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Stimuli-responsive gelation of Fmoc-L-tyrosine
derivatives to form supramolecular architectures
via cold atmospheric plasma treatment

Priya Bhatt, ab Pranadhika Dasa and Kamatchi Sankaranarayanan *ab

The rapid self-assembly of peptides and amino acids into three-dimensional fibrous networks has been

extensively investigated as a strategy for constructing supramolecular architectures. In this study, we

demonstrate a unique strategy using cold atmospheric plasma (CAP) to assess the assembly behaviour of

protected aromatic amino acid derivatives, such as Fmoc-L-tyrosine-OH and Fmoc-L-tyrosine(tBu)-OH.

CAP generates reactive species that induce hydrolysis and oxidation of amino acids, leading to the

formation of the self-assembled fibrous micro-structured gels of Fmoc-tyrosine-OH and Fmoc-

tyrosine(tBu)-OH, underscoring the role of CAP-induced chemical transformations in modulating the

hydrophobic–lipophilic balance of the assemblies. IR, CD and zeta potential analyses confirmed that the

formation of these microstructures was primarily driven by aromatic interactions, p–p stacking, and other

non-covalent interactions. Additionally, LC-MS analysis was employed to elucidate the molecular structural

changes of the samples following CAP treatment, revealing the underlying mechanism of RONS-driven

modifications. A remarkably low critical aggregation concentration (CAC) further demonstrates CAP’s

efficiency and reliability as a trigger for facilitating supramolecular assembly. The findings underscore CAP’s

versatility as a green, cost-effective, and tunable approach for the design of soft materials and the

fabrication of peptide-based nanostructures, with significant potential in applications such as drug delivery,

tissue engineering, and bioactive materials for diagnostics and therapeutic interventions.

1. Introduction

Molecular self-assembly is a fundamental process in nature,
playing a crucial role in the emergence and advancement of
life.1 One notable consequence of molecular self-assembly gives
rise to supramolecular chemistry, which involves forming var-
ious types of supramolecular architectures. These architectures
range from fibrils,2,3 nanospheres,4,5 nanorods,6 and micelles7,8

to complex 3D mesh-like structures,9,10 giving rise to supramo-
lecular hydrogels.11,12 Unlike traditional polymeric hydrogels,
which rely on covalently cross-linked polymer networks, supra-
molecular hydrogels form through noncovalent interactions
such as p–p stacking, hydrogen bonding, and charge interac-
tions. These supramolecular hydrogels have extensive applica-
tions in cell culture,13,14 optoelectronics,15 sensing,16,17 and
developing structured materials.

Fluoren-9-ylmethoxy carbonyl, commonly recognized as
Fmoc, is a popular protecting group used in peptide synthesis.
Fmoc facilitates hydrogenation and shows interesting aggregation
properties as it contains bulky aromatic rings.18 The aromatic–
aromatic interactions play a pivotal role in stabilizing these self-
assembled structures through non-covalent interactions such as
p–p stacking, which enhance intermolecular hydrogen bonding.19

This property has made Fmoc a popular N-terminal capping
motif in peptide-based hydrogelators. Fmoc-protected amino
acids and peptides are commercially available, cost-effective,
and easily incorporated into self-assembling systems. The ver-
satility of Fmoc-based hydrogelators continues to make them an
attractive choice for designing functional biomaterials and has
been studied extensively by several researchers over the last few
years.20–23 Transitioning from a non-gel state to a hydrogel
requires a negative free energy change. Various stimuli can
trigger this process, including pH changes, temperature shifts,
solvent switching, redox reactions, and photochemical
methods.24 Here, we present a novel approach utilizing cold
atmospheric plasma (CAP) to initiate the self-assembly of Fmoc-
protected amino acids, potentially leading to the gelation of
Fmoc-based conjugates and paving the way for new advance-
ments in the field.
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Cold atmospheric plasma (CAP) is an emerging technology
that has demonstrated versatility across various fields, includ-
ing biomedicine,25–27 materials science,25,28,29 and environ-
mental applications.30,31 CAP generates a mixture of primary
and secondary reactive species, such as ions, electrons, free
radicals, reactive oxygen species (ROS), and reactive nitrogen
species (RNS), which contribute to its broad functional
capabilities.32–35 These reactive species can induce surface
modifications, facilitate chemical transformations, and trigger
molecular self-assembly, making CAP a powerful tool for var-
ious applications. The ability of CAP to modulate intermolecu-
lar interactions and influence noncovalent bonding opens new
possibilities in the field of supramolecular chemistry and
biomaterial design. Unlike traditional methods of inducing
self-assembly—such as pH shifts, solvent exchange, or thermal
triggers—CAP provides a non-invasive, controllable, and effi-
cient strategy to drive molecular organization. It does not
produce any secondary pollutants and eliminates the need for
additional chemicals to adjust pH or multiple solvents for
processing, thus making it a greener and more affordable
technology. Moreover, it is highly tunable and can be efficiently
generated using atmospheric air at room temperature.

In this work, we have investigated the supramolecular proper-
ties of two L-tyrosine-derived Fmoc-modified amino acids using a
helium-CAP jet. The motivation for selecting tyrosine-derived
peptides came from our earlier understanding that the self-
assembly of L-tyrosine can effectively be modulated, forming
distinct nanoparticles using the CAP technique.36 Therefore, we
aimed to investigate the effects of protecting groups on L-tyrosine
to shield its reactive sites and assess the resulting structural and
functional changes post-CAP treatment. With this consideration,
we selected two compounds for this article, Fmoc-L-tyrosine and
Fmoc-L-tyrosine-tert-butyl, and studied their self-assembling prop-
erties in phosphate buffer. Several groups have studied the assem-
bly properties of the Fmoc-tyrosine-derived peptides. Researchers
have used the pH switch method,37,38 solvent switch,39,40 enzy-
matic reaction,41 temperature control,42 and irradiation to induce
gelation in a phosphate buffer solution of Fmoc-tyrosine-OH.37,38

Many have explored Fmoc-tyrosine as a functional biomaterial in
drug delivery43,44 and anti-bacterial20 applications, among others.
While there is enough research describing the gelation of Fmoc-
tyrosine-OH, we found limited papers exploring the self-assembly
or gelation of Fmoc-tyrosine(tBu)-OH. In 2019, Aykent et al. dis-
covered the gelation of L-tyrosine(tBu)-OH in various solvents,
including DMF, TFA, toluene, and butanol.45 Conversely, CAP
effectively eliminates the reliance on multiple chemicals tradition-
ally required for gelation, making the process more cost-efficient
and environmentally friendly. Beyond its role in directing self-
assembly, CAP’s inherent antimicrobial and antibacterial
properties46–48 offer an additional advantage in developing biomi-
metic materials, particularly by enhancing the stability and long-
evity of functional materials. The integration of CAP-driven self-
assembly with its antimicrobial potential could lead to the creation
of advanced bio-inspired materials with tailored properties, further
expanding its impact in fields ranging from regenerative medicine
to sustainable biomaterials.

