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a b s t r a c t 

The biological properties of therapeutic peptides, such as their pharmacokinetics and pharmacodynamics, are 
correlated with their structure and aggregation properties. Herein, we studied the aggregation properties of a 
therapeutic peptide (CIGB-814), currently in phase 2 clinical trial, for the treatment of rheumatoid arthritis over 
a wide range of concentrations (μM–mM). We applied spectroscopic techniques (fluorescence, circular dichro- 
ism, resonance, and dynamic light scattering), atomic force microscopy, and molecular dynamics simulations 
to determine the aggregation mechanism of CIGB-814. We found that the hierarchical aggregation of CIGB-814 
at micromolar concentrations was initiated by the formation of peptide oligomers. Subsequently, the peptide 
oligomers trigger the nucleation and growth of peptide nanostructures (cac = 123 μM), ultimately leading to the 
fibrillization of CIGB-814 (cac’ = 508 μM). These results pave the way for a deeper understanding of the CIGB-814 
therapeutic activity and may give important insights on its pharmacokinetics. 
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. Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease that affects 0.3–
% of the global population and represents the major cause of disabil-
ty among older people in Western countries. Unfortunately, currently,
nly palliative treatments that do not cure the disease are available to
mprove the quality of life of RA patients. 

Standard therapies are based on disease-modifying antirheumatic
rugs (DMARDs) and methotrexate [1] . Biologics are alternative drugs
or patients who do not respond to DMARDs. However, 40–50% of RA
atients have a limited response to these drugs [2] . 

Antigen-specific therapy could represent a suitable approach for
hose who exhibit resistance to traditional treatments. This approach
ims to eliminate only T cells that have evaded the control mechanisms
f peripheral tolerance [3] . The central role of T cells in the pathogenesis
f RA is well established. Under physiological conditions, the induction
f antigen-specific tolerance is required for immune homeostasis and
he control of autoreactive T cells that cause the onset of autoimmune
iseases [4] . 

In the case of RA, it is crucial to control the expression of inter-
eukins 17 (IL-17) and interferon- 𝛾 (IFN- 𝛾) [5] . IL-17 is produced by T 
h 
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ells. These cells play an important role in many inflammatory diseases,
ncluding RA. Under high IL-17 levels, the conditions of RA patients
orsen dramatically. In contrast, IFN- 𝛾, a T h1 cell product, promotes

he elimination of many intracellular pathogens. However, its overex-
ression may cause many autoimmune diseases [5] . Anti-cyclic citrul-
inated peptides (anti-CCP) are a biomarker of RA; they are autoanti-
odies that exert their inhibitory action against citrullinated proteins,
ostly present in patients affected by RA. 

A new heat shock protein 60 (HSP60) peptide epitope, consisting of
7-residue long sequence SIDLKDKYKNIGAKLVQLVANNTNEEA-NH 2 ,
enoted as CIGB-814, was recently synthesized at the Center for Genetic
ngineering and Biotechnology (CIGB), Havana (Cuba). The single-site
eu →Asp-substitution was introduced into the new peptide analog as it
trongly increased the affinity of CIGB-814 for human leukocyte antigen
ene complex-II by inhibiting the activation of T cells and stimulating
he production of regulatory cells that can suppress the activity of CD4 + 

ells [6] . 
CIGB-814 has recently been used in clinical phase 2 studies. During

hase 1, CIGB-814 showed positive results in the treatment of RA pa-
ients, causing a marked decrease in the production of IL-17, IFN- 𝛾, and
nti-CCP. Importantly, these results were accompanied with a general
mprovement in the quality of life of patients involved in this early phase
September 2021 
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 7 , 8 ]. In clinical phase 2 studies, patients received a subcutaneous dose
between 0.5 and 5 mg) for 5 months. 

The mechanism of action of CIGB-814 has been studied in vitro
nd in two animal models. The therapeutic effect of CIGB-814 in an-
mal models is attributed to the processing and presentation of this al-
ered peptide ligand by dendritic cells to T-lymphocytes in the intestine
r lymph nodes, inducing the expression of regulatory T cells (Tregs).
hese activated cells migrate to the inflammation site and can cross-
ecognize wild type epitopes from HSP60, which is highly expressed due
o the inflammation process. This new contact with HSP60 autoantigen
ay induce potent immunoregulatory effects, attenuating autoreactive
 cells responsible for RA pathogenesis and inhibiting inflammatory pro-
esses. 

Interestingly, clinical trial studies have suggested that the aggrega-
ion state of CIGB-814 can influence the experimental analysis and af-
ect treatment efficacy. The aggregation of CIGB-814 can be induced by
everal formulation factors including ionic strength, pH, additives, and
eptide concentration; therefore, it is crucial to study the aggregation
roperties of CIGB-814 in different environments to optimize the drug
fficacy and administration route. 

