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Salicylaldimine-functionalized L-phenylalanine-
based pseudopeptides: zinc-instructed
conformational tuning of self-assembled
hanostructuresy
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Pseudopeptidic bioinspired materials are emerging soft matter for recognizing biologically relevant species,
supramolecular self-assembled nanostructures, and advanced nanoscience applications. Therefore, we

have developed a novel
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C,-symmetric  pseudopeptide using

L-phenylalanine amino acid and

salicylaldehyde with varying aliphatic spacers. Pseudopeptides show a high selectivity toward Zn(i) ion with
significant fluorescence enhancement. The self-assembly exhibits a random spherical nanostructure
morphology transformed into a densely packed spherical microstructure morphology after incubating Zn(i)

ions through conformational tuning. This zinc-guided rearrangement of self-assembly and interaction with

rsc.li/RSCApplinter

Introduction

Nature employs molecular self-assembly to construct new
functional structures using several fundamental components,
including nucleic acids, amino acids, peptides, and
phospholipids.’™ Notably, peptide self-assembly has garnered
significant attention due to its importance in biology and soft
matter.”® In metalloproteins, amino acids influence
coordination chemistry as amino acid side chains and
backbone heteroatoms provide the bulk of ligands to coordinate
with metal ions.® Many researchers are devoted to synthesizing
a system constructed from amino acids and non-natural
moieties to facilitate coordination with various metal ions. In
this context, pseudopeptides are modified peptides containing
amino acid building blocks” that can coordinate with metal
ions and exhibit diverse applications in sensing and
catalysis.® " Various pseudopeptidic ligands have been reported
to undergo complexation with active metal ions relevant to
many biochemical events.">

Detecting heavy metal ions received significant attention in
the food industry and environmental sectors due to their
potential hazard to human health and the ecosystem.® Among
various metal ions, zinc is the second most abundant transition
metal in humans after iron. It plays a very significant role in
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BSA proteins holds significant potential for applications in nanobioscience.

various biological processes, including enzyme regulation, gene
expression, functioning as a physical co-factor in
metalloproteins, and neural signal transmission'**® Moderate
levels of Zn(u) ions are essential for all living organisms;
however, an excessive concentration of Zn(u) ions in the human
body is responsible for neurodegenerative syndromes."”
Conversely, deficiency of Zn(un) ion has been implicated in
several diseases, including neurological disorders, growth
retardation, immune deficiency, Parkinson's disease, cerebral
ischemia, epilepsy, and Alzheimer's disease."®° Zn(i) ion also
causes environmental pollution due to its extensive use in the
electroplating industry.>"** Therefore, there is a need to develop
fluorescence sensors for selective and sensitive recognition of
Zn(u) ions under physiological conditions.

Various Zn(u) ion detection analysis methods have been
developed, including electrochemical method,* colorimetric
method,”  voltammetry,>®  flame atomic  absorption
spectrometry,*® inductively coupled plasma-optical emission
spectrometry etc.”’ However, these methods have certain
limitations, including high cost, lengthy procedures, complex
operational requirements, the need for professional technical
expertise, and susceptibility to interference of other
elements.”®*° In contrast, the fluorescence detection method
has attracted many researchers due to its fast response, cost-
effectiveness, high sensitivity, simplicity, and compatibility with
biological systems.*** Hence, fluorescence sensors have been
extensively used for biological detection, environmental
monitoring, imaging, diagnosis of diseases, and other
applications.* Various fluorescence sensors for the selective
recognition of Zn(u) ions have been synthesized using different
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fluorophore moieties.**™*! Nevertheless, these sensors exhibit
drawbacks, such as interference issues, high costs, and poor
solubility. Hence, a highly selective and sensitive sensor is
needed to recognize Zn(u) ions. In this regard, Schiff bases are
extensively explored for sensing purposes due to their excellent
ability to coordinate with various metal ions.**™*

Sustainable development goals motivated us to synthesize
and characterize the novel pseudopeptides 1-3 for selective and
sensitive detection of zinc(n) under physiological conditions.
Recently, our group has developed such C,-symmetric
pseudopeptides for sensing applications.***® Compounds 1-3
are formed by the condensation of i-phenylalanine-derived
pseudopeptides connected with a series of aliphatic linkers
(ethylenediamine, 1,4-diaminobutane, and 1,6-diaminohexane)
and salicylaldehyde (Scheme 1). AFM study reveals that neat 1-3
exhibit a spherical shape nanostructure morphology with
different average particle sizes, whereas incubating with Zn(u)
ion causes a significant change in the self-assembly pattern and
shows a densely packed spherical shape microstructure
morphology with conformational tuning.