2. Results and discussion
2.1 Fabrication of protected L-tyrosine self-assemblies using a
cold atmospheric helium plasma jet

A base-labile amine-protecting group, 9-fluorenylmethoxy-
carbonyl (Fmoc), and an alcohol-protecting group, tert-butyl
(tBu), have been used in this experiment to check the self-
assembly properties of the modified amino acids. Fmoc-L-
tyrosine (Fmoc-Tyr-OH in this manuscript) and Fmoc-L-tyro-
sine(tBu)-OH (Fmoc-Tyr(tBu)-OH in this manuscript) were dis-
solved in 7.4 pH PBS at 1 mM. The self-assembly in the samples
was induced by treating the sample solutions using a built-in
CAP jet system (discussed in the Experimental section) for three
different durations (t = 0, 5, and 10 min). As several reactive
oxygen and nitrogen species (RONS) from the plasma plume
interact with the solution phase of the sample, the plasma–
liquid interaction gives rise to various other phenomena and
generates several secondary species. These primary and second-
ary reactive species have the potential to alter the non-covalent
interactions within the building blocks, thereby modifying or
enhancing the self-assembly of the compounds. Interestingly,
when Fmoc-Tyr(tBu)-OH was irradiated under CAP, the mole-
cules visibly assembled within approximately three minutes,
forming a soft gel-like 3D structure in the bulk solution
(Fig. 1(a)). Upon CAP exposure, we consistently observed the
formation of gelatinous assemblies that appear to follow an
enclosed, non-circular path (Fig. 1(a)) around the plasma
plume. When the Petri dish was manually shifted, similar
ring-like fibrous structures appeared at the new location
exposed to the jet. To verify that the observed features were
not artefacts of plume contact at a localised region, but rather
the chemical/physical effects of plasma, we conducted an
experiment where the sample was continuously stirred with a
magnetic stirrer during CAP treatment. Fibrous, gelatinous
structures still formed; however, the enclosed ring-like arrange-
ments were disrupted by the bead’s continuous agitation. This
strongly suggests that gelation arises primarily from CAP-
induced modulation of non-covalent interactions, such as
hydrogen bonding, p–p stacking, or electrostatic interactions,
which may trigger the self-assembly of Fmoc-modified amino
acids into a 3D supramolecular assembly, discussed in detail in
the later part of the manuscript.

In contrast to the above case, we found no visual observed
gelation in the Fmoc-Tyr-OH samples after cold plasma treat-
ment (Fig. 1(b)). To determine the concentration required for
visual assembly formation in the samples, we tested it at
various concentrations while keeping the CAP parameters con-
stant. We made a stock solution of 25 mM and diluted it to six
concentrations: 0.25 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, and
10 mM. It was observed that Fmoc-Tyr(tBu)-OH formed visible
assemblies at concentrations above 0.5 mM, whereas no visible
assemblies were detected at concentrations below 0.5 mM. In
the case of Fmoc-Tyr-OH, the visual assemblies were seen at
around 5 mM concentration (Fig. S3), suggesting that a similar
visual assembly can be fabricated by Fmoc-Tyr-OH using CAP
technology at an increased optimized concentration. Since the
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work aims to check the effect of CAP treatment in the samples,
we kept a uniform 1 mM concentration for all characterization.
Various microscopic and biophysical techniques are employed
to further investigate the formed assemblies.

For the Fmoc-Tyr(tBu)-OH samples, the CAP-formed 3D
supramolecular assemblies characterised under a SEM had a
typical fibril structure with a porous morphology after 5- and
10-minute treatment (Fig. 1(c)). The fibrils have a diameter of
3–6 microns, as analysed by ImageJ. The Fmoc-Tyr-OH samples,
however, showed the formation of some tubular, rod-like
structures prior to treatment (Fig. 1(d)). After CAP treatment,

these fibrils formed a more complex and entangled mesh-like
structure.

AFM and TEM analyses were conducted to gain insights into
the formed micro-architectures and further substantiate our
findings. Interestingly, AFM and TEM imaging revealed that the
untreated Fmoc-Tyr-OH sample also exhibited fibril-like structures,
suggesting potential gelation behaviour in its native state (Fig. 2(a)
and (c)). In addition to these fibrils, we also observed the formation
of some particles in the CAP-10 min-treated samples (Fig. 2(b)),
suggesting that such nanoparticulate domains co-existed within a
fibril framework in Fmoc-Tyr samples. These particles were also

Fig. 2 AFM images (a, b) and TEM images (c, d) of Fmoc-Tyr-OH (top). XRD diffractograms (e, f) of untreated and CAP-treated Fmoc-Tyr(tBu)-OH and
Fmoc-Tyr-OH samples (bottom).

Fig. 1 CAP-treated samples of Fmoc-Tyr-OH and Fmoc-Tyr(tBu)-OH (a) and (b) and SEM images of the samples (c) and (d).
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observed in TEM analysis of the samples and had sizes on the
order of a few nanometres (Fig. 2(c) and (d)). However, due to the
extremely low concentration of samples deposited on the TEM
copper grid, the electron microscopy may have preferentially
emphasised the electron-dense nanodomains rather than the
extended fibrillar structures. In one of our previous studies, such
nanoparticle-like structures were also observed in L-tyrosine
samples after helium-plasma jet treatment, having similar
parameters.36 The explanation was primarily attributed to the
amine, carboxyl, and side chain functionalities of L-tyrosine,
which were influenced by the synergistic effects of reactive
species generated by CAP. It should be noted that all the above
microscopic techniques use drying as a crucial step in method
preparation; thus, they should be interpreted with consideration
for the drying artefacts. A more advanced technique, such as cryo-
TEM (or small-angle scattering), would provide a more accurate
assessment of the native state of the assemblies and could be a
future scope for the current work.