In this study, we sought to investigate the unexplored aggregation
roperties of CIGB-814. Aggregation is a common problem that affects
he formulation development and pharmaceutical processing of pep-
ides, often leading to loss of bioactivity and enhanced autoimmune
esponse [9] . It is known that most therapeutic peptides form irre-
ersible aggregates over time during storage, transport, or administra-
ion to patients [ 10 , 11 ]. In particular, age-dependent aggregation is ir-
eversible, and aged aggregates do not dissociate upon dilution or pH
hanges. Small irreversible aggregates may represent the nuclei of sub-
equent growth stages, which, following multiple pathways (monomer
ddition and aggregate fusion), can lead to the formation of soluble
anostructures, and ultimately to phase separation [12] . In contrast,
ggregated peptides are expected to be more immunogenic than their
arent monomers. Hence, peptide aggregates can be designed as vac-
ines, where immunogenicity is highly desirable [13] . In addition, some
eptides can exert their biological activity as oligomers, losing bioactiv-
ty after dissociation [14] . These considerations highlight the need for
n-depth investigation of the aggregation properties of a new peptide
rug, which is a crucial step for developing a formulation with optimal
harmacokinetics, product stability, and long shelf life. 

In this study, we report the aggregation properties of CIGB-814 by
pplying optical spectroscopy (UV–vis absorption, circular dichroism
CD), and fluorescence), resonance and dynamic light scattering, atomic
orce microscopy (AFM), and molecular dynamics (MD) simulations.
his study will potentially pave the way for the development of CIGB-
14 as a specific antigenic drug and an innovative and more effective
herapeutic approach for RA. 

. Materials and methods 

.1. Materials 

Abbreviations. DIC, N,N ′ − 1,3-diisopropylcarbodiimide; DIEA,
,N-diisopropylethylamine; DMF, N,N-dimethylformamide; ESI-
S, electrospray ionization mass spectrometry; Fmoc/tBu 9-
uorenylmethyloxycarbonyl/tert ‑butyl; Fmoc-AM(p-[(R,S)-a-[1-(9H-
uoren -9- yl ) methoxy ‑formamido ] − 2,4-dimethyl-benzyl] phenoxyacetic
cid; HPLC, high-performance liquid chromatography; MBHA, 4-
ethylbenzhydrylamine; Q-TOF2, quadrupole-time of-flight; RP,

everse phase; TFA, trifluoroacetic acid; TIS, triisopropylsilane. 
CIGB-814 was synthesized at the Center for Genetic Engineering and

iotechnology (Havana, Cuba). 
Peptide synthesis. The CIGB-814 peptide was synthesized manu-

lly on Fmoc-AM-MBHA resin by a stepwise solid-phase procedure us-
ng the Fmoc/tBu strategy [15] . The Fmoc group was removed with
0% piperidine in DMF. The Fmoc-amino acids were coupled using
63 
IC/OxymaPure activation, and the completion of the coupling reac-
ion was monitored using the ninhydrin test. Side-chain release and
leavage from the resin were performed by treatment with TFA-H 2 O-
IS (95:2.5:2.5 v/v) for 2 h. Thereafter, the peptide was precipitated
ith cold ether, dissolved in 40% acetonitrile/H 2 O, and freeze-dried.
he crude peptide was purified using reversed-phase high-performance

iquid chromatography (RP-HPLC), and its identity was confirmed us-
ng ESI-MS. CIGB-814 of more than 97% purity was obtained, as ascer-
ained using analytical RP-HPLC. The molecular mass determined ex-
erimentally via ESI-MS corresponded with the theoretically calculated
onoisotopic mass (2986.6 Da). 

Chromatography. The purity of CIGB-814 was determined using an
KTA 100 HPLC system (GE Healthcare, USA). Analytical separation
as achieved using a reverse-phase (RP) C18 column (4.6 × 150 mm,
 μm) (Vydac, USA). A linear gradient from 5 to 60% of solvent B over
5 min at a flow rate of 0.8 mL/min was used. Solvent A: 0.1% TFA
n water and solvent B: 0.05% TFA in acetonitrile. The chromatogram
as obtained at 226 nm using the UNICORN 5.31 (GE Healthcare USA)

oftware package for data processing. The preparative purification was
erformed on an AKTA 10 HPLC system (GE Healthcare, USA). Sepa-
ation was achieved using an RP C18 column (Vydac, 50 × 250 mm,
0 μm). A linear gradient from 20 to 40% of solvent B over 60 min at
 flow rate of 50 mL/min was used. Detection was achieved at a wave-
ength of 226 nm. Solvent A: 0.1% (v/v) TFA in water and solvent B:
.05% (v/v) of TFA in acetonitrile. 