Experimental

Synthesis of 1 (25,2'S)-N,N-(ethane-1,2-diyl)bis(2-(((E)-2-
hydroxybenzylidene)amino)-3-phenylpropanamide)

Compounds A-C were prepared using previous literature
procedures.”” A (708 mg) was dissolved in 25 ml of dry
ethanol, forming a clear pale yellow transparent solution,
followed by dropwise addition of 20 ml of a dry ethanolic
solution of salicylaldehyde (2-hydroxybenzaldehyde) (488 mg,
4 mmol) at 90 °C. The reaction mixture was refluxed for 4-5
h, evaporating the solvent under reduced pressure. The crude
product was washed with 10 ml n-hexane several times to
obtain product 1. Yield (0.810 g, 1.43 mmol, 72%); m.p. 145
°C; IR (KBr pellet): 3431, 3329, 3062, 3029, 2919, 2886, 1628,
1651 cm™*; *"H NMR (500 MHz, CDCl;) d 12.28 (s, 2H), 7.84 (s,
2H), 7.30 (t, J = 8.0 Hz, 2H), 7.23-7.10 (m, 12H), 7.04 (d, J =
8.0 Hz, 2H), 6.95 (d, J = 8.0 Hz, 2H), 6.83 (t, J = 8.0 Hz, 2H),
6.56 (s, 2H), 3.98 (dd, J = 9.5, 4.0 Hz, 2H), 3.37-3.34 (m, 4H),
3.04 (dd, J = 14.5, 9.0 Hz, 2H); “C{'H} NMR (126 MHz,
CDCl;) 6 172.08, 167.82, 160.62, 137.18, 133.31, 132.26,
129.88, 128.53, 126.94, 119.30, 118.50, 117.18, 75.65, 40.94,

SO

HZN\)LN/\H' \n/\NHz +

of :
A n=1 2-hydroxybenzaldehyde
B n=3
Cn=5

Scheme 1 Synthetic route of peptidomimetics 1-3.
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39.99; HRMS (ESI-TOF) m/z: [M + H]" caled for C3,H34N,Oy,
563.2653; found, 563.2630.

Synthesis of 2 (25,2'S)-N,N'-(butane-1,4-diyl)bis(2-(((E)-2-
hydroxybenzylidene)amino)-3-phenylpropanamide)

Compound 2 was synthesized as described above, starting
from B (765 mg, 2 mmol) and salicylaldehyde (488 mg, 4
mmol). Yield (0.874 g, 1.47 mmol, 74%); m.p. 160 °C; IR (KBr
pellet): 3428, 3359, 3062, 3029, 2945, 2880, 1651, 1628 cm ';
"H NMR (500 MHz, CDCl;) § 12.36 (s, 2H), 7.90 (s, 2H), 7.32
(t, J = 8.0 Hz, 2H), 7.22-7.08 (m, 12H), 6.95 (d, J = 8.0 Hz,
2H), 6.86-6.83 (m, 2H), 6.14 (s, 2H), 4.01 (dd, J = 8.0, 4.0 Hz,
H), 3.37 (dd, J = 13.5, 4.0 Hz, 2H), 3.28-3.12 (m, 4H), 3.08
(dd, J = 13.0, 8.0 Hz, 2H), 1.41 (s, 4H); "*C{'"H} NMR (126
MHz, CDCl;) § 170.79, 167.73, 160.58, 137.11, 133.34, 132.25,
129.90, 128.57, 126.90, 119.39, 118.83, 117.14, 75.50, 41.02,
39.08, 26.82; HRMS (ESI-TOF) m/z: [M + H]' caled for
C36H3N,0,4, 591.2966; found, 591.2946.

