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A B S T R A C T

In this study we investigated amyloid hydrogels produced by a decapeptide fragment of the acyl carrier protein 
(ACP) in water, in the presence of different counterions: trifluoroacetate (TFA− ), SO4

2− , Cl− , Br− , and I− , through 
confocal laser scanning microscopy (CLSM), atomic force microscopy (AFM), attenuated total reflectance 
Fourier‑transform infrared spectroscopy (ATR-FTIR), circular dichroism (CD), fluorescence spectroscopy, rheo
logical measurements, to understand how the nature of the counterion affects amyloid morphology across length 
scales, secondary structure, and the mechanical response of the gels. The results show that the nature of the 
counterion profoundly affects the gelation properties, amyloid morphology, and rheological properties. The 
results bear an important implication on the choice of post-synthesis counterion to accommodate a correct 
modeling of the system of interest.

1. Introduction

Amyloids are a class of fibrous protein aggregates that play a pivotal 

role in various pathological conditions, including neurodegenerative 
disorders such as Parkinson's and Alzheimer's diseases [1–7]. Although 
amyloid structures have long been a subject of research and the 
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understanding of these structures has greatly advanced, significant gaps 
in our knowledge remain [1,4–7].

The pathological conditions are due to the misfolding of native 
proteins, where the unfolded polypeptide chains can assemble into 
different oligomeric states [8,9] These oligomers can either remain as 
off-pathway species or progress towards the formation of amyloid fibrils, 
i.e. on-pathway route [9,10]. While the initial nucleation of amyloid 
fibrils is a slow process, the following elongation occurs at an expo
nential rate [8–10]. The resulting elongated structures then adopt the 
characteristic cross-β sheet conformation that defines amyloid fibrils 
[8–10], which can further associate, either with themselves or with 
other biomacromolecules, to generate higher-order amyloid aggregates, 
the so-called plaques [10,11].

The aggregates comprise a complex mixture of various morpholog
ical states, including oligomers, protofibrils, and fibrils with distinct 
conformations [10]. Amyloid fibrils exhibit a remarkable variety of 
nanoassemblies as shown by their structural polymorphism, with dif
ferences in twist, curvature, and packing arrangements, despite the 
common cross-β sheet core [10].

They also possess remarkable material properties. They can form 
multi-responsive gels [12–14] and can be exploited in cell culture [15, 
16], drug delivery [15,17], tissue engineering [15], and as sensors [18, 
19]. Although uncertainties remain about their safety and toxicity 
[20–22], these studies provide valuable insights into the amyloid for
mation, behavior, and morphology.

To this end, solid-phase peptide synthesis (SPPS) is an important tool 
in amyloid research and the development of functional materials 
[23–27]. SPPS leads to the synthesis of peptides that mimic the prop
erties of natural amyloids, providing valuable insights into amyloid 
self-assembly and fibrillization mechanisms [14,18,19]. Moreover, SPPS 
promoted the development of novel peptide-based materials with 
controlled structures and properties by incorporating amyloidogenic 
sequences or motifs into peptide designs [14,28–30].

However, a frequently overlooked aspect of SPPS is the presence of 
counterions and their chemical nature, which can significantly impact 
the system properties. Trifluoroacetic acid (TFA) is a reagent used in 
SPPS; therefore, synthetic peptides are often isolated after lyophiliza
tion, at least in part, as TFA− salts. Even after multiple lyophilization 
cycles, the final product retains the tightly bound TFA− counterions due 
to strong ion pairing with positively charged peptide groups and the 
protonated free N-terminus [31–34]. This effect is especially pro
nounced when the peptide sequence contains many positively charged 
residues, such as Arg, Lys, and His.

Although purification strategies exist to reduce TFA concentration, 
such as repeated lyophilization from dilute HCl, exchange on ion- 
exchange resins, and RP-HPLC with volatile acids, these can only 
replace TFA− with different counterions [31–34], depending on the 
peptide sequence.

This raises the question of whether the counterion nature may in
fluence the overall behavior and properties of the systems under 
investigation, as they can create a microenvironment that influences 
peptide conformation, aggregation, and biological activity.

Specific ion (Hofmeister) effects may cause deviations in the physi
cochemical properties of solutions and dispersions, depending on the 
nature and concentration of the intervening species [35,36]. Typically at 
salt concentrations higher than 0.17 M electrostatic interactions vanish 
and ion-specific non-electrostatic forces between the different compo
nents of the system (aggregates, solvent and solutes) become significant 
[35,36] and emerge in a variety of interesting phenomena [37–40].

Specific ion effects are observed in various systems and are of utmost 
importance in both chemistry, biology, and formulation applications 
[35,41–44]. These effects depend on the nature of the ions and arise 
from a combination of underlying mechanisms [35,41–46].

In a previous study we extensively investigated the properties of 3% 
w/v ACP(65− 74)-NH2 amyloid gels in different solvents [14]. Here, we 
studied the 3% w/v hydrogels of ACP(65− 74)-NH2 in the presence of 

various counterions: TFA− , SO4
2− , Cl− , Br− , and I− . The C-terminus was 

left in its amidated form to allow comparison with previous results [14]. 
The system contained no background added salt. The counterions came 
directly from the original synthetic procedure (TFA− ), 
post-lyophilization, or from ion-exchange, where TFA− was replaced by 
the conjugate bases of strong acids.

The scope of this paper is to study how Hofmeister effects shape the 
macro- and microscopic properties, morphology, and rheological 
behavior of this hydrogel. Here we use "Hofmeister effects" and "specific 
ion effects" interchangeably and refer to an entire class of ion-specific 
phenomena that depend on the specific chemical nature of the ion, 
including its polarizability, hydration, and ion-pairing energy, and not 
only its charge and concentration. In particular, we address three rele
vant questions related to the formation of amyloid structures: i) how do 
these counterions affect the self-assembly and morphology of the amy
loid fibrils and aggregates? ii) do these ion effects provide a better un
derstanding of the formation of amyloids? iii) are these synthetic 
amyloid models really representative for natural systems?

To achieve this, we use multiple complementary techniques, 
including confocal laser scanning microscopy (CLSM), atomic force 
microscopy (AFM), attenuated total reflectance Fourier‑transform 
infrared spectroscopy (ATR-FTIR), circular dichroism (CD), fluorescence 
spectroscopy, rheological measurements, and we interpret the results 
through the lens of Hofmeister series to understand how the nature of 
the counterion affects amyloid morphology across length scales, sec
ondary structure, and the mechanical response of the gels.