Mass Spectrometry. ESI-MS was performed using a hybrid
uadrupole-time-of-flight (Q-TOF2) instrument (Waters, Milford, MA,
SA) fitted with a nanospray ion source. The capillary and cone voltages
ere set to 900 and 35 V, respectively. Data withdrawal and processing
ere performed using the MassLynx (version 4) package (Waters, USA).

.2. Methods 

UV–Vis absorption spectroscopy. UV–Vis absorption measurements
ere carried out at 25 °C in the 200–400 nm wavelength range using a
arian Cary 100 Scan spectrophotometer equipped with a Peltier ther-
ostat, using quartz cells (1 cm). 

Fluorescence spectroscopy. Steady-state emission spectra were mea-
ured at 25 °C using a Fluoromax-4 spectrofluorometer (Horiba Jobin
von) equipped with automatically controlled Glan-Thomson polariz-
rs and operated with single-photon counting detection. Emission spec-
ra were acquired using quartz cells (0.4 × 1 cm), 𝜆ex = 270 nm,

em 

= 285–400 nm, with 0.5 s/nm integration time. Entrance and exit
e/e) slits were adjusted depending on the concentration of the solu-
ion, i.e., 2/5 nm in the 2–300 μM concentration range and 1/3 nm for
.5–0.8 mM aqueous solutions. 

Pyrene assay. The pyrene assay is based on the ratio between the first
 𝜆 = 372 nm) and third ( 𝜆 = 383 nm) vibronic components of the S 1 →S 0 
yrene emission band [ 16 ]. This ratio was shown to be sensitive to the
yrene environment, making this dye suitable for aggregation studies.
or the pyrene assay, a 1 × 1 cm quartz cell, 𝜆ex = 310 nm, 𝜆em 

= 350–
00 nm, 1 s/nm integration time, and 3/3 nm e/e slits. Pyrene solution
oncentration was 2 μM. 

Thioflavin assay. A thioflavin (ThT) assay (Fluka, Büchs, Switzer-
and) was carried out in a water solution with ThT 2 μM and with pep-
ide concentrations ranging from 60 μM to 1 mM, using a quartz cuvette
0.4 × 1 cm). The spectra were collected at 𝜆em 

= 450–565 nm, exciting
t 𝜆ex = 430 nm. 

Fluorescence anisotropy. The fluorescence anisotropy coefficient r
as determined using the equation: 

 = 

I ∥ − I ⊥
I ∥ + 2 I ⊥

here I ∥ and I ⊥ are, respectively, the intensities of the emission in paral-
el or perpendicular polarization with respect to the polarization of the
ncident radiation [17] . For parallel absorption and emission dipoles,
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 = r max = 0.4 for an ensemble of randomly oriented fluorophores. Fluo-
escence anisotropy measurements were carried out using a 0.4 × 1 cm
uartz cell, 𝜆ex = 270 nm, 𝜆em 

= 320 nm, integration time of 10 s/nm,
nd slits of 5/5 nm. 

Time-resolved fluorescence. Time-resolved fluorescence results are
odeled using a multiexponential time decay function [18] : 

 ( t ) = 

∑

i 
αi e 

− t τi 

The 𝛼i and 𝜏 i parameters were obtained using an iterative deconvolu-
ion method by applying non-linear least-squares analysis. Experimental
arameters: 𝜆ex = 282 nm, 𝜆em 

= 330 nm, and 1/1 nm e/e slit. A 295 nm
utoff filter was used to minimize diffuse light contamination. 

CD. CD spectra were measured using a J800 spectropolarimeter
Jasco) at 25 °C (Peltier). Experimental parameters: 0.1 cm quartz cell,
avelength range 190–250 nm, 2 nm bandwidth, 1 s/nm integration

ime. 
Resonance (Rayleigh) light scattering (RLS). RLS experiments were

arried out with the same Fluoromax-4 spectrofluorometer as described
bove, in continuous mode (resonance conditions) using a 0.4 × 1 cm
uartz cell, 𝜆ex / 𝜆em 

= 240–600 nm, 1 s/nm integration time, and
.5/1.5 nm e/e slits. 

Dynamic light scattering (DLS). The particle size distribution of
IGB-814 in solution was measured using DLS with a Delsa Nano C
article Analyzer (Beckman Coulter, USA). The CIGB-814 peptide was
econstituted in water for injection at a concentration of 800 μM. DLS
easurements of the samples were carried out over time after reconsti-

ution of the peptide in MilliQ water. 
AFM. AFM measurements were carried out in tapping mode using

 Veeco Multimode Nanoscope IIIa with a Si tip ( k = 40 N/m, curva-
ure radius = 7 nm). Samples were prepared by dipping 1 μL of peptide
queous solution at 0.1 mg/mL ( ≈ 33.5 μM) and 1.8 mg/mL ( ≈ 600 μM)
oncentrations on a freshly cleaved mica surface. The solution/mica sys-
em was incubated overnight and dried under gentle Ar flux. 