We performed powder XRD of the lyophilized samples to
investigate the molecular arrangement of the samples after the CAP
treatment. Fig. 2(e) and (f) shows the X-ray diffractogram of the
untreated and CAP-treated samples. Peaks were seen around 321
and 231, and both samples showed semi-crystalline behaviour.
Furthermore, from crystallinity estimation (from integrated peak
areas) and crystallite size evaluation (using the Scherrer equation),
the crystallinity percentage was found to be around 77% in both
samples, and it slightly decreased with an increase in the treatment
time (Table 1). The decrease in the crystallinity of the samples is
indicative of a more amorphous nature of the CAP-treated samples,
as compared to the untreated samples. This behaviour is in
accordance with our observation of CAP-induced gelation of the
particles, since the gels have a characteristic of being amorphous in
nature. This is because the long fibres form an amorphous matrix,
entrapping the constituent molecules, thereby forming a localised
ordered constraint and disrupted long-range order, a term some-
times referred to as ‘‘amorphous solidification’’.49 This explains the
reduction in the crystallinity of our CAP-induced supramolecular
assemblies as compared to the crystalline untreated peptide
solution. The average crystallite size in Fmoc-Tyr(tBu) samples
decreases after CAP-treatment, also validating the above discussion.
In contrast, the increase in the crystallite size of Fmoc-Tyr samples
from 17.07 nm to 22.7 nm in 10 min indicates that the amino acid
solution has assembled into larger, more ordered nanodomains
compared to their dispersed state in solution after plasma

treatment. These nano-particles were also seen in the AFM and
TEM images of CAP-treated Fmoc-Tyr samples.

2.2 Mechanical and thermal stability of the formed self-
assembled architectures

Using oscillatory rheology, the CAP-produced 3D supramolecu-
lar assemblies were characterized to understand their mechan-
ical properties. Fig. 3(a) shows the evolution of the samples’
storage modulus (G0) and loss modulus (G00) with angular
frequency. The formation of gels is characterized by G0 4
G00,50 where G0, G00, and the loss factor are independent for a
typical strong gel. Although the loss factor showed an indepen-
dence (Fig. S4), G0/G00 increased in the higher angular frequency
regime. This dependency of storage and loss moduli on angular
frequency is often a sign of the formation of weak gels or the
possibility of sol-phase hydrogel formation.51,52 The graphs
(Fig. S5) highlight the point where the storage modulus begins
to increase significantly, indicative of the sample’s sol–gel
transition point. It is observed that with the increase in the
CAP-treatment time, the sol–gel transition point is shifting
towards a lower value, suggesting that the CAP treatment leads
to a decrease in the sol–gel transition point. This crossover
frequency at which G0 and G00 meet also indicates the physical
crosslinking frequency, suggesting that the formed 3D-
supramolecular assemblies might involve a reversible cross-
linking phenomenon,53 which can further be explored for their
application as self-healing hydrogels.12

Furthermore, the viscosity of the samples was analysed as a
function of the shear rate. A substantial decay of the sample’s
viscosity is observed over increasing shear, followed by a
constant value at larger values. This curve illustrates how
viscosity changes over time under an applied external shear,
aiding in determining various rheological parameters.54

Furthermore, at larger shear values, the viscosity of the CAP-
treated solution is slightly higher. From the viscosity vs. shear
rate curve (Fig. 3(b)) and shear stress vs. shear rate curve
(Fig. 3(c)), it can be observed that initially, the flow type is near
Newtonian as the stress vs. shear rate follows a linear trend;
however, after CAP treatment, the type of flow follows a Bing-
ham plastic flow,55 resulting in a shear-thinning fluid. Hydro-
gels with such shear-thinning properties have massive potential
as injectable biomaterials.11

We also investigated the rheology of the Fmoc-Tyr-OH
samples before and after treatment to find a similar pattern
in the storage and loss moduli (Fig. 3(d)–(f). This further
confirms that the as-obtained Fmoc-Tyr-OH is a supramolecu-
lar gelatinous material, possessing the pourable characteristics
of a viscoelastic fluid while maintaining the gel-like network
structure,56 as substantiated by the SEM, TEM, and AFM
images. Additionally, no change in the viscosity was observed,
and the nature of the flow remained the same post-CAP
treatment.

Next, we checked the thermostability of the freeze-dried
samples through differential scanning calorimetry (DSC). Ther-
mal stability is a crucial parameter for characterizing supramo-
lecular structures and refers to their structural rearrangement

Table 1 Crystallinity and crystallite size estimation of the CAP-treated
samples

CAP
treatment
time

Fmoc-Tyr(tBu)-OH Fmoc-Tyr-OH

Average
crystallite
size (nm)

Crystallinity
(%)

Average
crystallite
size (nm)

Crystallinity
(%)

0 min 31.869 77.169 17.050 76.921
5 min 24.814 76.629 21.733 69.185
10 min 21.868 75.563 22.136 63.216
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at elevated temperatures. Evaluating this stability involves mon-
itoring structural transitions as the temperature increases.57

The transition point, represented as Tm, is a measure of
structures’ thermal stability, where a higher Tm value may
indicate improved stability.58 The DSC thermogram of the two
compounds shows two peaks: the first peak at B81 1C repre-
sents the transition point of the protein, while the second DSC
peak, appearing at around 220 1C, might correspond to the
complete degradation of the sample at such a high temperature
[Fig. S6(a) and (b)]. Fig. 4(a) and (b) shows the expanded
thermogram of the DSC peaks at B81–86 1C, which shows a

shift in the Tm towards a higher value (around 4-1C shift) after
CAP-10-minute treatment in the case of Fmoc-Tyr(tBu)-OH,
which can suggest the relatively higher thermal stability of the
CAP-treated samples compared to Fmoc-Tyr-OH samples with a
less significant Tm change. Another parameter used in measur-
ing thermal stability is the change in the enthalpy of unfolding
(DH). It is calculated as the area under the DSC thermogram. A
larger area points towards a higher enthalpy; thus, more energy
is required to denature the protein. Fig. 4(a) and (b) also shows
that the area under the curve increases after the treatment of the
samples, suggesting a higher enthalpy. The numerical value of

Fig. 4 DSC thermograms of (a) Fmoc-Tyr(tBu)-OH and (b) Fmoc-Tyr-OH samples at the transition point.