Synthesis of 3 (25,2'S)-N,N'-(hexane-1,6-diyl)bis(2-(((E)-2-
hydroxybenzylidene)amino)-3-phenylpropanamide)

Compound 3 was synthesized as described above, starting
from C (821 mg, 2 mmol) and salicylaldehyde (488 mg, 4
mmol). Yield (0.903 g, 1.45 mmol, 73%); m.p. 138 °C; IR (KBr
pellet): 3437, 3352, 3062, 3030, 2938, 2852, 1654, 1628 cm ;
"H NMR (500 MHz, CDCl;) 6 12.42 (s, 2H), 7.86 (s, 2H), 7.31
(t, J = 8.0 Hz, 2H), 7.21-7.05 (m, 12H), 6.94 (d, J = 9.5 Hz,
H), 6.86-6.83 (m, 2H), 6.12 (s, 2H), 4.00 (dd, J = 9.0, 4.0 Hz,
2H), 3.39 (dd, J = 13.5, 4.0 Hz, 2H), 3.28-3.16 (m, 4H), 3.08
(dd, J = 13.0, 9.0 Hz, 2H), 1.44-1.34 (m, 4H), 1.21 (s, 4H);
BC{'H} NMR (126 MHz, CDCl;) 6 170.78, 167.56, 160.59,
137.13, 133.29, 132.24, 129.90, 128.56, 126.92, 119.37, 118.48,
117.10, 75.56, 41.09, 39.25, 29.38, 26.29; HRMS (ESI-TOF) m/
z: [M + H]" caled for C33H4,N,04, 619.3279; found, 619.3294.

Results and discussion

Compounds 1-3, constructed from rt-phenylalanine by
introducing a series of aliphatic central spacers (ethylenediamine,
1,4-diaminobutane, and hexamethylenediamine), could be
developed by condensation of salicylaldehyde with A-C.

N
N/\H;N\([)]/I\N¢j©

1 n=1
2n=3
3n=5

o
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Fig. 1 Absorption titration spectra of 1 (a), 2 (b) and 3 (c) with Zn(i) (O to 10 equiv.) ions in HEPES buffer (ethanol:water = 3:7 v/v, pH ~7.4, 10

uM, at r.t.).

Compounds 1-3 show folding properties due to the presence of
an aliphatic central spacer by which they can easily interact with
numerous metal ions and play a crucial role in metal sensing
(Scheme 1). Compounds 1-3 were characterized by spectroscopic
techniques including 'H NMR, “C NMR, FTIR, and mass
spectroscopy (Fig. S1-S97).

The neat 1-3 give two absorption bands at 259 and 315
nm attributed to intraligand n — n° and n — =" transition®?
and display a considerable change on the addition of Zn(n)
ion. In contrast, other metal ions do not show any significant
change (Fig. S10f). Absorption titration experiment was
performed by successive addition of Zn(u) ion (0 to 10 equiv.)
to 1-3 (10 pM), and we have found distinct isosbestic points
centered at approximately 398 nm, 330 nm, 284 nm, 267 nm,
and 250 nm (Fig. 1).

The neat 1-3 reveal one weak fluorescence emission band
at approximately 432 nm on excitation at 315 nm. To
investigate the unique sensing ability of 1-3 with different
analytes, we tested various metal ions, including Ag(), Ca(u),
Cd(u), Co(u), Cu(u), Fe(ur), Hg(u), K(1), Na(1), Ni(u), Pb(u), and
Zn(u) (counter anion is NO; ) and found that only Zn(u) ions
give significant fluorescence enhancement (~74%, ~74%
and ~81%, respectively) (Fig. 2).