2. Experimental section

2.1. Chemicals

Peptide-synthesis grade acetonitrile (ACN) (99.95%) and N,N- 
dimethylformamide (DMF) (99.8%) were purchased from Carlo Erba 
(Milano, Italy). Triisopropyl silane (TIS) (>98%) and diethyl ether 
(>99%) were purchased from Sigma Aldrich (Milano, Italy). Rink Amide 
AM resin (0.67 mmol/g), Fmoc amino acids (>98%), DIC (>99%), 
Oxyma Pure (>99%) were purchased from Novabiochem (Merck KGaA, 
Darmstadt, Germany). Ethyl acetate (EtOAc) (99%), dimethylsulfoxide 
(DMSO) (98.5%), trifluoroacetic acid (TFA) (99%), NaH2PO4 (>99%), 
Na2HPO4 (>99%), Na2CO3 (>99%), NaOH (≥97%), HCl (37%), H2SO4 
(99.9%), HBr (48%), HI (57%), Thioflavin T (dye content ≥65%), and 
Rhodamine B isothiocyanate (labelling efficiency with bovine albumin 
>70%) were acquired from Sigma-Aldrich (Milan, Italy).

Bidistilled Milli-Q water with a resistivity > 18 MΩ•cm and a con
ductivity of 0.055 µS•cm− 1 at 25◦C was used throughout the 
experiments.

2.2. Synthesis and determination of Trifluoroacetic Acid (TFA)

The ACP(65− 74)-NH2 (VQAAIDYING-NH2) peptide was synthesized 
following the previously established protocols using the Fmoc/tBu 
strategy on 1 mmol scale with the PurePep Chorus synthesizer (Gyros 
Protein Technologies, AZ, USA), taking advantage of magnetic induction 
heating [14]. For the washing steps, an eco-friendly binary solvent 
mixture of ethyl acetate and dimethyl sulfoxide (8:2 v/v) was employed. 
The Fmoc deprotection was performed with a 20% (v/v) piperidine 
solution in DMF at 90◦ C for 1 min. The coupling reactions were con
ducted using a mixture containing Fmoc-amino acid, diisopropylcarbo
diimide (DIC), and Oxyma Pure, with reaction conditions set to 90 ◦C for 
2 min. Cleavage from the resin, along with simultaneous removal of all 
sidechain protecting groups, was achieved using a cocktail comprising 
trifluoroacetic acid, triisopropylsilane, and water (95:2.5:2.5 v/v/v) at 
room temperature over 2.5 h. The cleaved product was then precipitated 
from the TFA solution using cold diisopropyl ether at 0 ◦C.

The crude peptide was then purified by flash chromatography, and 
fractions with a purity exceeding 95% (determined as the percentage of 
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the target peak area relative to the total chromatographic area) were 
collected.

TFA− counterions accounted for 2.1% w/w of the purified peptide. 
For the exchange of counterion, ACP(65− 74)-NH2 (0.75 mmol, 1eq) was 
dissolved in H2O:ACN 2:1 (20 mL). The mineral acids (2eq) were added 
to the solutions. In particular, 113 μL of HCl (37% (w/v) in H2O), 170 μL 
of HBr (48% (w/v) in H2O), 198 μL of HI (57% (w/v) in H2O) and 80 μL 
of H2SO4. Then the mixtures were lyophilized. This procedure was 
performed twice to obtain ACP(65− 74)-NH2•HCl, ACP(65− 74)- 
NH2•HBr, ACP(65− 74)-NH2•HI and ACP(65− 74)-NH2•H2SO4.

After the counterion exchange, the trifluoroacetic acid (TFA) pres
ence was checked using the standard protocol from Waters [47] by 
Ultra-performance liquid chromatography (UPLC; ACQUITY UPLC, 
Waters, Milford, MA, USA) coupled with a Waters Xevo TQ-S triple 
quadrupole mass spectrometer equipped with an electrospray ionization 
(ESI) source. Chromatographic separation was performed using an 
Atlantis™ Premier BEH C18 AX column (1.7 µm, 2.1 × 100 mm; Waters, 
Milford, MA, USA). The column and the sample were kept at 60 ◦C and 
15 ◦C, respectively. The flow rate was 0.500 mL/min, and the injection 
volume was 20 µL. The mobile phase was 2 mM ammonium acetate with 
0.001% formic acid. Highly aqueous isocratic conditions were 
employed, with a retention time (tR) of 2.51 min for TFA.

Mass spectrometric detection was performed in negative electro
spray ionization mode. Two multiple reaction monitoring (MRM) tran
sitions were monitored for TFA: m/z 112.9 > 68.9 for quantification 
(QN) and m/z 112.9 > 112.9 for confirmation (QL). Calibration curves 
showed coefficients of determination (R2) > 0.997 using a 1/x linear 
regression model. Blanks, calibration standards, and samples were pre
pared in polypropylene injection vials using Milli-Q ultrapure water. 
Calibration standards covered the concentration range of 10–25,000 ng/ 
mL (see Figure S1 in Supplementary Material). Data acquisition and 
processing were performed using the MassLynx™ software, version 4.2 
(Waters, Milford, MA, USA), including TargetLynx XS version 4.2.

Following the exchange procedure, TFA concentrations were below 
the limit of quantification (LOQ) (<10 ng/mL, < 0.08 µM) in all 
analyzed samples, demonstrating the effective removal of TFA from the 
peptide preparation.

The resulting counterion fractions were 2.1% TFA⁻, 0.65% Cl⁻, 1.5% 
Br⁻, 2.3% I⁻ and 1.8% SO4

2⁻ (w/w). Peptide contents were therefore 97.9, 
99.4, 98.5, 97.7 and 98.2% w/w, respectively.

2.3. Sample preparation

3% w/v ACP(65− 74)-NH2, with each sample containing a different 
counterion, was dissolved in water at 25 ◦C. For each preparation the 
weighed powder mass was corrected for its counterion fraction, so that 
all five samples contained 28 mM peptide and 5.6 mM anion. The 
samples were magnetically stirred until complete dispersion and then 
allowed to rest for 24 h before testing. The sample pH was not adjusted, 
except for the pH responsiveness studies, and all resulting gels had a pH 
of 3.

2.4. pH responsiveness

To investigate the pH responsiveness of the samples, NaOH was 
added to reach a pH of 10 or higher. To test the reversibility, HCl was 
then used to revert to the initial pH. During the addition of NaOH and 
HCl, the concentrations were carefully controlled to prevent dilution 
effects.

Additionally, 10 mM aqueous buffers with 3% w/v peptide were 
prepared at four distinct pH values: 3, 7, 10, and 12 as shown in the 
Table S1 (Supplementary Material).