Fig. 3 Rheological analysis (a)–(c) of untreated and treated Fmoc-Tyr(tBu) samples and (d)–(f) Fmoc-Tyr-OH samples.
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the area calculated is listed in Table S1 of the SI. A shift towards
a greater enthalpy change indicates a stronger transition, which
results from forming more stable structures, probably due to the
formation of a higher-ordered structure post-CAP treatment.

2.3 Spectroscopic analysis of the CAP-treated samples

We further inquired about the differences in the atomic excita-
tion levels for the two groups and the role of protection groups in
the CAP-induced supramolecular assemblies of the samples for a
better understanding of the mechanism. The Fmoc-protecting
group typically shows two electronic bands at different wave-
length ranges under UV-visible irradiation. The first K band is
seen in the range of 200–220 nm due to the p–p* transition in the
conjugated system, while the B band is observed in the 250–
300 nm range due to the chromophores present in the aromatic
moieties.39 The UV-vis spectra of the Fmoc-protected molecules
in the wavelength range of 250–300 nm showed three distinct
peaks: an intense band at 265 nm and two moderately intense
bands at 290 nm and 300 nm (Fig. 3(a) and (b)). The three peaks
of the Fmoc-protected aromatic amino acid group arise due to
the three groups of bands of the Fmoc-modified aromatic
group.59 This is why the other Fmoc-protected amino acid groups
show similar absorbance spectra.52,59 Fmoc has similar spectra to
fluorene with peaks at 265 nm, 290 nm, and 300 nm, which are
considered to be ascribed to the B2 symmetry electronic transi-
tions of the fluorene.59,60 Thus, the K band, due to the side chain
of L-tyrosine, observed at 220 nm, is overlapped by the Fmoc
group’s K band. As a result of the CAP-treatment, a hypochromic
shift is observed with a slight blue shift of the peaks, explaining

the possible aggregation phenomenon in the samples post-CAP
treatment. Firstly, the blue shifting (Dl E 2 nm) of the 220 nm
peak is observed for the Fmoc-Tyr(tBu) samples (Fig. S7(a)
and (b)). A shift towards a shorter wavelength of the K-band in
Fmoc often corresponds to the H-aggregation, a type of p–p
stacking pattern where molecules stack in a face-to-face
arrangement.61,62 Both H- and J-aggregation result in the shifting
of the peak (blue and red shifts, respectively). However, no
shifting of the peaks is observed for the Fmoc-Tyr samples,
indicating that self-assembled structures formed in the Fmoc-
Tyr may be due to a combined effect arising from other interac-
tions. This was further substantiated by the decrease in the
absorbance intensity of Fmoc-Tyr-OH, which is much more trivial
than the Fmoc-Tyr(tBu)-OH group (Fig. 5(a) and (b)). The addi-
tional tBu-group protects the side chain from interacting with the
CAP-induced radicals in the solvent, probably resulting in a
different aggregation phenomenon. The interactions from CAP
radicals can affect the chromophores’ electronic transitions and
energy levels, giving rise to several aggregation phenomena. The
decrease in the absorbance intensity might also result from
reducing the turbidity of the Fmoc-Tyr(tBu)-OH samples as
aggregation begins, reinforcing the explanation for the aggrega-
tion differences between the two groups and prompting a deeper
investigation into the spectroscopic intricacies.63,64

We further investigated the fluorescence spectra of the two
groups. The aromatic side chain of the aromatic amino acid has
an intrinsic fluorescence, which shows a maximum emission
peak at the wavelength of 311–312 nm for both compounds at
lmax = 265 nm. This peak differs from the native tyrosine peak,65

Fig. 5 UV-Visible (a) and (b) and fluorescence intensities (c) and (d) and comparison of the intensities (e).
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which shows emission around 304–305 nm attributed to the
altered electronic environment introduced by the protecting
groups on the amino acid. As seen in Fig. 5(c) and (d), there
is a substantial decrease in the fluorescence intensity of both
compounds. This decrease in intensity corresponds to the
aggregation-caused quenching (ACQ) resulting from the p–p
stacking of aromatic side chains and the Fmoc-group.39 In
addition to the quenching, both samples have a bathochromic
shift with a wavelength change of around Dl = 4 � 1 nm (shown
in the inset). This shift towards a lower wavelength generally
confirms the p–p stacking in the samples, as p–p interactions
lower the energy of the emitted fluorescence.39,66 However, here
also, we can observe a much more intense quenching phenom-
enon of Fmoc-tyrosine(tBu)-OH, compared to Fmoc-Tyr-OH
(Fig. 4(e)). We suggest that the CAP-reactive species increases
the propensity of the p–p interactions in both samples, indi-
cated by a similar shift in the wavelength peaks. At the same
time, it induces more aggregation in the Fmoc-Tyr(tBu)-OH
group, specified by a more substantial quenching resulting in
the ACQ. Although the reactive species from the CAP is known
to drive protein self-assembly by reacting with amino acids,52,67

its interaction with the Fmoc-group increases the overall aro-
maticity of the compound, thus enhancing the gelation cap-
ability of the chosen compounds. The tert-butyl group further
increases the overall bulk of the molecule and causes pro-
nounced steric hindrance. This is likely to increase the hydro-
phobicity of the samples, resulting in a more intense quenching
phenomenon and producing visible nanostructured gels post-
CAP treatment.

To understand the changes in the secondary structures of
the given peptides post-CAP treatment, IR spectroscopy of the
freeze-dried samples was carried out. Fig. 6(a) and (b) shows the
registered frequencies in the IR spectra. Post-CAP treatment, a
few changes were observed in both the compounds’ IR spectra.
In both samples, the intensity of the peaks at 930–972 cm�1 was
observed to be modulated post-treatment. This peak corre-
sponds to the CQC bonds of the aromatic ring,52 providing
information on hydrogen bonding. In addition to that, peaks
around 1600–1700 cm�1 are observed in both samples, usually
considered to arise due to the carbamate group present in
Fmoc samples. However, a single broad peak at 1650 cm�1 also
corresponds to the random coil orientations in proteins, which
is assigned to the disordered or imperfect amide stacking.68

However, the FTIR spectra of CAP-treated samples exhibit no
significant changes in either protected group, as evidenced by
the absence of peak shifts, appearances, or disappearances.
Further investigations are required to confirm any changes in
the chemical alterations in the molecular structures.