To further elucidate the coordination ability of 1-3 with
Zn(u) ion, fluorescence titration experiments were performed
via increasing the concentration of Zn(u) ion (0 to10 equiv.),

and we observed a promising outcome, in which the
emission intensity of neat 1-3 dramatically changed with
‘turn-on” mode at 432 nm with minor red shifting
(approximately 20 nm) (Fig. 3). In this study, we have
calculated the fluorescence quantum yield (¢) by applying
quinine sulfate monohydrate (QS, ¢ = 0.54 in 0.5 M sulfuric
acid) as a standard for neat 1-3 and found its values to be ¢
= 0.31, 0.24 and 0.20, respectively, whereas 1-Zn(u), 2-Zn(u)
and 3-Zn(u) show fluorescence quantum yield values of ¢ =
0.91, 0.62 and 0.33, respectively®® (Table S1t). The increased
quantum yield value supports the fluorescence enhancement
phenomenon of 1-3 with Zn(u) ion. Furthermore, we have
evaluated the average fluorescence lifetime decay for neat 1-3
and was found to be 1.284 ns, 0.609 ns, and 1.084 ns,
respectively, whereas on adding Zn(u) ion, we observed an
increase in average fluorescence lifetime decay values for 1-
Zn(u), 2-Zn(u), and 3-Zn(u) of 1.835 ns, 3.218 ns, and 1.390
ns, respectively. This result further supports the fluorescence
enhancement of 1-3 with Zn(u) ion (Fig. S11 and Table S27).
The above results of fluorescence enhancement directed
us to perform a colorimetric experiment using 1-3 with
several metal ions. Therefore, to investigate the colorimetric
change, we added various metal ions (10 mM) (Ag(1), Ca(u),
Cd(u), Co(u), Cu(u), Fe(m), Hg(u), K(1), Na(1), Ni(u), Pb(u), and
Zn(u)) (counter anion is NO;") to 1-3 (10 puM) and observed
that only Zn(u) ions give a significant luminescence under UV
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10000 1+Ca(ll) 10000 2+Ca(ll) 3+Ca(ll)
- 1+cdm| = 2+Cd(ll) 5000 3+Cd(ll)
3 8000 1+Co)| = gooo 2+Co(ll) |~ 3+Co(ll)
s 1+cu)| & 2+Cu(ll)| S 4000 3+Cu(ll)
S 1+Fe(lll) 2+Fe(lll) & 3+Fe(lll)
£ 6000 1+Hg(ll) %‘ 6000 2+Hall) [ 3009 3+Hg(ll)
o 1+K(1) A 2+K(l) = 3+K(l)
@ 4000 1+Na(l) @ 4000 2+Na(l) 7} 3+Na(l)
= 1Ny | B 2+Ni(ll) 52000 3+Ni(ll)
- 1+pp() | = 2+Pb(ll) [ <= 3+Pb(l)
2000 1+2Zn(ll) 2000 2+zn(l) | £ 1000 3+Zn(ll)
0 0 - 0
400 450 500 550 600 400 450 500 550 600 400 450 500 550 600

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 2 Emission spectra of 1 (a), 2 (b) and 3 (c) with various metal ions (10 mM) in HEPES buffer (ethanol: water = 3:7 v/v, pH ~7.4, 10 uM, at r.t.)

(lex = 315 nm for 1-3).
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Fig. 3 Emission titration spectra of 1 (a), 2 (b), and 3 (c) with Zn(i) (O to 10 equiv.) ions in HEPES buffer (ethanol:water = 3:7 v/v, pH ~7.4, 10 uM,

at r.t.) (lex = 315 nm for 1-3).

light (long-range UV 365 nm). The other experimental metal
ions did not provide any considerable change (Fig. S127).

On excitation, neat 1-3 exhibit very low fluorescence
intensity due to electron transfer from imine nitrogen to the
phenyl ring by photoinduced electron transfer (PET). On
adding Zn(u) ions, they coordinate with 1-3 through imine
nitrogen and the oxygen atom of the salicylaldehyde moiety;
therefore the electron density on imine nitrogen reduces and
no electron density is available on imine nitrogen for the PET
process, leading to an increase in fluorescence intensity”*>®
(Fig. S137). The ESIPT and C=N isomerization mechanism
cannot be ruled out for fluorescence enhancement.?*%*