2.5. Confocal laser scanning microscopy (CLSM)

Confocal images of samples stained with 8 µM Rhodamine B 

isothiocyanate (RBITC) and 8 µM Thioflavin T (ThT) were acquired 
using a TCS SP8 Confocal Microscope (Leica Microsystems GmbH, 
Wetzlar, Germany) equipped with a 20X/0.75 dry objective (Zeiss), an 
Argon ion laser for excitation (λ = 458 and 516 nm), and two PMT de
tectors (selected detection range 480–500 and 580–600 nm). The 
pinhole was set to 1.0 Airy unit. The images were acquired at 512 × 512 
pixels and 8-bit depth with unidirectional scanning at 400 Hz and zoom 
1.875, yielding a lateral pixel size of 0.606 µm across a 310 × 310 µm 
field. Z-stacks were acquired along the galvanometric z-axis at the 
system-optimized step size of 0.685 µm. Lab-Tek Chambers with boro
silicate glass coverslips were used as sample holder. Images were ac
quired from three independent preparations per sample, and ten fields 
were examined per preparation.

2.6. Atomic force microscopy (AFM)

Images were acquired in tapping mode using a NX7 atomic force 
microscope (Park Systems, Suwon, Republic of Korea) equipped with a 
cantilever tip SCOUT-350 RAI (Nu Nano, Bristol, UK), with 350 kHz 
frequency, 5 nm nominal tip radius and 42 N/m nominal spring con
stant. The doped silicon cantilever was Al-coated on detector side to 
enhance laser beam reflectivity. The scan areas were 1 × 1 µm at a 
resolution of 1024 × 1024 pixels at a scan rate of 0.60 Hz.

The samples were deposited on a freshly cleaved mica surface and 
left to dry. Obtained images were processed using the Gwyddion [48, 
49]. Trace_y software [50–52] was used to trace and digitally straighten 
individual fibrils from AFM images, and to extract parameters including 
helical pitch, minimum, maximum, and mean heights, cross-sectional 
profiles, from which a 3D model was reconstructed.

2.7. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of all samples were recorded in Attenuated Total 
Reflection (ATR) mode using a Thermo Nicolet Nexus 870 (Thermo 
Electron Corp, Madison, USA) with an MCT detector. Spectra were ac
quired between 650 cm− 1 and 4000 cm− 1 with a spectral resolution of 
2 cm− 1 and 128 scans per spectrum. Chamber baseline correction was 
applied to each spectrum. Possible interference of the TFA band with the 
Amide I region was excluded by a reference spectrum of TFA in water at 
the same concentration as in the sample (see Figure S2 in the 
Supplementary Material). Standard normal variate (SNV) normalization 
and offset normalization were also applied to remove multiplicative 
scatter effects, standardize spectral data and correct for baseline shifts, 
ensuring a minimum absorbance of zero. The normalized reference 
spectrum (Milli-Q water) was subtracted from each spectrum. An eleven- 
point Savitzky-Golay function with a polynomial order of 2 was used to 
smooth the spectra. The spectra were truncated to the 1700–1600 cm− 1 

range (Amide I region) and a linear baseline correction was applied. 
Each spectrum was normalized to the maximum absorbance of the 
Amide I band. The spectra were then deconvoluted and fitted using 
Gaussian curves and a constant baseline. The initial number of peaks and 
their positions were chosen based on the second-derivative spectra. 
First, the positions and widths were held, and the height was fitted with 
constraints between 0 and 1. Then the width was allowed to change, 
constrained between 0 and 25. Finally, a final fit was made without 
constraints, and the procedure was optimized until a residual lower than 
± 0.02 was obtained. The secondary structure percentages were ob
tained from three independent preparations of the same sample, each 
fitted with the identical procedure, and have an uncertainty of ± 5%. 
The resultant deconvoluted bands of Amide I were assigned to different 
secondary protein structures [53–58].

2.8. Circular dichroism

Circular dichroism (CD) spectra were recorded with a J-715 spec
tropolarimeter (JASCO, Tokyo, Japan) at a scan speed of 20 nm/min. 
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Data were collected from 190 to 250 nm at 25 ◦C using 1 mm Hellma 
quartz cuvettes (Hellma, Muellheim, Germany). Samples included 
aqueous dispersions of ACP(65− 74)-NH2 at 0.01% w/v concentration in 
the presence of different counterions. Each spectrum was an accumu
lation of five spectra, after subtracting the water signal subtracted. 
Ellipticity values were converted to delta epsilon (Δε) to account for 
concentration during deconvolution, which was performed using the 
BeStSel server [59,60]. All fittings achieved a normalized 
root-mean-square deviation (NRMSD) value below 0.04, indicating an 
acceptable fit.

2.9. Fluorescence spectroscopy

Fluorescence measurements were conducted at 25 ◦C in 1 cm path- 
length quartz cuvettes (Hellma, Muellheim, Germany) using a LS50B 
spectrofluorometer (Perkin-Elmer, Cambridgeshire, UK) equipped with 
a Haake thermostat. The experiments were carried out on ACP(65− 74)- 
NH2 aqueous dispersions at 0.01% w/v with different counterions in the 
presence of 0.3 µM Thioflavin T (ThT) to monitor the presence of am
yloids. Emission spectra were recorded from 450 to 600 nm with a 
440 nm excitation wavelength, at a scan speed of 100 nm/min and 
15 × 15 nm slit widths for both the excitation and emission. Each 
spectrum was an accumulation of five spectra. The spectrum of 0.01% 
w/v peptide fragment without ThT was subtracted from each of the 
spectrum.

2.10. Rheology

Frequency sweep tests were carried out using a Discovery Hybrid 
Rheometer HR3 (TA Instruments, New Castle, Delaware, USA) equipped 
with a cone-plate geometry (40 mm diameter, 2◦ angle) at 25 ◦C. The 

experiments were performed in controlled shear-stress mode, with a 
Peltier system for temperature regulation. Amplitude sweep tests were 
used to identify the Linear Viscoelastic Region (LVER) (see Figure S3 in 
the Supplementary Material) and to select the strain amplitudes 
employed in the oscillatory experiments. A 1% strain was set for the 
frequency sweeps, where the storage (G′) and loss (G″) moduli were 
measured across a frequency range of 10− 3 to 102 Hz setting a strain of 
1% for all the samples. Silicone oil was applied to the sample edges to 
minimize solvent evaporation during testing [61].