MD simulations. MD simulations were performed using the GRO-
ACS package version 2019.6 [19] and the GROMOS 54a7-FF force
eld [20] . To investigate the peptide conformational properties and the
ucleation of the aggregation process, MD simulations with one (MD1),
hree (MD3), six (MD6), and nine (MD9) molecules were carried out in
 10 mM NaCl aqueous solution. A time step of 2 fs was used for equili-
ration and production runs. The equilibrium temperature (300 K) was
ontrolled via velocity rescaling with a coupling constant of 0.1 ps [21] .
he pressure was controlled by an isotropic Parrinello-Rahman barostat
ith a coupling constant of 2 ps and a reference external pressure of
 atm [22] . Lennard-Jones long-range interactions were treated with a
utoff radius of 1.2 nm. Coulombic interactions were calculated using
he particle mesh Ewald method [23] . The LINCS algorithm was used
o constrain all bond lengths during the MD simulations [24] . Three
eplicas of each system were performed for 500 ns simulations with dif-
erent starting configurations. MD simulation analyses were carried out
sing built-in GROMACS tools and Vega ZZ [25] . Secondary structure
ontent was assessed using the Dictionary Secondary Structure of Pro-
eins (DSSP) algorithm [26] . To determine the oligomerization state in
D3, MD6, and MD9, a Python script was employed, considering a pep-

ide pair as part of an oligomer when at least two atoms from the two
eptides are closer than 0.4 nm. The MD experimental conditions are
ummarized in the Supplementary Information (SI, Table SIT1). 

. Results and discussion 

.1. Spectroscopy 

UV–Vis absorption. The near-UV absorption spectra of CIGB-814
queous solutions in the concentration range of 4.6–837 μM are shown
n Figure S1. The acquired spectra were characterized by an unstruc-
ured absorption band that peaked at 𝜆 = 270 nm, which is typi-
64 
al of the Tyr-phenol group. From these results, the molar extinction
oefficient of CIGB-814 [ 𝜀 (280) = 1430 M 

− 1 ∙cm 

− 1 ] at 𝜆 = 280 nm
as determined, which is in good agreement with the literature data
 𝜀 (280 nm) = 1490 M 

− 1 ∙cm 

− 1 ] [27] . 
The linearity of the absorbance versus concentration plot (Figure

I2) suggests that the UV absorption spectra of CIGB-814 are not per-
urbed by intermolecular effects in the concentration range investigated.
owever, the absorption spectra of CIGB-814 aqueous solutions after
ne week showed changes in the spectral characteristics, signaling the
ccurrence of aggregation phenomena over a long period (Figure SI3). 

Fluorescence spectroscopy. The emission spectra of CIGB-814 in
he 4.6–837 μM concentration range (Figure SI4) are typical of the
yr-residue. These data and the plot of the emission intensity at

em,max = 306 nm versus the CIGB-814 concentration (Figure SI5) indi-
ate that the fluorescence intensities increase proportionally to the pep-
ide concentration up to 300 μM. At higher concentrations, a substantial
uenching of the Tyr-emission was observed, suggesting the occurrence
f aggregation phenomena promoted by long-range weak interactions.
t should be noted that, in the same concentration range, the absorp-
ion spectra of fresh peptide solutions were not perturbed by such weak
nteractions. To better characterize the peptide aggregation process, we
arried out two fluorescence assays based on pyrene and thioflavin emis-
ions. 

The pyrene assay is based on the dependence of the pyrene emission
pectrum on the polarity of the environment. Specifically, the ratio be-
ween the first (I 1 , 𝜆em 

= 372 nm) and third (I 3 , 𝜆em 

= 383 nm) vibronic
omponent of the S 1 →S 0 pyrene emission was found to be very sensi-
ive to the environmental polarity, allowing for the determination of the
ritical aggregation concentration (cac) of nanostructures [16] . 

In Figs. 1 A and 1 B, the emission spectra of 2 μM pyrene aqueous solu-
ion obtained by adding increasing aliquots of CIGB-814, and the I 1 /I 3 
atio as a function of the peptide concentration (log) are reported. In
ig. 1 B, two different regions of the I 1 /I 3 ratio on the CIGB-814 concen-
ration can be easily identified. The crossing point of the two linear re-
ions indicates the transfer of the pyrene fluorophore from the aqueous
olution to the apolar inner core of the peptide aggregates [28] . From
he data reported in Fig. 1 B, cac = 123 μM (log[CIGB-814] = − 3.91) can
e determined. The absence of pyrene excimer emission allowed us to
ule out the contribution of pyrene-pyrene interactions to the observed
ariation of the I 1 /I 3 ratio, indicating that single pyrene molecules are
mbedded in the peptide nanostructures [29] . 

