended in a PBS solution to 1 mg/mL
and samples were withdrawn at different time points and centrifuged separately to measure the release
of soluble 3474 over time. At the end of each cycle, the aggregate was spun down, and subsequently
resuspended in a new cycle. The release of 3474 from different aggregates could all be fitted to a single
exponential decay with half-lives of 14–18 min, except for DDM aggregates which reached equilibrium
within the first measurement point (see main text). Release figures show release levels in mg/mL from
a suspension of originally 1 mg/mL aggregate. Thus, the release figures in mg/mL also correspond to
the fraction of release (disregarding the small reduction in total protein after each cycle).

Finally, we investigated peptide aggregate stability by a simple protease assay, in which the
broad-specificity proteinase K (protK) was incubated with peptide aggregates at protK–peptide
molar ratios ranging from 1:1 to 1:1000, while following the change in ThT fluorescence over time
(data for DDM shown in Figure 4A). The 3474 aggregated in the buffer, DDM, and RL displayed rapid
degradation as a decay in the ThT fluorescence, reaching zero fluorescence after 2–20 h. The decay in
ThT fit an exponential decay function satisfactorily, yielding a half-life t 1

2
.

In the case of 3474-SL, the ThT fluorescence initially increases before a rapid decline towards zero
(data not shown). In this case, we estimated the apparent half time visually as the time needed to
reduce the ThT fluorescence signal to 50% of the value at time t = 0. As summarized in Figure 4B,
all concentrations of protK degrade 3474 and there is a roughly linear decline in t 1

2 versus protK
concentration for all 4 aggregates in a log–log plot. It is evident that 3474-DDM is degraded the fastest
at low protK ratios, while 3474 in the buffer and RL remain very similar. The 3474-SL stands out with
its non-trivial degradation behavior and much higher t 1

2
at low protK ratios. Aggregate degradation

by protK correlates well with the extent of release (Figure 2), 3474-DDM degrades the quickest, and
3474-SL the slowest.
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Figure 4. Proteolysis of 3474 aggregates correlates with levels of release. Degradation of 3474
aggregates by proteinase K. (A) ThT fluorescence over time of 3474-DDM aggregates incubated with
different molar ratios (proteinase K-peptide) of proteinase. (B) The t 1

2 values from ThT-fluorescence
decays of the four different types of 3474 aggregates follow an approximately linear relationship in a
log–log plot, when plotted versus the fraction of proteinase K.

4. Discussion and Conclusions

We have studied the aggregation and subsequent release of soluble peptides from 3474 fibrils.
The lag-time of fibrillation in the buffer was very long, but could be shortened by inclusion of mild
surfactants (DDM, RL, and SL) and completely prevented by a strongly binding anionic surfactant
(SDS). The inhibitory effect of SDS on aggregation is expected, as surfactants are known to influence
aggregation of proteins and peptides. While low concentrations of SDS can promote aggregation,
due to formation of e.g., shared micelles [29,30,36], concentrations above the cmc invariably inhibit
aggregation [30,36,42] due to the solubilizing and dispersing power of SDS micelles. Despite being
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anionic, biosurfactants RL and SL only weakly interact with proteins, probably because the negative
charge is more delocalized on the carboxylate group, compared to SDS’ sulfate group [43–45].

We found that 3474 release was influenced by the conditions of aggregation. The peptide release
had a short t 1

2
that fit a simple exponential decay. The 3474-DDM aggregates released more 3474 into

the solution than 3474 in the buffer, RL, and SL aggregates. The release is in agreement with the release
behavior reported for gonadotropin-releasing hormone aggregates [28], albeit with much faster kinetics
(minutes rather than days). The in vivo release profile may be altered by various serum components
known to interact with proteins and protein aggregates, such as glycosaminoglycans [46] and amyloid
P protein [47]. We did not address potential immunogenicity of 3474 aggregates, but note that there
is large variance between different aggregates [48,49]. For example, soluble aggregates of human
gamma globulin elicit a higher immunogenic response compared to non-aggregated globulin [50],
while aggregates of recombinant human interferon beta are only immunogenic if oxidized [51]. In all
cases, we observed that multiple cycles of aggregate resuspension followed by centrifugation and
replacement of the supernatant with fresh buffer solution led to the same overall levels of release
in each cycle. This is consistent with the rapid formation of an equilibrium between the solution
and aggregate, in which the existence of a separate insoluble phase (rather than the total amount of
insoluble material) determines the solubility of the peptide.

The underlying mechanism behind the different release from 3474-DDM compared to 3474-RL/SL
probably relates to different aggregate structures at several different levels. Firstly, DDM-induced
aggregation gives a lower ThT fluorescence than aggregation in the buffer, RL, and SL. Secondly, FTIR
spectroscopy confirms that 3474-DDM aggregates differ from the other 3474 aggregates in secondary
structure (FTIR spectra), and thirdly 3474-DDM aggregates are more susceptible to proteolysis by
proteinase K. In a previous study on the closely related glucagon analogue ZP-GA-1 [45], we have
demonstrated that DDM interacts more strongly with the peptide than the biosurfactants RL and SL
3474 (and also more than the other surfactants surfactin and Tween 20), though much more weakly
than SDS does. Thus, the different types of aggregates formed clearly reflect different levels of binding
affinity. We speculate that the DDM-peptide interactions are weak enough to allow the peptide to
form stabilizing intermolecular interactions favoring aggregation, but strong enough to destabilize the
aggregates sufficiently for release of most of the peptide. In this model, the weaker interactions formed
by RL and SL do not “prime” the aggregate to the same extent. It should be noted that the level of
release in all cases is relatively low (cumulatively up to ca. 13% for DDM), though additional release
will likely occur upon further dilution. Nevertheless, the difference in release between the different
aggregates provides a useful way to modulate the biological accessibility of the peptide in vivo.

Polymorphic control over release is also observed in chemical drugs, e.g., chloramphenicol-
palmitate displays vastly different dissolution kinetics between two polymorphic structures [52].
Similarly, native glucagon also displays polymorphic variance of aggregates that expresses itself in
different morphologies of aggregates (e.g., twist and no twist along the fibrillar axis, typically visualized
with EM) and differences in stability (determined by urea and thermal stability) [53]. In the case of
glucagon, different polymorphic states can be induced by changing the concentration of glucagon,
including shear stress and inclusion of sulfate [53–55]. It is generally accepted that most proteins
and peptides display some degree of polymorphism in their aggregation [56]. By exploiting this
polymorphism, we can access different types of aggregates with different release profiles, highlighting
that amyloid aggregates can be versatile tools to generate long-acting drugs. In the present work we
have achieved this by incubating 3474 with surfactants during aggregation, but there may be many
other means to influence peptide aggregation and generate different polymorphs. Native glucagon
forms aggregates of differing stability when incubated under different conditions, such as variations in
temperature, salinity, and glucagon concentration [53,57]. Mutating the amino acid sequence may also
be utilized to control equilibrium solubility, which is illustrated by the 8-fold higher kinetic solubility
of amyloid β(26-40) compared to amyloid β(26-43) [20].
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