To evaluate the gel recovery after shear deformation, three-interval 
thixotropy tests (3ITT) were performed. In the first interval a small 
strain within the LVER (0.1%) is applied over time. In the second in
terval, the strain is increased to 50% (beyond the LVER) to disrupt the 
gel structure. During the third interval, the strain is reduced back to 
0.1%, and gel recovery is monitored. The oscillation frequency is kept 
constant at 1.0 Hz during the three steps. The detailed experimental 
procedure is reported in our previous work [14]. The Recovery Ratio 
(RR) was calculated using Eq. 1: 

RR =
Gʹ

60s

Gʹ
initial

• 100 (1) 

where G’initial refers to the storage modulus during the first interval, and 
G’60 s corresponds to the modulus after 60 s in the third interval. All 
rheological tests were performed in triplicate.

3. Results and discussion

3.1. Macroscopic appearance and pH responsiveness

Fig. 1 shows 3% w/v ACP(65− 74)-NH2 samples in water at 25 ◦C 

Fig. 1. 3% w/v ACP(65− 74)-NH2 samples in water at 25◦ C in different the presence of trifluoroacetate, chloride, bromide, sulfate and iodide as counterions.
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bearing either Cl− , Br− , SO4
2− , I− or TFA− as counterions.

Samples containing TFA− , Cl− and Br− form gels, while samples with 
SO4

2− and I− produce liquid-like dispersions. For the Br− sample, a slight 
rotation of the vial induced a gel-to-sol transition. The I− sample showed 
poor dispersibility and appeared as a red suspension (see Fig. 1), 
requiring vigorous shaking for at least an hour to prepare stable dis
persions. The red color was attributed to the amyloid staining properties 
of iodine [62,63], although we cannot exclude a priori a possible (but 
unlikely) contribution from I2 and I3⁻ formed by partial oxidation of the 
I⁻ counterions.

Figures S4 and S5 illustrate pH-responsive behavior of samples (see 
Supplementary Material). Both gels containing TFA− and Cl− undergo a 
gel-to-sol transition around pH 10, but the sample with TFA− performs a 
fully reversible transition, while Cl− samples show only partial revers
ibility. Although it undergoes a sol-to-gel transition, the resulting ma
terial has a weaker consistency. Samples with Br− show a non-reversible 
transition. Neither SO4

2− nor I− containing dispersions show a transition 
with pH changes. However, in the presence of I− , dispersions possess a 
greater solubility at higher pH.

3.2. Microscopic morphology

3.2.1. Confocal laser scanning microscopy
ThT emission is detectable when the probe is bound to amyloid 

structures [64]. RBITC preferentially partitions into hydrophobic envi
ronments due to its partition coefficient Log Ko/w = 3.22, estimated with 
SwissADME [65,66]. However, it also has a moderate water solubility 
and thus can interact with hydrophilic regions. Fig. 2 shows CLSM im
ages of the samples along with their 3D reconstructions. The I− sample 
was excluded from the CLSM experiments because it absorbs strongly at 
both the excitation and emission wavelengths of ThT and RBITC, 
attenuating the signal below the detection limit. Blue and red false 
colors indicate ThT and RBITC emissions, respectively. The images show 
an overlay of both channels, with magenta indicating where both probes 
emit.

The counterion effect on microscopic morphology is evident, and 
each sample showed different morphologies.

The sulfate sample predominantly shows a mix of amyloid and non- 
amyloid aggregates. These are large and structured, reaching sizes up to 
50 µm. A recurring morphology for the largest structures is an amyloid- 
dominant core with a mixed-morphology contouring the edges.

In the presence of TFA− we observed a well-defined gel network, 
characterized by fibrillar structures that incorporate large amyloid 

aggregates. The fibrillar part displays a combination of red and magenta 
colors, suggesting the presence of both non-amyloid and amyloid com
ponents. In contrast, this well-defined fibrillar network is not observed 
in the presence of Br− and Cl− .

Samples with Cl− show no higher-order structures, although both 
ThT and RBITC emissions are evident. This suggests that the structures 
are too small to be resolved with confocal microscopy.

Samples containing Br− indicate the presence of an aggregated 
structure akin to that of SO4

2− , but at a smaller scale. They do not possess 
a continuous structure, as for the TFA− sample, but resemble a dense 
dispersion. These dense aggregate regions have a more interconnected 
structure than the SO4

2− dispersions.

3.2.2. Atomic force microscopy (AFM)
AFM was used to investigate sample structure at nanometer resolu

tion, complementing the mesoscale information from CLSM images. 
Topographic images of the samples are shown in Fig. 3. Remarkably, the 
morphologies detected by AFM are consistent with those observed in 
CLSM images, showing that the fibrillation and aggregation tendency of 
the samples is preserved at different length scales.

Although SO4
2− and I− form dispersions, their overall nanoscale 

morphology is very different. In the samples containing SO4
2− and I−

fibril-like structures are mostly absent, but only dense aggregates are 
present. This result is in line with the observation that both SO4

2− and I−

produce dispersions rather than gels.
The TFA− sample (second panel from the left in Fig. 3) contains well- 

defined fibrillar structures. These seem to originate from other fibrillar 
morphologies. In Fig. 3, two smaller helices (green and white arrows) 
that twist together to form a larger fibril (yellow box) are shown. Such 
behavior is consistent with the hierarchical nature of amyloid assembly 
[67,68].

The line profiles were extracted from TFA− images which show fibril 
diameters ranging between 20 and 30 nm, including some smaller 
structures of 6–15 nm (Figures S6 and S7 in the Supplementary 
Material). The separation distances between fibrils vary. Using the 
height profile of the fibril in the yellow square shown in Fig. 3, a helix 
pitch of approximately 40 nm was determined.

In the case of the Cl− sample, the structure is composed of much 
smaller fibrils. Also, ThT fluorescence without any corresponding 
macrostructure in CLSM images suggests that these amyloid fibrils do 
not form higher-order structures but remain organized at the nanoscale. 
For Cl− samples, the line profiles show diameters of the fibrils ranging 
from 9 to 18 nm, with varying separation distances (see Figure S8 in the 

Fig. 2. Confocal Laser Scanning Microscopy images of 3% w/v ACP(65− 74)-NH2 gels or dispersions with counterions a) SO4
2− b) TFA− c) Cl− d) Br− stained with ThT 

and RBITC. Each panel includes a second image representing a 3D reconstruction of the z-stacked images.
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Supplementary Material). Finally, the Br− sample displays an interme
diate morphology, with fibril-like structures present but no formation of 
well-defined filaments.