The thioflavin T (ThT) assay is based on the increase in ThT fluores-
ence emission upon binding to peptide nanostructures [30] . As ThT is
laimed to selectively bind to 𝛽-sheet conformation, this assay has been
argely applied to the detection of amyloid structures and peptide fibrils
 31 , 32 ]. Therefore, we carried out a fluorescence titration experiment
y adding CIGB-814 aliquots to a micromolar ThT solution ( Fig. 2 ). 

By reporting the ThT emission intensities at 𝜆em 

= 480 nm as a func-
ion of the peptide concentration (log), two linear regions can be identi-
ed ( Fig. 2 B). The crossing point of the two linear regions can be consid-
red as the onset of the formation of 𝛽-sheet structures, corresponding
o a second critical concentration point (cac’). From the data reported
n Fig. 2 B, we obtained cac’ = 508 μM (log[CIGB-814] = − 3.29). 

Time-resolved fluorescence experiments (Table SIT2) showed that
or peptide concentrations less than 10 μM, Tyr-time decay is accounted
or by a three-exponential function. In contrast, in the 20–317 μM range,
yr-emission decay is stably accounted for by two lifetimes, with a con-
tant average decay time of approximately 2.1 ns. The multiexponential
uorescence intensity time decay of Tyr-has been interpreted in terms of
round-state rotamer equilibria [33] , assuming that the interconversion
inetics among the conformational excited states are slower than the
uorescence decay kinetics [34] . This finding strongly suggests that at
igher concentrations, the tyrosine group is embedded in a homogenous
nvironment and experiences restricted dynamics [35] . 

Concentration-dependent fluorescence anisotropy measurements
howed that the anisotropy coefficient (r) of Tyr-residue is 0.04 for
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Fig. 1. (A) Pyrene emission spectra (2 μM, aqueous solutions) by adding aliquots of CIGB-814 from 0 (a) to 520 μM (q). (B) Intensity ratio of the I 1 ( 𝜆em = 372 nm) 
vs. I 3 ( 𝜆em = 383 nm) vibronic components of the Pyrene emission (S 1 →S 0 ) as a function of the CIGB-814 molar concentration. 

Fig. 2. Thioflavine (ThT) assay. (A) Fluorescence intensity of ThT on addition of increasing aliquots of CIGB-814 from 0 (a) to 1 mM (t). (B) Determination of the 
critical concentration for the formation of 𝛽-sheet structures (cac’ = 508 μM) from ThT assay. 
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IGB-814 at 2.3 μM, increases to 0.08 at 4.6 μM, and then stably main-
ains an asymptotic value of r = 0.11 from 9.2 to 837 μM (Table SIT3).
his behavior revealed that the fluorescence emission time decay of Tyr-
epended on the peptide concentration. 

Lakowicz et al. [36] studied the fluorescence anisotropy time decay
f a Tyr-containing octapeptide. They found that the anisotropy time de-
ay can be described in terms of a fast lifetime component ( ϑ1 = 29 ps),
ssociated with the local rotation of the fluorophore, and a slower life-
ime ( ϑ2 = 454 ps), associated with the overall rotation of the peptide.
or the two lifetimes, there are limit anisotropies, that is, the anisotropy
oefficient at t = 0, of r 01 = 0.208 and r 02 = 0.112, corresponding to a
otal limit anisotropy r 0 = r 01 + r 02 = 0.320. 

From this value of r 0 , the average lifetime ( <𝜏> , Table SIT2), and
he experimental anisotropy coefficient (Table SIT3), we can estimate
he rotational correlation time of Tyr-as a function of the CIGB-814 con-
entration. We obtained 90 ps at 2.3 μM, 410 ps at 4.6 μM, and 1.10 ns
or concentrations higher than 10 μM. 

Overall, we can conclude that in the case of CIGB-814, the anisotropy
oefficient at very low concentrations (below 10 μM) is depolarized by
oth the local rotational motion of the Tyr-phenol side chain and the
verall rotational motion of the peptide monomer. Although the for-
ation of CIGB-814 oligomers slows down the overall rotation of the
eptide, it still leaves the local motion of the fluorophore unhindered,
iving rise to a constant anisotropy coefficient r = r 02 = 0.11. 

These results reveal the occurrence of a discontinuity point at a pep-
ide concentration of 10 μM, which is an order of magnitude lower than
he concentration range explored for the formation of peptide nanos-
65 
ructures (few hundreds of μM, from fluorescence experiments and the
yrene assay) and 𝛽-sheet formation (above 500 μM, from ThT assay).
his third discontinuity point is associated with the insurgence of the
educed mobility of the Tyr-phenol group. This evidence is likely asso-
iated with the formation of CIGB-814 oligomers, which slows down the
verall rotational motion of the peptide chains. 