CD spectroscopy was performed to check the changes in the
chirality of the formed supramolecular assemblies in the
samples. Both the samples were chiral active in the native form
with peaks at 211 nm and 228 nm for the Fmoc-tyrosine(tBu)-
OH group and at 208 nm, 225 nm, and 278 nm for the Fmoc-
Tyr-OH samples (Fig. 6(c) and (d)). The CD peaks at around
210–220 nm are due to the n–p* transition and those at 240–
260 nm are due to the p–p* transition. The negative minimum
at 208–211 nm is attributed to the b-sheet structure of the
molecular assembly.69 Earlier research has shown that CD

Fig. 6 FTIR analysis (a) and (b), CD spectroscopy (c) and (d), and zeta potential analysis (e) of Fmoc-Tyr(tBu)-OH and Fmoc-Tyr-OH.
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peaks around 250–300 nm in a solution phase of Fmoc-tyrosine
arise due to the chirality of the tyrosine component,41 which is
seen as a positive peak at 278 nm. However, we did not find this
peak for the Fmoc-tyrosine(tBu)-OH samples, probably because
of the additional tBu group shielding. Besides, we did not find
any change in the orientation of the chirality in the CAP-treated
samples in either of the groups, indicating no change in the
folding of the proteins after CAP treatment. One limitation of
CD is the necessity of diluting the samples to an optimised
concentration, which compelled us to dilute them to an opti-
mum concentration to get the noise-free signals, which might
have affected the results.

Zeta potential analysis was performed to determine the
electrostatic charges of the particles. Fig. 6(e) shows the varia-
tion in the zeta potential values of the two groups. All samples
exhibited a negative charge, with Fmoc-Tyr-OH samples posses-
sing a more negative charge than the Fmoc-tyrosine(tBu)-OH
group, with the latter showing almost half the value. This might
be expected because the Fmoc-tyrosine’s highly negative charge
is neutralised by adding the tert-butyl group in the phenolic side
chain of tyrosine, potentially preventing deprotonation. When
CAP radicals interact with the two groups, a notable change in
the zeta potential is observed for Fmoc-tyrosine, whereas Fmoc-
tyrosine(tBu) samples show minimal variation. This indicates
that a protecting group in the side chain of tyrosine hinders the
electrostatic interactions due to the CAP radicals. This could
suggest that protonation of the side chain of tyrosine is not
responsible for the observed gelation as it is entirely shielded by
the tBu group, further emphasizing the interaction of CAP-
induced reactive species with the tyrosine chain.

CAP is widely recognized for generating a broad spectrum of
reactive species through its direct interaction with its compo-
nents and the formation of secondary and tertiary reactive

species in the solvent system. These reactive species play a
crucial role in inducing oxidation, hydroxylation, nitration, and
other modifications when interacting with amino acid side
chains,36,70,71 in addition to influencing the zeta potential of
amino acids. The resulting electrostatic interactions, charge
transfer, and polarization effects typically lead to alterations in
hydrogen bond formation, further impacting self-assembly
dynamics.72

We further examined the changes in the structures of the
compound due to the potential interactions and modifications
induced by ROS/RNS exposure, including oxidation, hydroxyla-
tion, nitration, and other chemical alterations. LC-tandem mass
spectrometry was employed to investigate the fragmentation
pattern of the untreated and CAP-treated samples. The numerous
peaks in the chromatogram result from a combination of frag-
mentation, adduct formation, impurities, multiple charge states,
and solvent effects. For simplicity, we first focused on the most
intense peaks in the chromatogram and compared the untreated
chromatograms with those of the treated ones. The exact mass
and elemental composition of the parent compound of Fmoc-
tyrosine are 403.46 and C24H21NO5, respectively. Although a peak
at 403.21 is seen in all the chromatograms, the most abundant
peak is observed at an m/z value of 402.21, corresponding to the
deprotonated Fmoc-Tyr-OH samples[M–H]�, mainly due to the
negative scan mass spectra, in Fig. 7(a). The next intense peak in
the chromatogram is at an m/z value of 446.24, which corre-
sponds to an additional mass of 44.03. This peak for the native
compound may arise due to the interaction of Fmoc-Tyr-OH with
the solvent or mobile phase, possibly resulting in the carboxyl-
ation of the parent compound (HCOO�). Moreover, this peak is
also observed for all the other treated samples. Thus, it does not
have significance in our current finding of CAP-induced modifi-
cations and is thus ignored.

Fig. 7 LC-mass spectroscopy of untreated and CAP-treated samples of Fmoc-Tyr-OH (a)–(c) and Fmoc-Tyr(tBu)-OH group (d)–(f).
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The first distinct peak for both 5-minute and 10-minute
CAP-treated samples is observed at m/z values of 429.97 and
433.98 (Fig. 7(b) and (c)). Nitrosation (addition of nitric oxide)
of tyrosine’s phenol group, with a slight rearrangement or
protonation, is a strong possibility for the observed m/z 27.77
and 31.78 shifts, respectively. Such nitrosation is a possible
reaction in many tyrosine oxidation/nitration pathways in the
presence of oxidants and radicals.73,74 Another peak at 461.87
and 463.87 observed in the 5-minute and 10-minute samples
might arise due to the possible effect of hydroxylation and
nitration of the aromatic moiety. The possible chemical struc-
tures of the observed peaks are drawn in Fig. 7.

In addition to the emergence of the above-mentioned new
peaks in the CAP-treated samples, we can observe variations in
the intensity of many peaks following CAP treatment. The CAP-
treated samples showed a shift in the native peak at 402.21 and
403.21 to the m/z values 429.97, 474.23, 490.26, and 518.26,
suggesting the post-treatment chemical modifications of the
native compound. Additionally, peaks with lower m/z values
were observed at 397.98. The slight shift in protonation states
or rearrangement of functional groups under plasma condi-
tions could lead to this mass decrease.