Fig. 4 shows traced and straightened fibrils of the TFA− sample and 
their 3D reconstructed models (see the Materials and Methods section). 
Only data from this sample showed distinct fibrillar structures and were 
suitable for analysis with Trace_y. The fibrils in the remaining samples 
were inherently poorly resolved (due to dense or small aggregates), so 
the software could not be used for further analysis.

Oligomers usually range from 2 to 8 nm in height [69–71] and 
5–25 nm in width [69] and typically contain several subunits. According 
to the literature, oligomers form protofilaments and mature into pro
tofibrils with typical diameters of 2.5–3.1 nm [71,72]. These are usually 
made of 2 or 3 entangled protofilaments [73]. Protofibrils then mature 
into fibrils with sizes ranging from 5 to 19 nm in diameter [74,75] and 
can extend from hundreds of nanometers to several micrometers [75]. 
The fibrils can then aggregate and form the so-called plaques, with di
ameters reaching tens of micrometers.

The TFA− sample shows two right-handed protofibrils (see Fig. 4, 
panel a, green and white arrows), with heights of 4.9 nm and 3.4 nm, 
cross-sectional areas of 89.9 nm2 and 123.6 nm2 that intertwine to form 
a larger right-handed fibril with 4 nm height and cross-sectional area of 
170 nm2. The smaller fibrillar structures with helical pitches of 61.6 nm 
(Fig. 4, panel a, white arrow) and 69.2 nm (Fig. 4, panel a, green arrow) 
intertwine to form a larger fibril (Fig. 4, panel a, yellow rectangle) with a 
helical pitch of 32.1 nm. The latter value is close to that obtained by line 
profile extraction (approximately 40 nm). The helical pitches are much 
shorter than those reported in the literature for Aβ fibrils (285 nm he
lical pitch) [74], which is expected given the different peptide sequence 
and length. Furthermore, the additive discrepancy of the cross-sectional 
areas (89.9 + 123.6 ≈ 213.6 nm2 vs. the observed 170.0 nm2) suggests a 
tight association and some structural compaction during the 

intertwining, which corroborates the lower helical pitch found for the 
larger fibril.

Fig. 4 (panel b) shows two right-handed filaments that differ mark
edly both in size and structure. The filament indicated inside the green 
rectangle is thin, with a mean height of 2.4 nm and a cross-sectional area 
of only 21 nm2. This fibril is so narrow and thin that it might even 
represent a single protofilament. It has a helical pitch of 75 nm. In 
contrast, the filament framed in the cyan rectangle has a mean height of 
5.8 nm, more than twice that of the other filament, and is nearly three 
times wider in cross-section (60 nm2). This filament has a smaller helical 
pitch of 64 nm.

3.2.3. ATR-FTIR spectroscopy
The secondary structure of proteins and peptides produces distinct 

signals in the infrared Amide I region in the 1600–1700 cm− 1 range 
[76]. These signals can be deconvoluted to separate individual 
secondary-structure components [76].

When studying amyloid structures, the most significant peaks in the 
Amide I region are those associated with inter- and intramolecular in
teractions. Generic β-sheet structures show peaks around 1630 cm− 1 

due to strong intramolecular interactions [54,56–58]. For amyloids and 
aggregates, the 1630 cm− 1 peak shifts to lower wavenumbers (below 
1620 cm− 1) and reflects the strong intermolecular interactions that lend 
amyloids their characteristic cross-β-sheet structure [54,56–58]. While 
aggregates in this region are often composed of amyloids, it is important 
to recall that other non-amyloid components can also form associated 
nanostructures.

Fig. 5 shows the deconvoluted spectra and their corresponding 
secondary-structure assignments. Table 1 lists a detailed breakdown of 
the percentage composition of each structure.

Samples with SO4
2− show a significant peak at 1632 cm− 1, suggesting 

intramolecular β-sheet structures [54,57,58]. According to the 

Fig. 3. AFM images of each ACP(65− 74)-NH2 sample containing different counterions. Relative counterions are indicated on each panel.
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literature, the lower wavenumber components reflect the extent of 
vibrational coupling within the H-bonded β-sheet network, with stron
ger delocalization giving a larger red shift. On this basis, we interpreted 
the contributions at 1600 and 1612 cm− 1 as more extended and ordered 
β-sheets, larger and more rigid aggregate structures. The component at 
1620 cm− 1 reflects shorter delocalization length and is interpreted as 
having smaller, more flexible aggregate structures [54,56–58]. Both are 
consistent with amyloid structures. We note that these descriptors are 
relative and based on band position alone, so they do not directly 
measure aggregate dimensions.

Amyloid fibrils can adopt diverse morphologies, so the coexistence of 
different components is expected [10,11].

A weak peak at 1690 cm− 1 is observed. This is characteristic of 
antiparallel β-sheets in the range 1690–1700 cm− 1. This signal is diag
nostic but does not directly quantify the exact amount of antiparallel 
β-sheets [56,77,78]. In the literature, the 1695/1630 cm− 1 intensity 
ratio has been related to the percentage of antiparallel β-sheets [53,79, 
80]. The calculated ratios for all samples showed a decreasing antipar
allel β-sheet content in the order SO4

2− > Br− > I− > TFA− > Cl− , with a 
net zero contribution for Cl− (see Figure S9 in the Supplementary 
Material).

In the presence of TFA− , the main contribution is centered at 
1630 cm− 1. This peak is narrow, indicating a well-correlated system. At 
higher wavenumbers, we again detected the antiparallel β-sheet signal. 
Instead, at lower wavenumbers, we observed typical signals of amyloid 
aggregates. The latter contribution is low, and the main peaks are 

distributed between 1617 and 1605 cm− 1, indicating the presence of 
quite rigid and large amyloid-based aggregates [54,56–58].

The Cl− sample lacks the antiparallel β-sheet signal. The 1631 cm− 1 

intramolecular β-sheet structure percentage is notably lower than in 
samples with other counterions. A prominent peak at 1624 cm− 1 was 
assigned to small, flexible amyloid structures, and a much lower- 
intensity peak at 1612 cm− 1 was assigned to large and rigid amyloid 
structures. These are consistent with the CLSM and AFM images and 
confirm the predominant presence of very small amyloid structures. 
Furthermore, the different morphology can also be attributed to the 
presence of only parallel β-sheets.