The reversibility study is an essential factor to satisfy the
need for fluorescence sensors for reusability purposes. Here,
we have tested the reversibility behavior of 1-Zn(u), 2-Zn(u),
and 3-Zn(u) with EDTA. The addition of EDTA (10 equiv.) to a
solution of 1-Zn(u), 2-Zn(u), and 3-Zn(u) revealed that 1-3
regenerate quickly and show fluorescence quenching, and
further addition of Zn(u) ions (10 equiv.) in the same solution
enhances the fluorescence intensity again (Fig. S141). Hence,
this result suggests the reversible nature of 1-3 for
recognizing the Zn(u) ion. A proposed model of reversibility
is shown in Fig. S15.}

To further investigate the high selectivity of 1-3 for Zn(u),
an interference experiment was carried out by emission
spectroscopy. On addition of Zn(u) ion (10 equiv.) to neat 1-3
(10 uM), the emission intensity was increased and this was
followed by the addition of each competitive metal ion (10
equiv.) including Ag(1), Ca(u), Cd(u), Co(u), Cu(u), Fe(m), Hg(u),
K(1), Na(1), Ni(u), and Pb(u); no variation occurred in emission
intensity in the presence of other competitive metal ions.
Hence, this result suggests that 1-3 seem to be highly
selective for Zn(u) ion (Fig. S167).

We performed a Job's plot experiment via emission data to
investigate the binding stoichiometry of 1-Zn(u), 2-Zn(u), and
3-Zn(u). This experiment suggests the 1:1 binding
stoichiometry (Fig. S177). Further, to verify the binding mode
of 1 with Zn(u) (using zinc acetate), a HRMS experiment was
performed for the 1-Zn(u) complex. As shown in Fig. S18;} a
peak appearing at m/z = 685.4379 (found), corresponding to
[1 + Zn + H + CH3;COOH]" m/z = 685.2005 (caled), was

170 | RSC Appl. Interfaces, 2025, 2,167-178

observed, suggesting the formation of the 1-Zn(u) complex in
a 1:1 ratio. For the binding constant (K,) of 1-3 with Zn(u),
we have used the 1:1 binding isotherm. The binding
constant (K,) was calculated by a graph between 1 and [Zn(ir)]
and found to be 1.26 x 10> M* for 1-Zn(u), 1.66 x 10> M " for
2-7Zn(u) and 0.60 x 10° M ™" for 3-Zn(u) system (Fig. $19%).

Varying concentrations of Zn(m) ion (107-107"* M) were
added to the neat 1-3 (10 uM) to investigate the sensitivity
with Zn(u) ion. A plot between the concentration of Zn(u) ion
and emission intensity reveals a significant change at 10°° M
for the 1-Zn(m) system, whereas at 10’ M for both 2-Zn(n)
and 3-Zn(u) systems (Fig. $201). Zn(n) ion 107° M (1 x 107°-9
x 107® M) was added to 1 (10 uM), and the limit of detection
(LOD) was calculated to be 8.30 x 10® M for the 1-Zn(n)
system. In a similar way, for better accuracy, 10’ M (1 x
1077-9 x 10”7 M) Zn(u) ion solution was added to 2 and 3 (10
puM) and the estimated limit of detection (LOD) values were
8.28 x 107 M for 2-Zn(u) and 8.34 x 10’ M for 3-Zn(u) by
using the equation 30/S, where ¢ indicates the standard
deviation of blank 1-3 and S is the slope (Fig. S21%).” The
LOD value is too low compared to some previously reported
results by potential researchers (Table S31). Hence, probes
1-3 can detect Zn(u) ions at physiological conditions;
however, 2 and 3 probably have better detection capabilities
because enough flexible linkers allows it to hold metal ions
more efficiently.