Likewise, the exact mass of Fmoc-tyrosine(tBu)-OH is 459.53,
with the elemental composition of C28H29NO5. The observed m/
z value of 458.21 likely corresponds to a molecule’s [M–H]�

deprotonated ion with an exact mass of 459.53 in negative
mode (Fig. 7(d)). A distinct peak was observed at the m/z value
of 476.15, resulting in a mass difference of 16.63, which is likely
due to the hydroxylation of the molecule, possibly involving the
aromatic ring of the amino acid. Another new peak for the CAP-
treated samples is observed at m/z 488.31, resulting in a mass
shift of 28.78, which may be attributed to the nitrosation (NO =
+30 shift) of the compound. Another peak observed at 513.33
suggests a 55.1 Da shift from the parent mass (Fig. 7e and f).
This peak may have arisen due to nitration (NO2 = +46 shift)
and nitrosation (NO = +30 shift) in the aromatic moieties of the
compound, along with the removal of a water molecule and
deprotonation of the sample. All the other peaks around it, i.e.,
512.16, 514.33, and 515.33, result from molecule rearrange-
ment via protonation and deprotonation of the compound.

In both the treated samples, we observed similar peaks with
slight variations in the intensity. In addition, peaks with lower m/z
values were observed at 456.18 and 457.18, likely due to the minor
deprotonation effects resulting from exposure to reactive species
after treatment. It is worth noting that the current analysis was
conducted based on the differences in m/z values obtained after
fragmentation using a tandem mass spectrometer (MS/MS). While
these assignments are done using a high-resolution accurate mass
(HRAM) spectrometer, confirmation with authentic standards is
required for further support of the data.

The LC-MS analysis revealed the addition of nitro and
hydroxyl groups to the phenolic ring of the compounds, sug-
gesting that these CAP-induced chemical modifications play an
important role in triggering the observed assemblies. Such
modifications are likely to alter the overall balance of non-
covalent interactions in the solvent, thereby promoting the

self-assembly process. A detailed discussion of these post-
treatment chemical changes and their mechanistic implica-
tions is provided later in the text.

In our previous work, using the same parameters for plasma
production, we quantified the reactive species generated by the
helium plasma jet over 5- and 10-minute exposure with various
chemical probes.36,75,76 In addition, we subjected our samples to
treatment with two distinct reactive species to assess their
individual effects. Hydrogen peroxide (H2O2) and nitrate (NO3

�)
were introduced into the control samples at concentrations
equivalent to those generated by CAP. However, neither reactive
species independently induced any visible gelation (Fig. S8). The
PL showed minimal quenching with the addition of 0.002% H2O2

(B587 mM) and 10 mM NO3
� (Fig. S9). This analysis underscores

that the aggregation behaviour observed in CAP-treated Fmoc-
modified tyrosine derivatives results from the synergistic inter-
action between cold atmospheric plasma and various moieties
present in the compound, including the amino acid side chain,
carboxyl group, and protecting groups, all of which contribute to
enhancing the solution’s gelation propensity.

2.4 Monitoring the critical assembly concentration (CAC)
using thioflavin T assay

Thioflavin T (ThT) assay is a technique that is used to deter-
mine a minimum concentration, called the critical assembly
concentration, at which the self-assembly of the samples to a
more ordered fibrillar structure begins.39 Thioflavin T was used
as a fluorescent probe to measure the CAC value. It is a dye that
gives an enhanced emission intensity at 480 nm upon binding to
the fibrils and confirms the presence of b-sheets within the self-
assembled structures.2 The control samples of Fmoc-tyrosine-
tBu-OH, as seen in Fig. 8(a), show a gradual increase in the
fluorescence intensity with increasing concentration, whereas
the CAP-treated samples (5 and 10 minutes) showed an enhance-
ment in the fluorescence intensity at a breakpoint of 10–50 mM
(0.004–0.02 mg mL�1), which corresponds to 0.0005–0.002 wt%.

For comparison, we followed the same protocol to deter-
mine the CAC value for Fmoc-tyrosine-OH samples; however,
we did not observe any increase in the intensity of the CAP-
treated samples. However, we found a minor enhancement in
the 10-minute treated samples at around 500–1000 mM (0.2–
0.4 mg mL�1) concentration. Additionally, the untreated samples
also exhibit a significant increase in ThT fluorescence, indicating
the potential for fibril formation in the Fmoc-tyrosine-OH control
samples in the medium (Fig. 8(b)). This also substantiates the
earlier microscopy and rheological data, suggesting the presence
of fibrils in the untreated Fmoc-tyrosine samples.

2.5 Mechanism for the CAP-induced self-assembled
structures in the two peptide groups

Cold plasma produces a wide variety of potent reactive species
that have been utilised in modulating the self-assembly of
various aromatic amino acids, including L-tyrosine,29,36,70,77

by inducing modulation in the reactive moieties of the amino
acid. Thus, in this article, we investigated the effect of shielding
L-tyrosine’s reactive parts with protecting groups, primarily
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Fmoc and tert-butyl, and analysed the impact of CAP after-
wards. The Fmoc group protects the amine functionality, while
the tert-butyl group shields the phenolic moiety, limiting their
direct interaction with CAP-generated reactive species. Interest-
ingly, CAP-induced gelation was observed in Fmoc-Tyr(tBu)
samples, yielding fibrous supramolecular architectures even at
1 mM concentration. In contrast, Fmoc-Tyr did not produce a
visible 3D network at the same concentration, though the initia-
tion of gelation was observed at higher concentrations (45 mM).
This variation in the gelation behaviour of the two is consistent
with the intrinsic hydrophobicity associated with the addition of
the tBu, which provides an additional steric hindrance, enhan-
cing lipophilicity and favouring self-assembly in specific environ-
ments.78,79 The aromaticity of the Fmoc unit, present in both the
compounds, is known to promote hydrophobic and p–p stacking
interactions of the fluorenyl rings.39

To understand the role of CAP-induced RONS in triggering
the supramolecular assemblies, especially in promoting aggre-
gation at a lower effective concentration, indicated by the CAC
estimation, LC-MS/MS analysis was done. The findings reveal
several modifications in the reactive part of the amino acid,
particularly dominated by the oxidation and nitration of the
aromatic rings present in Fmoc and L-tyrosine, which was also
validated by the FTIR spectra.

The LCMS analysis further revealed possible oxidative/nitra-
tive modifications in the CAP-treated samples, which occur due to
the CAP’s reactive species. These modifications affect both the
physicochemical properties and the non-covalent interactions of
the molecules, thereby altering their overall propensity to aggre-
gate. The nitration, for example, introduces the strongly electron-
withdrawing nitro group, which not only promotes the formation
of b-sheet-rich aggregates,80 but also alters its hydrophobicity,
redox potential and steric bulkiness, all of which lead to impacting
the noncovalent interactions among the molecules.81 Similarly,
oxidation of tyrosine to L-DOPA and quinones can alter the polarity
and aromatic interactions of peptides.82,83 Such chemical altera-
tions accelerate the kinetics of aggregation, modify fibril morphol-
ogy, and enhance the thermodynamic driving forces for assembly.