In the Br− sample, intramolecular β-sheets contribute strongly at 
1629 and 1634 cm− 1, with the antiparallel β-sheet signal at 1696 cm− 1. 
At lower wavenumbers, 1629, 1617, and 1613 cm− 1, significant con
tributions from both large, highly rigid and small, flexible amyloid- 
based aggregates are detected. We assigned the 1640–1658 cm− 1 re
gion to random coil structures, given the dominance of β-sheet/amyloid 
features of the system [55,57,58,81,82]. However, α-helical signal 
overlaps in the same range, and deconvolution cannot always disen
tangle these two contributions [55,57,58,81,82]. Therefore, we cannot 
exclude that a fraction of α-helical structure contributes to this peak 
assignment. Notably, the Br− spectrum shows two resolved peaks at 
1647 and 1653 cm− 1, making a mixed assignment likely, with the higher 
wavelength peak consistent with partial α-helical character.

For the I− samples, a prominent aggregate signal at 1616 cm− 1 is 
consistent with rigid and large aggregate structures, alongside a weaker 

Fig. 4. Two AFM images of the same TFA− sample (panels a and b), with arrows and rectangles marking the traced fibrils. To the right of each topographic image, the 
corresponding straightened fibril is shown above and its 3D reconstruction with its cross-sectional diameter below. Color-coded triangles identify each fibril on the 
AFM image.
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component at 1623 cm− 1. These structures may be amyloid or non- 
amyloid aggregates, as the absence of a ThT assay prevents the 
distinction between the two kinds of particles. We also observed an 
antiparallel β-sheet structure at 1691 cm− 1.

For all samples, the remaining signals are attributed to random coils 
and β-turns [55,57,58].

3.2.4. Circular dichroism and fluorescence spectroscopy
At very low gelator concentrations, CD and fluorescence spectros

copy allow the investigation of the intrinsic secondary-structure 

Fig. 5. FTIR spectra of the ACP(65− 74)-NH2 hydrogels or dispersions with counterions: a) SO4
2− b) TFA− c) Cl− d) Br− e) I− . The Amide I peak deconvolution is 

colored in purple for amyloid and aggregate structures, in cyan for β-sheets, in green for random coils, in yellow for β-turns and in red for antiparallel β-sheet 
contribution. The experimental and the fitting spectra are represented by a black dashed and a blue line, respectively.

Table 1 
Percentages of secondary structures present in each sample obtained from the 
deconvolution of the FTIR spectra. The error on the values is ±5%.

SO4
2− TFA− Cl− Br− I−

large aggregates and amyloids 19 6 5 14 42
small aggregates and amyloids 19 20 56 13 5
β-sheets 25 48 12 31 19
random coil with possible α-helical 

contribution
10 5 8 17 9

β-turns 27 21 19 25 25
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propensity and, therefore, the earliest counterion-dependent association 
of the dispersed peptides. Because the conformation and oligomeriza
tion propensity of the preassembled peptides influence the fibrillar 
morphology, these data complement the high concentration results.

CD spectroscopy was performed on ACP(65− 74)-NH2 0.01% w/v 
dispersions of all samples (Fig. 6, panel a).

The CD spectrum shows no significant changes in secondary- 
structure percentages (see Table 2 below). The fitting procedure gave 
normalized root-mean-square deviation (NRMSD) values of approxi
mately 0.04, consistent with an accurate fit. The secondary structure 
percentages are semi-quantitative, and we did not interpret the small 
variations between samples as due to significant differences.

All the samples show an alternation between disordered structures 
and β-organized structures, including antiparallel β-sheets and β-turns. 
The parallel β-sheet content is negligible in each case.

Ionic species do not significantly affect peptide structure at low 
concentrations. This is expected, as the counterions are within the 
peptide fragment, and at 0.01% w/v ACP(65− 74)-NH2, this accounts for 
2.1 ppm of counterions. Therefore, specific ion effects are not observed, 
as expected.

Interestingly, the FTIR analysis of samples at 3% w/v shows a change 
from antiparallel β-sheet to parallel β-sheet conformation. This is 
particularly notable in the case of Cl− , which exclusively forms a parallel 
β-sheet conformation.

The absorbance of the I⁻ sample’s saturates the spectrophotometer 
detector across the visible range, including at the excitation and emis
sion wavelengths of ThT and RBITC, and was excluded from the fluo
rescence spectroscopy experiments. ThT fluorescence is highly specific 
when bound to well-formed amyloid fibrils. Fig. 6, panel b, shows that 
all investigated samples exhibit the characteristic amyloid-bound ThT 
fluorescence signal around 480 nm, indicating a pronounced amyloi
dogenic propensity of the decapeptide. The signal intensities are similar 
for samples containing TFA− and Br− and higher for SO4

2− and Cl− ; 
however, these results are qualitative and do not directly reflect the 
relative amyloid quantity in each sample.

3.3. Rheology – frequency sweeps and thixotropy experiments

The rheological properties of the gel samples were analyzed by 
means of oscillatory shear experiments to investigate the effect of the 
different counterions on the macroscopic behavior of the gels. Fig. 7
shows the storage (G') and loss (G'') moduli obtained by frequency sweep 
experiments for the gels of ACP(65− 74)-NH2 in the presence of TFA− , 
Cl− and Br− . The samples containing SO4

2− and I− were not tested since 
they do not form gels.

All the samples exhibit a characteristic solid-like behavior, with a 
storage modulus nearly independent on the frequency in the investi
gated range [83]. Moreover, G’ is about one order of magnitude larger 
than G” and no crossover points are observed, confirming the robust 
structuredness of the gel network [14].

From the analysis of G’ and G” the effect of the counterion on the gel 
strength can be ranked as: TFA− > Br− > Cl− . These results are consis
tent with the experimental results from CLSM, AFM and ATR-FTIR 
measurements, reflecting the changes in the micro and nanostructure 
induced by the different counterions.

In the presence of TFA− the well-defined network of fibrillar struc
tures observed in the CLSM and AFM images results in a very high value 

Fig. 6. (a) CD spectrum of ACP(65− 74)-NH2 and (b) ThT fluorescence emission of ACP(65− 74)-NH2 aqueous dispersions at 0.01% w/v concentration in the presence 
of different counterions.

Table 2 
Secondary structure percentages of ACP(65− 74)-NH2 0.01% w/v aqueous dis
persions containing different counterions obtained from CD measurements.