CD experiments were carried out in the 5–320 μM concentration
ange. Fig. 3 shows that in the concentration range up to 80 μM, the
eptide maintained a predominant random coil conformation ( Fig. 3 A).
owever, at higher concentrations, a substantial redshift of the CD
urves from 198 to 207 nm was observed ( Fig. 3 B), suggesting the pres-
nce of a population of ordered structures, in agreement with the results
btained by the pyrene assay (cac = 123 μM). This conformational tran-
ition triggers the formation of extended 𝛽-sheet structures, which were
lso detected by the ThT assay at higher peptide concentrations. Inter-
stingly, the CD curves reported in Fig. 3 B resemble the CD profile of
he intermediate structures observed during the formation of amyloid
bers [37] . 

RLS experiments can be carried out to investigate the formation of
ggregates of size comparable to the interrogating wavelength. Upon
he formation of mesoscopic aggregates and under resonance conditions
ith the absorption transition, the intensity of the diffuse light is dra-
atically enhanced [38] . 

In Fig. 4 , we report the RLS spectra of CIGB-814 in the 18.3–669 μM
ange. The data show a marked enhancement of the diffuse light inten-
ity when the peptide concentration increased from 293 to 669 μM, in
air agreement with the results obtained by the ThT aggregation assay
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Fig. 3. Circular dichroism spectra of CIGB-814 aqueous solutions. (A) a: 5 μM; b: 10 μM; c: 20 μM. (B) d: 40 μM; e: 80 μM; f: 160 μM; g: 320 μM. 

Fig. 4. Resonance Light Scattering spectra of CIGB-814 at different molar con- 
centrations: (a) pure water; (b) 18.3 μM; (c) 73.3 μM; (d) 147 μM; (e) 293 μM; 
(f) 669 μM. 

Table 1 

Average Diameter of CIGB-814 aggregates from DLS experiments at 
different concentrations (μM) and times (h). 

Concentration [μM] Diameter [nm] 

t 1 = 0 h t 2 = 72 h t 3 = 96 h 

6 n.d ∗ . n.d. ∗ n.d. ∗ 

60 n.d ∗ . n.d. ∗ n.d. ∗ 

400 2.5 ± 1.6 2.3 ± 1.4 2.4 ± 1.5 
247 ± 173 528 ± 431 672 ± 597 

800 2.4 ± 1.4 2.8 ± 1.7 201 ± 139 
487.3 ± 682.0 744 ± 1045 3723 ± 1819 

∗ n.d. = not detected. 
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Fig. 5. AFM imaging of CIGB-814 on mica. Deposition solution concentration: 
0.1 mg/mL ( ≈ 33.5 μM). 
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cac’ = 508 μM). It should also be noted that the RLS spectrum, acquired
nder resonance conditions, is indicative of the absorption spectrum of
ggregated species ( 𝜆max = 360 nm) that is shifted to longer wavelengths
ith respect to the absorption spectrum of the peptide monomer (Figure
I1). 

The CIGB-814 aggregation process was also studied using DLS. Fresh
queous solutions of CIGB-814 at different concentrations (6, 60, 400,
nd 800 μM) were characterized. The solutions were analyzed after 72
nd 96 h. The average diameters of the species detected using DLS mea-
urements under different experimental conditions are listed in Table 1 .
n all cases, the analyzed samples showed a polydispersity index higher
han 0.4. 

In particular, at the peptide concentrations of 6 μM and 60 μM and
fter 96 h, no detectable aggregates could be observed. In contrast, the
66 
eptide solutions at concentrations of 400 and 800 μM exhibited a bi-
odal distribution. Interestingly, at 400 μM, i.e., below cac’, the di-

meter distribution peaked at 2.5 nm and 672 nm (96 h), whereas at
00 μM, i.e., above cac’, the bimodal distribution centered at 201 nm
nd 3.72 μm (96 h). 

Figure SI6 shows the particle diameter distribution of the 800 μM
ample at 0, 72, and 96 h. 

Taken together, these results revealed that the aggregation process
akes place through three different steps: i) 2–10 μM region: formation
f CIGB-814 oligomers, as evidenced by fluorescence anisotropy mea-
urements; ii) 10–123 μM (cac): peptide nanostructures (pyrene assay
nd CD spectra); iii) 123–669 μM (cac’ = 508 μM): formation of micro-
etric 𝛽-sheet structures (ThT assay, RLS, and DLS). 

AFM studies 

Spectroscopic experiments indicated that CIGB-814 undergoes a
ultistep aggregation mechanism that is strongly dependent on the con-

entration range investigated. These complex phenomena likely influ-
nced the morphology of the peptide aggregates formed. To further in-
estigate this aspect, we performed AFM experiments after deposition of
 CIGB-814 solution at a concentration of 33.5 μM on mica. AFM imag-
ng revealed the presence of peptide globular structures, characterized
y diameters ranging from 200 to 300 nm ( Fig. 5 ). This finding is con-
istent with the pyrene assay measurements, indicating the presence of
ydrophobic domains in the peptide nanostructures formed. 
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Fig. 6. AFM imaging of CIGB-814 on mica. Deposition solution concentration: 1.8 mg/mL ( ≈600 μM). Scale bar: 500 nm (left); 100 nm (right). 
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Table 2 

Radii of the equivalent sphere 
(R) and rotational correla- 
tion times ( ϑ) of CIGB-814 
monomers, trimers, hexamers 
and nonamers. 