In addition to the physicochemical effects of nitration and
hydroxylation on the amino acid, the hydrogen bonding of the
reaction mixture is significantly enhanced by these modifica-
tions. An additional hydroxyl increases the number of hydrogen
bond donor and acceptor sites. This enhances intermolecular
hydrogen-bonding networks between the molecules. Similarly,
the nitro group itself carries two oxygen atoms (electron-rich) that
can act as hydrogen bond acceptors, allowing it to form an
internal hydrogen bond with the phenolic hydroxyl group when
both groups are appropriately oriented. Thus, nitrated tyrosine
has extra H-bonding opportunities and promotes tighter inter-
molecular interactions. Fig. 9 shows the plausible mechanism by
which the addition of these groups after CAP-induced modifica-
tions can lead to enhanced H-bonding in the system, along with
the pre-existing p–p stacking in the Fmoc-tyrosine residue. The
addition of tBu to Fmoc-Tyr further increases the steric bulkiness
of the sample, thereby augmenting the overall hydrophobicity
and leading to visible supramolecular assemblies.

Overall, the chemical modifications induced by oxidation,
nitration, or nitrosation modulate intermolecular non-covalent
interactions by enhancing hydrogen bonding, as well as alter-
ing physicochemical properties, which is the key driving force
behind increased aggregation and can lead to gel formation or
fibrillation, as observed in our samples. The resulting supra-
molecular assemblies represent energetically stable configura-
tions where the cumulative effect of enhanced hydrogen-
bonding interactions drives the system toward its thermody-
namic minimum, resulting in stable supramolecular architec-
tures that persist under physiological conditions.

Thus, the incorporation of CAP and Fmoc-protection in an
amino acid serves a dual purpose. Beyond shielding the amine
group, the generated CAP-induced RONS interacted covalently or
non-covalently with both the protecting groups and the parent
amino acid, L-tyrosine. These interactions enhance the non-
covalent interactions and overall hydrophobic–lipophilic balance
of the molecules, thereby acting as a stimulus and providing the
triggering force necessary for initiating the self-assembly process
or phase transition required for supramolecular hydrogelation.

Fig. 8 Monitoring the CAC of Fmoc-Tyr(tBu)-OH (a) and Fmoc-Tyr-OH (b) at different concentrations.
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3. Conclusion

In this article, we demonstrate the role of cold atmospheric plasma
(CAP) in triggering the self-assembly of Fmoc-modified L-tyrosine
amino acids, leading to the formation of microstructural architec-
tures. The amino acids that underwent the CAP treatment self-
assembled into unique 3-dimensional fibrous structures, with
visible weak gelation in the Fmoc-Tyr(tBu)-OH group, while form-
ing complex mesh-like networks in the Fmoc-Tyr-OH group, as
revealed by several microscopic images. The study introduced CAP
as a novel strategy that can be an effective technique for designing
functional soft materials, offering new insights into the fields of
biomaterial fabrication and tissue engineering and other biome-
dical applications. The findings underlined the synergistic effect of
CAP-induced RONS in enhancing the overall aromaticity and
hydrophobicity of the environment by introducing multiple reac-
tive species that alter the electronic conjugation of peptides, along
with the hydrophilic–lipophilic balance of the molecules, subse-
quently facilitating the supramolecular aggregation. Unlike con-
ventional methods that rely on pH modulation, solvent switching,
or chemical additives, CAP presents a greener, cost-effective, and
highly controllable approach for gelation. The reactive species
generated by CAP initiate non-covalent interactions, facilitating
molecular organization without additional crosslinkers or external
stimuli. Thus, this study not only advances the fundamental
understanding of CAP-driven self-assembly but also broadens its
applicability toward functional material design.

4. Experimental section
4.1 Fmoc-modified amino acid solution preparation

Fmoc-L-tyrosine-OH and Fmoc-L-tyrosine-tBu-OH were pur-
chased from SRL, India. Fmoc-Cl was purchased from SRL,
India. The Fmoc-protected amino acids were dissolved in a pH

7.4 phosphate buffer solution, with a concentration of 1 mM,
prepared using ultrapure distilled water with a type-I resistivity
of approximately 18.2 MO. All chemicals and reagents employed
were utilised without the need for additional purification.

4.2 Cold atmospheric helium plasma jet system

The samples were treated using an indigenously developed
single-jet CAP system (Fig. 10(a) and (b)), previously described
in our publications, with its electrical characterization.29,36

Briefly, the setup consists of a dielectric glass tube with a copper
strip wrapped around (ground) and a stainless-steel rod (live) as
electrodes that ionise the helium gas within a Teflon housing.
The helium flow was maintained at 1.5 SLM using a variable
flowmeter. Plasma parameters were maintained at a fixed 5 kV
voltage and 25 kHz frequency throughout all experiments.

A 5 mL aliquot of the amino acid solution was poured into a
glass Petri dish and positioned 5 mm beneath the plasma
plume. During irradiation, primary reactive species from the
plume interacted with atmospheric air to generate secondary
reactive species, which subsequently reacted with the sample
solution, initiating further reactions within it. All plasma para-
meters were maintained constant throughout the experiments,
except for the treatment time, which was varied between 5 and
10 minutes. Following plasma exposure, the entire treated
sample, including the formed soft fibrous architectures, was
collected on vials using a pipette and used directly for bulk
characterisation, unless otherwise specified.

4.3 Microscopic analysis (SEM, AFM, and TEM)

The samples were prepared by drop-casting 10 mL of solution on
a clean glass slide and left for overnight drying. For the imaging
of the supramolecular gels, the solutions containing the gels
were carefully poured onto the glass slides using a micropipette
and dried overnight. The samples were air-dried followed by

Fig. 9 Schematic showing the plausible mechanism of how CAP-induced chemical modifications in the phenolic ring of Fmoc-tyrosine increase
hydrogen-bonding potential and promote supramolecular interactions.
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gold coating using a plasma sputtering technique. The model
used for the SEM analysis was a Sigma-VP FESEM, Zeiss. A
similar procedure was followed for AFM studies, which were
done on freshly prepared drop-cast glass slides that were kept
for overnight drying at room temperature. The experiments
were performed using an AFM-NTEGRA, NTMDT in contact
mode. For TEM analysis, the sample was diluted to 100 mM, and
then a small drop was cast on the copper grid and left for
vacuum drying overnight. The TEM analysis was done using a
JEM-2100, JEOL.