SO4
2− TFA− Cl− Br− I−

antiparallel β-sheets 35 35 37 35 35
parallel β-sheets 1 1 1 1 1
β-turns 18 18 17 16 16
other 46 46 45 48 48

Fig. 7. Frequency sweeps of ACP(65− 74)-NH2 hydrogels in the presence of 
TFA− (black), Cl− (blue) and Br− (red). The values of G’(circles) and G” (tri
angles) are shown for each sample. The experimental error is 3% on each curve.
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of G’. We recall that the storage modulus is proportional to the network 
entanglement at constant temperature in gel-like, solid materials [14]. 
The aggregated structure with interconnected amyloid and non-amyloid 
clusters found in gel samples containing Br− results in a slightly higher 
value of G’ compared to the Cl− sample, which reveals the presence of 
smaller structures with no higher-order aggregation. The gel strength, as 
reflected by the magnitude of G′, follows the order TFA− > Br− > Cl− . 
This trend agrees well with differences in supramolecular morphology 
and secondary-structure distributions obtained by FTIR. In particular, 
the TFA− gel displays both the highest G′ and the highest β-sheet 
contribution among the gel-forming samples. Albeit qualitative, this 
association is a consistent result obtained by Miserez et al. [84] in the 
case of an 8-residue peptide-based hydrogel, in which the gelation 
process as well as the stiffness of the gel was determined by the transi
tion from 310-helices to β-sheets and their relative abundance among the 
different secondary structures.

The ability to autonomously repair damage, mimicking biological 
tissues’ natural healing processes, is an extremely valuable property for 
smart hydrogels and their application in wound healing, drug delivery, 
and tissue engineering [85]. Another intriguing application of respon
sive hydrogels is the design of synthetic living systems (or 
self-replicating systems), in which supramolecular assemblies sustain 
their own formation through autocatalytic mechanisms [86]. For this 
reason, the self-healing ability of the ACP(65− 74)-NH2 gels was inves
tigated by means of three interval thixotropy test (3ITT). The results for 
the samples containing TFA− , Cl− and Br− are shown in Fig. 8.

In the first interval within the linear regime, the storage modulus 
remains constant for all samples, with negligible fluctuations for TFA− , 
confirming a stiff and stable gel network. The increase in the oscillation 
strain outside the linear region brings about the structural breakdown of 
the gels, as suggested by the steep decrease in G’. When the strain 
returns to its initial value an immediate and efficient recovery of the 
storage modulus is attained, demonstrating a remarkable self-healing 
ability of the gels. While the G’ recovery is nearly complete in the 
case of TFA− and Cl− (with recovery ratios, RR, of 98 ± 2% and 96 
± 3%, respectively), in the presence of Br− the RR value drops to 60 
± 4%. These results are consistent with the visual analysis of the samples 
and the manual shaking trials reported at the beginning of this section. 
The decrease of G'' during the high-strain interval and its subsequent 
recovery after restoring the initial strain parallels the G' response, con
firming the reversible disruption and reorganization of the viscoelastic 
network. From the comparison with the results obtained from the ATR- 
FTIR deconvolution, the reduced self-healing recovery of the sample 
containing Br− may be related to the lower overall content of aggregates, 
amyloids, and β-sheets structures (parallel and antiparallel). Moreover, 

the Br− gel shows a higher percentage of random coils and α-helices 
among the investigated samples (see Table 1). We argue that the com
bination of these two contributions affects the system's self-assembly 
behavior, leading to incomplete recovery of the supramolecular 
structure.

3.4. Specific ion effects

The peptide under investigation bears a single positive charge at the 
N‑terminus where the Asp residue is mostly protonated, while the 
C‑terminus is amidated. In this regime, anion effects are mostly defined 
by the ion-specific interactions with the peptide and the Coulomb in
teractions at the N‑terminus. Comparing observed morphologies across 
length scales with known specific anion behavior offers important 
insights.

We found that both a strongly hydrated kosmotropic ion such as 
SO4

2− and a poorly hydrated chaotropic ion such as I− lead to the for
mation of homogeneous dispersions. However, despite the similar 
macroscopic behavior, their nanoscale morphologies differ.

The I− sample shows a high contribution of large, rigid aggregates 
(42%), with only 5% of smaller aggregates. Weakly hydrated (high 
polarizability, low charge density) ions can interact directly with Cα-H 
and CH2 adjacent to electron-withdrawing groups in the polypeptide 
backbone [87–90]. Iodide has a strong tendency to bind the backbone 
and aromatic side chains, and to accumulate at hydrophobic interfaces. 
Francisco et al. showed that iodide's backbone‑binding constant to 
RNase A is about 1.1 M− 1 versus 0.54 M− 1 for bromide [90]. Simula
tions of salts at hydrophobic surfaces show that iodide is enriched near 
the water/hydrophobic interface, with favorable dispersion interactions 
at low-dielectric surfaces [91]. Gas‑phase infrared multiphoton disso
ciation (IRMPD) experiments combined with density functional theory 
(DFT) calculations on isolated tyrosine show that the most stable 
phenol-bound I− complex is about 6.8 kJ⋅mol⁻1 more stable than the 
reference geometry, and more favorable than for Br− or Cl− [92].

By analogy, in our system I− is expected to adsorb to the backbone, 
accumulate near isoleucine and valine residues, and interact with the 
tyrosine phenol ring. Our experimental results suggest that iodide 
preferentially stabilizes more extended and ordered β-sheets, leading to 
larger, more rigid aggregate structures. The exact nature of these ag
gregates is unknown, and they may be either amyloid or non-amyloid. In 
the latter case, the interactions described above can in fact perturb the 
conformational equilibrium and disrupt the H‑bonding needed to seed 
cross‑β formations, favoring disordered aggregation. However, the 
possible presence of I3− and/or other polyiodide species complicates the 
interpretation, and the observed effects may reflect a convolution of 

Fig. 8. Three interval thixotropy test (3ITT) results for ACP(65− 74)-NH2 gels in the presence of TFA− (black), Cl− (blue) and Br− (red): (a) storage modulus G' and 
(b) loss modulus G''. The dotted lines serve as guides for the eye.
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contributions from several iodine-based species.
In the presence of sulfate ions, the intermolecular β-sheet content is 

evenly partitioned between large, rigid aggregates and smaller, flexible 
aggregates. It shows very organized structures with mixed morphology, 
mostly stained by ThT.

Sulfate is a strongly hydrated kosmotrope that competes for water 
and therefore can strip the peptide’s hydration shell, promoting salting- 
out and aggregation [35,89]. In our system, SO4

2− should be repelled 
from the peptide backbone and hydrophobic core but should strongly 
interact with the N‑terminus. It does not perturb intra- and intermo
lecular interactions between peptide chains, allowing the system to 
progress toward cross-β structure and amyloid formation. This fits our 
observations of large, micron-scale aggregates containing amyloid 
structure.