Oligomer R (nm) ϑ (ns) 

1 0.83 0.52 
3 1.20 1.55 
6 1.51 3.10 
9 1.73 4.64 
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After deposition of an aqueous solution of CIGB-814 (1.8 mg/mL
t 600 μM) on mica, peptide nanoaggregates with fibrillar morphology
ere observed ( Fig. 6 ) [39] . 

The width and thickness of the peptide fibers imaged using AFM
Figure SI7) were 18.4 ± 0.5 nm, and 2.2 ± 0.2 nm, respectively. The
ength of the fibers ranged from 45 to 470 nm, with an average length of
21 ± 13 nm. Filaments formed by two intertwined fibrils, characterized
y a width of 63 ± 9 nm, were also observed from the width distribution
nalysis of the peptide fibers [40] . 

These results strongly support the idea that at higher concentrations
brillization of the peptide aggregates occurs, likely promoted by the

ormation of extended 𝛽-sheet structures (ThT assay). 

.2. MD simulations 

MD simulations represent a valuable tool for investigating the struc-
ural and dynamical properties of peptides under different experimental
onditions, with limitations on the dimensions of the systems that can be
tudied owing to the required computational time. Peptide aggregation
ay involve thousands of molecules, and the time required for efficient

ampling is usually outside the accessible range. However, the aggrega-
ion of tens of peptides can be easily simulated, enabling the observation
f the early stage of aggregation when peptide oligomers are formed.
n addition, considering the hierarchical nature of peptide aggregation,
D simulations may provide a deeper understanding of the structural

roperties of higher-order aggregates [ 41 , 42 ]. In this context, MD sim-
lations were performed in the presence of one (MD1), three (MD3), six
MD6), and nine (MD9) replicas of CIGB-814. First, a structural cluster
nalysis was performed using the root mean square deviation as a sim-
larity criterion to identify the representative structures from each sim-
lation. In this analysis, a cutting edge of 0.5 nm was applied, and the
adius of gyration and the solvent accessible surface area (SASA) were
onsidered as stability parameters. Representative structures of the most
opulated clusters of MD1 (A) and MD9 (B, C, and D) of the whole en-
emble are shown in Fig. 7 , whereas the representative structures from
he cluster analysis of MD3 and MD6 are reported in Figures SI8 and
I9, respectively. 

The cluster structures reported in Fig. 7 show predominant un-
rdered conformations for both the monomer and nonamer simulations.
owever, in the latter case, some tracts of ordered structures, that is,

hort- 𝛽 sheet segments, are present. By looking at the 3D shape of the
ggregates, they span from globular (panels B and C in Fig. 7 ) to quite
longated profiles (panel D in Fig. 7 ), suggesting that different mor-
hologies of the higher-order aggregates are possible. In agreement with
he visual inspection of the representative structures, DSSP analysis re-
67 
ealed a slight increase in 𝛽 structures ( 𝛽-sheet and 𝛽-bridge contribu-
ions) of the oligomers with respect to the monomer, corresponding to
he decrease in coil percentages upon aggregation (Figure SI10), in fair
greement with the CD results. This finding suggests that the aggrega-
ion process may structure disordered domains by promoting peptide
nterchain interactions. 

To identify the amino acids involved in the stabilization of the ag-
regates, we examined the SASA values associated with the different
esidues. SASA analysis carried out on the MD3, MD6, and MD9 simu-
ations (Figure SI11) revealed that the nonpolar residues, in particular
eu(4), Tyr(8), Leu(15), Val(16), Leu(18), Val(19), and Ala(20), showed
 larger decrease in solvent accessibility (between − 40 and − 50%) with
espect to the solvent accessibility of the same residues when the pep-
ides were considered as isolated. This finding suggests that hydrophobic
ffects play an important role in the aggregation process. Furthermore,
areful inspection of the data reported in Figure SI11 reveals that the av-
rage SASA decrease follows the trend MD9 > MD6 > MD3, confirming
he increasing compact morphology of higher-order peptide clusters. 

It should be noted that electrostatic interactions between charged
ide chains contribute significantly to the stability of CIGB-814
ligomers by forming transient salt bridges, as shown by the frequency
ap of contacts between the charged centers of the Asp-Lys-and Glu-

ys-pair sidechains occurring with a frequency higher than 2% in the
onamer aggregate MD frames (Figure SI12). Each barrel in Figure SI12
ignals the proximity of a N 

+ —O 

− pair at a distance less than or equal
o 3.2 Å along the MD trajectory. 