4.4 Lyophilization of liquid samples

For removing the moisture content, 5 mL of non-treated and
treated bulk solutions were kept at �80 1C overnight, before
keeping the samples for freeze-drying in a lyophilizer (Labonco)
to remove any excess moisture content. After 36 hours, the
samples were fully dried and the samples were taken for
powder analyses like pXRD, DSC, and FTIR.

4.5 XRD

Powder XRD was done on the lyophilised powder samples. The
crystallinity was analysed using X-ray diffraction (XRD) appara-
tus (D8 Advance Bruker). A Cu Ka radiation source was oper-
ated at 40 kV with the 2y range between 51 and 801, 0.051
resolution and a scan rate of 0.5 min�1. For analysing the
crystallinity index and the crystallite size, OriginPro software
was used. The raw patterns were baseline corrected, and peaks
selected by the ‘peak finder’ in the software. The crystallinity %
was calculated from the area of the crystalline peaks with
respect to the total area in the range. The crystallite size was
calculated using the Scherrer method

D nmð Þ ¼ Kl
b cos y

where K is the Scherrer constant, which is taken as 0.9, l is the
wavelength of the X-ray radiation (0.15406), and b is the full
width at half maximum (FWHM). The average crystallite sizes
(D) are listed in Table 1 in the Results and discussion section.

4.6 Rheology

Rheological characterization was carried out in triplicate using a
rotational MCR- Anton Paar rheometer. 100 mL of the sample,
consisting of fibrous aggregates along with the liquid solution, was
pipetted out and poured onto the base plate of the rheometer. This
handling step may influence the microstructure of the sample, and
therefore the rheological data presented reflect the viscoelastic
properties of the transferred material rather than the in situ
formed assembly. A conical plate (CP-50) geometry was used,
and all measurements were performed at a constant temperature
of 27 1C. The diameter of the plate was 50 mm, the cone angle was
11, and the truncation was 103 mm. The measurement gap was
kept at 0.1 mm for all the measurements.

4.7 DSC thermogram

The freeze-dried samples were taken for differential scanning
calorimetric (DSC) analysis. The DSC studies were performed using
a PerkinElmer instrument. The scanning was performed under a
nitrogen atmosphere with a gas flow rate of 40 mL min�1. First,
the samples were held for 1.0 min at 25.00 1C and then heated
from 25 1C to 440 1C at a heating rate of 20 1C min�1.

4.8 UV-Visible spectroscopy

5 mL aliquots of the samples were subjected to CAP treatment
under the conditions described above (treatment times: 5 and
10 min), after which 1 mL was immediately withdrawn for
measurement. Before taking readings, the samples were diluted
up to 50 mM with phosphate-buffered solution. The samples
were analysed using a UV-1800-Shimadzu spectrophotometer,
with 1 cm path length quartz cuvettes.

4.9 Steady-state fluorescence spectroscopy

Steady-state fluorescence studies were conducted using a Hor-
iba spectrophotometer. The measurements were obtained
using a 1-cm quartz cuvette with a 5 mm slit width. All samples
(sol/gel) were excited at 265 nm, and emission data were
collected at 290–500 nm.

Fig. 10 A digital picture of an indigenously developed cold atmospheric plasma jet (a) and a schematic diagram of a CAP-jet (b).
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4.10 FTIR

The samples were freeze-dried in a lyophilizer (Labonco) to
remove any excess moisture content before being analysed for
FTIR. FTIR was run on the PerkinElmer spectrometer in the 400
to 4000 cm�1 range, with a scan resolution of 40 cm�1.

4.11 CD

For CD analysis, the solutions were equilibrated using a pipette
and were diluted up to 250 mM, following which 200 mL aliquots
of the native and CAP-treated amino acid solution were put on a
Quartz cell of path length 0.1 cm and analysed on a Jasco J-1500
spectrophotometer.

4.12 Zeta potential analysis

The zeta potential of the treated and untreated samples was
measured using the zeta sizer (Malvern Analytical-NanoZS90).
The measurements were repeated in triplicate, and the average
values were plotted and reported.

4.13 Liquid chromatography-tandem mass spectroscopy (LC
MS/MS)

Mass spectra were acquired on a Thermo Scientific Q Exactive
Plus quadrupole–Orbitrap hybrid mass spectrometer (Thermo
Fisher Scientific) equipped with an electrospray ionization (ESI)
source. A Dionex Ultimate 3000 (Thermo) HPLC equipped with
an RP C-18 analytical (XSelect HSS T3, 3.5 mm, 3 � 150 mm)
HPLC column was used. Gradient grade HPLC solvents from
Merck were used as the mobile phases. Silica gel (Merck, 100–
200 mesh size) and SUPELCO Diaion HP-20 from Sigma Aldrich
were used for column chromatography. The MS studies were
conducted in positive and negative modes via electrospray
ionization with a mass-to-charge ratio (m/z) range of 200 to
1200, an automatic gain control (AGC) target of 3 � 106, and a
resolution of 140 000. For data recording in both positive and
negative modes, scan rates of 1.0 scans per second were
employed. The mobile phase consisted of an isocratic gradient
of acetonitrile/water 50 : 50 (v/v) and was applied for 30 min
with a flow rate of 0.4 mL min�1. Raw data were processed
using an Xcalibur (Thermo Fisher Scientific).

4.14 CGC

1 mM stock solution was diluted at varying concentrations
(1 mM, 10 mM, 50 mM, 100 mM and 500 mM) in PBS (pH 7.4),
and treated with CAP (5- and 10-minutes). After that, 50 mM ThT
solution was added to the samples (untreated and treated) in a
1 : 1 ratio, incubated for 30 min, and fluorescence was mea-
sured in a GM-3000 Promega multimode reader with excitation
at 475 nm and emission at 495–500 nm. The measurement was
taken in triplicate, plotted, and checked for the increase in the
fluorescence intensity.
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