Instead, gels form in the presence of mild kosmotropic and chaot
ropic ions. Notably, the strongest gel forms with the kosmotropic TFA− , 
which shows the lowest intermolecular β-sheet content at 26% and the 
highest intramolecular β-sheet content at 48%. Its morphology shows 
large amyloid aggregates wrapped in long wormlike structures.

The isotropic average polarizability of TFA− is 6.393 Å3 [93]. Higher 
polarizabilities lead to stronger van der Waals interactions, which are 
important in aromatic-ring interactions [35]. Solid-state NMR studies of 
a phenylalanine-rich peptide undergoing liquid-liquid phase separation 
provide an important insight. Lim et al. showed that TFA− ions partition 
into the condensed peptide phase to form a structured complex, in which 
a single TFA− ion intercalates between two stacked aromatic rings [93]. 
They also showed that TFA− remains in spatial proximity to backbone 
amide protons [93].

Furthermore, in polyatomic ions, anisotropic polarizability and 
molecular geometry can critically affect ion interactions and create 
multiple interaction modes that are not accessible to spherical or mon
oatomic ions [35,43,94].

While both TFA− and I− can approach the backbone and tyrosine side 
chains, the kosmotropic nature and anisotropic polarizability of TFA−

appear to stabilize ordered fibrillar assemblies through multiple 
dispersion contacts with aromatic and backbone regions.

Cl− produces weaker gels with an all-parallel β-sheet conformation 
and the lowest amount of β-turn components. It exhibits the lowest 
intramolecular β-sheet contribution at 12% and the highest intermo
lecular β-sheet content at 61%, with the dominance of smaller, less rigid 
aggregates with only a few in large, rigid aggregates. The aggregate 
structures are much smaller, below the CSLM resolution. However, Cl−

has the highest propensity to form amyloid fibrils, even at low 
concentrations.

Chloride is a borderline mild ion in the Hofmeister series, lying in the 
midpoint between kosmotropes and chaotropes. It shows negligible 
specific binding to backbone Cα-H and adjacent CH2 groups compared to 
more chaotropic anions in both short-peptide and protein models [89, 
90]. Cl− mainly neutralizes the N-terminal charge and slightly alters the 
hydration features of our system. This is consistent with peptide 
amphiphile studies where Cl− lies in the regime that promotes orderly 
β-sheet nanofiber formation by screening cationic headgroups while 
leaving the hydrophobic tails free to pack [95] and matches our obser
vation of many small amyloid fibrils with no large micron-scale 
aggregates.

For bromide, we expect an intermediate behavior between chloride 
and iodide. Br− is a chaotrope and disrupts the hydrogen bonding 
network, but to a lesser extent than I− . It contributes similarly to 
intramolecular and intermolecular β-sheets, at 31% and 27%, respec
tively. Br− forms small, organized regions made up entirely of large 
amyloid aggregates, with some smaller structures stained by RBITC and 
ThT.

As mentioned before, Br− binds to the peptide backbone more 
weakly than iodide, and an IRMPD study on isolated tyrosine confirms 
that phenol-bound Br− complexes are stable, though to a lesser degree 
than I− [92]. Br− should still interact with the N‑terminus but also starts 

to bind to the backbone, to hydrophobic and tyrosine residues. This 
overall behavior is in line with a mixed pathway, as some follow a 
cross-β nucleation route, while others are captured into less ordered 
aggregates.

4. Conclusions

Our results show that counterions play an active role in the self- 
assembly. The ion identity is not only a toxicological concern but a 
distinctive variable in the system. While TFA− substitution is routinely 
performed to avoid toxic effects, particularly in therapeutic applica
tions, this is not the complete picture. The presence of different ions can 
modify the self-assembly pathways and give rise to entirely different 
supramolecular adducts for the same peptide under otherwise identical 
conditions.

Ions can affect a system in different, and sometimes opposing, ways. 
Hydration, polarizability, interfacial features, and molecular geometry 
all contribute unique interactions. The observed global outcome results 
from simultaneously occurring mechanisms. Sometimes a single domi
nant mechanism is present and can define a general trend. The overall 
effect can simply result from multiple interactions operating together.

The specific nature of a counterion and therefore its interactions with 
both solvent and solutes determines the final self-assembled state of the 
peptide and the resulting amyloid morphology. This study shows that 
ion-peptide interactions are crucial for amyloid nucleation and depend 
on the ion's specific nature.

Similar macroscopic behavior can emerge from completely different 
nanoscale and microscale organizations. I− is a large, weakly hydrated, 
and highly polarizable chaotropic anion capable of significant disper
sion interactions. SO4

2− is a strongly kosmotropic, highly hydrated ion 
that promotes amyloid formation. The preferential hydration mecha
nism associated with kosmotropes reduces protein-solvent interactions, 
lowers the free energy barrier for peptide chain contact, and drives 
aggregation.

Molecular geometry is often overlooked for polyatomic ions. Ions are 
not point charges, they have a particular shape and an anisotropic 
charge distribution across the structure that in turn results in a signifi
cant anisotropy in the polarizability. In these cases, an ion can present 
multiple interaction sites and coordinate solutes and solvent in ways 
inaccessible to spherical, isotropic, monoatomic ions. This is mostly 
evident in the case of TFA− , whose asymmetric fluorinated structure and 
strong electrostatic and H-bond accepting character produce secondary 
structure, nanoscale, and microscale morphologies distinctly different 
from those seen with the other anions. Although SO4

2− is also a poly
atomic ion, its tetrahedral geometry gives a different influence on am
yloid assembly compared to the asymmetric TFA− .

Chloride needs a separate argument. Positioned at the boundary 
between strong kosmotropic and chaotropic anions, it behaves as a mild 
ion that screens charge while preserving the intermolecular packing 
geometry required for fibril growth. Among the ions examined, it yields 
the highest amyloid propensity and forms fibrillar aggregates with all 
parallel β-sheet secondary structure, without producing the large 
micron-scale assemblies observed with the other ions. The Cl⁻ sample 
can be regarded as a simplified synthetic reference incorporating a 
physiologically relevant counterion given its high abundance in physi
ological extracellular fluids, though it does not reproduce the full ionic 
complexity of natural extracellular environments.

Overall, our data demonstrate that the choice of counterion must be 
regarded as a true experimental variable. Complete counterion exchange 
is therefore essential for obtaining meaningful and physiologically 
relevant conclusions from synthetic peptide systems. In particular, 
replacing residual trifluoroacetate with chloride is not only desirable 
from a toxicological standpoint but also necessary to avoid counterion- 
driven artifacts in studies of amyloid formation, supramolecular 
morphology, and peptide material properties.
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