By applying an equivalent sphere representation of the most repre-
entative cluster structures obtained from MD1, MD3, MD6, and MD9,
heoretical rotational correlation times (per molecule) ϑ can be obtained
sing the Einstein-Smoluchowski equation ( Table 2 ) : 

 = 

𝜂𝑉 
𝑘𝑇 
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Fig. 7. Representative structures of the most populated clusters from molecular dynamics simulations of the monomer (A, 98%) and the nonamer [B(37%), C (38%), 
D(20%)] of CIGB-814 in 10 mM NaCl aqueous solutions. 

Fig. 8. Tyr-Tyr-distance distribution in CIGB-814 trimer (A), hexamer (B) and nonamer (C) from MD3, MD6 and MD9 cluster analysis. 
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here 𝜂 is the viscosity, T is the temperature, and V is the hydrodynamic
olume of the (spherical) rotating unit. 

Of note, the rotational correlation times provided by the MD simula-
ions are shorter than the rotational times derived from the experimen-
al fluorescence anisotropy coefficients under the same spherical rotor
pproximation (Table SIT3). This discrepancy is most likely due to the
ocal mobility of the tyrosine side chain, which significantly depolarizes
he fluorescence anisotropy, causing a marked shortening of the exper-
68 
mental rotational correlation times. This finding distinctly emphasizes
he dynamic nature of the CIGB-814 aggregates, in which the Tyr-groups
aintain a relatively high mobility. 

By looking at the representative structures of the peptide clusters
 Figs. 7 , SI8, and SI9), a heterogeneous picture emerges. Some Tyr-
esidues appear well embedded into the core of the aggregates; however,
olvent-exposed Tyr-residues are also present. Interestingly, some direct
nterchain Tyr-Tyr-interactions can be easily identified, sometimes with
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 distinct tendency to adopt a stacked configuration between the pheno-
ic ring [41] . To better illustrate these aspects, Fig. 8 shows the Tyr-Tyr-
istance distributions obtained by summing over the frequency of all the
yr-Tyr-pair distances in the trimer (three Tyr-Tyr-pair distances), hex-
mer (15), and nonamer (36) peptide aggregates. It can be easily seen
hat for all three distributions, frequency peaks appear at well-defined
yr-Tyr-distances. It should also be noted that some peaks occur at the
ame Tyr-Tyr-pair distances in all three distributions, indicating that a
imilar morphology occurs in aggregates of different dimensions. Most
ikely, Tyr-Tyr-residues positioned at distances less than 3 Å contribute
o the stabilization of CIGB-814 aggregates by 𝜋–𝜋 stacking interactions.

. Conclusions 

Peptide aggregation and fibrillation are driven by several concomi-
ant factors, including peptide concentration, net charge, hydropho-
ic/hydrophilic balance, solution ionic strength, and pH [43]. Recent
linical studies have shown that peptide aggregation is key to determin-
ng the effective pharmacokinetics and pharmacodynamics of peptide-
ased drugs. 

In this study, we investigated the aggregation properties of CIGB-814
sing optical spectroscopy, DLS, AFM, and MD simulations. 

We found that the CIGB-814 aggregation pathway is characterized by
 multistep process that is strongly dependent on the peptide concentra-
ion. At micromolar concentrations, fluorescence experiments and MD
imulations revealed the formation of nanometric peptide oligomers,
eading to stable, compact structures when the number of peptide build-
ng blocks increased to 9. These structures are stabilized by interactions
etween hydrophobic residues, as revealed by the SASA analysis of MD
imulations. 

At concentrations higher than 100 μM, the pyrene assay indicated
he formation of peptide nanostructures (cac = 123 μM), which could
e imaged using AFM. These aggregates showed a globular morphol-
gy typical of an aggregation process driven by a hydrophobic effect.
he analysis of transient contacts between charged side-chain groups
evealed that electrostatic interactions also contributed significantly to
he stabilization of peptide oligomers. 

At concentrations greater than 500 μM, the coalescence of globular
tructures leads to the formation of peptide fibrils of micrometric length,
s imaged using AFM and indicated by RLS and DLS measurements. The
hT assay allowed us to determine the critical concentration for such
orphological transition (cac’ = 508 μM), whereas CD analysis allowed
s to detect secondary structure rearrangements of the peptide. 

These findings may improve our understanding of CIGB-814 ther-
peutic activity in RA. The fine control over the morphology and size
f CIGB-814 nanostructures could represent an innovative approach for
odulating the efficiency and pharmacokinetics of CIGB-814. 

Supplementary Information UV–Vis absorption and fluorescence
easurements of CIGB-814 in water; diameter distribution of CIGB-
14 aggregates from DLS experiments; size distribution of the CIGB-
14 fibers from AFM measurements; and MD simulations of CIGB-814
ligomers (Cluster, DSSP, and SASA analysis). 
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