The interaction between bovine serum albumin (BSA) and
1-3-Zn(u) complexes was also investigated via emission
spectra. Notably, the BSA sensor plays a crucial role in the
study, as it helps to better understand the binding
interactions and fluorescence response. Serum albumin in
blood has multiple binding sites which can interact with
drug molecules to form a stable protein-drug complex which
could affect the absorption, distribution and activity of drugs,
and BSA offers a high structural homology with human
serum albumin.®

As described in the above sensing studies, 1-3 exhibit a
significant fluorescence enhancement spectrum with Zn(u) ions.
However, when introducing 1 equiv. (1600 pl) of a BSA solution
(~20 uM) to the 1-3-Zn(u) complexes (10 uM), a significant
reduction in fluorescence intensity occurs without any

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Quenching spectra of the 1-3-Zn(i) complexes with BSA: (a) 1-Zn(1) complex, (b) 2-Zn(1) complex and (c) 3-Zn(i) complex in the presence
of BSA (~20 uM) in HEPES buffer (ethanol: water = 3:7 v/v, pH ~7.4, 10 uM, at r.t.).

wavelength shift (38% for 1-Zn(u), 32% for 2-Zn(u), and 30% for
3-Zn(u)) as depicted in Fig. 4. We have also performed emission
titration experiment on the 1-3-Zn(u) complexes with sequential
addition (0 to 1 equiv.) of BSA (Fig. S227). This investigation
indicates that the BSA protein functions as a quencher in the
presence of the 1-3-Zn complex, suggesting its potential
significance in the biomedical field, as it provides a real-time
method to study protein interactions, functions as a biomarker
and can also be employed in imaging of BSA distribution in
cells or tissues.

Circular dichroism (CD) spectroscopy was performed to
investigate the conformational change in 1-3 on adding Zn(n)
ion (Fig. S2371). Neat 1-3 (10 uM) exhibit a mixed secondary
structure with one major CD spectrum at 267 nm with a
negative extremum. In addition to Zn(u) ion (10 equiv.), 1
shows two spectra at 247 nm and 271 nm with a negative
extremum and one major spectrum centered at 215 nm with
a positive extremum, whereas 2 and 3 reveal only two CD
spectra at 270 nm (negative extremum) and 215 nm (positive
extremum). This result suggests that the 1-3-Zn(u) system
shows a beta-sheet like secondary structure which is also
supported by an FTIR deconvolution study (Fig. S307).
Furthermore, it is concluded that conformational change
occurs in 1-3 on the addition of Zn(u) ion.*®>°

The formation of secondary structures observed in the CD
spectra motivated us to investigate the morphological behavior
further. We employed AFM to complement the spectroscopic
data with high-resolution imaging, providing a comprehensive
picture of the molecular behavior and aggregation dynamics in
response to metal ion coordination. This integrated approach
allowed us to correlate the secondary structural transitions with
the nanoscale surface morphology, offering more profound
insights into the interaction mechanisms and conformational
changes driven by Zn(u) ion binding. The AFM experiment
explored the structural morphology of 1-3 through various
possible self-assembly of molecules and investigated the change
in self-assembly pattern by adding Zn(u) ions. We have observed
that neat 1 exhibits a spherical shape nanostructure
morphology with root mean square roughness (Rq) = 52.649
nm, average roughness (Ra) = 27.687 nm, and maximum profile
peak height = 66.255 nm (Fig. 5(a)). The spherical shape
morphology may be arising due to the self-aggregation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

molecules via appropriate non-covalent interactions. The
histogram plot shows the average particle size of 541 nm
(Fig. 5(c)). Next, we checked the effect of Zn(u) ion on the
structural morphology of 1. Our observation revealed that 12 h
of incubation of Zn(u) caused a significant change in the self-
assembly of 1 and provided a large spherical shape
nanostructure morphology with root mean square roughness
(Rq) = 712 nm, average roughness (Ra) = 553 nm, and maximum
profile peak height = 962 nm (Fig. 5(b)). The sizeable 3D self-
assembled spherical shape microsphere morphology (in
comparison to the nanosphere morphology of neat 1) arises due
to the aggregation of more 1-Zn(u) units with appropriate non-
covalent interactions.*®**® The histogram plot shows an
increased average particle size of 2048 nm after incubation of
the Zn(u) ion, which supports more 1-Zn(u) unit aggregates and
forms a large spherical shape nanostructure morphology
(Fig. 5(d)). The spherical shape morphology of both 1 and 1-
Zn(u) was also supported by the TEM image (Fig. S24f). A
proposed model representation is also illustrated in Fig. 6 to
understand the formation of more dense spherical morphology
with large size microspheres of 1-Zn(n) from the nanospherical
structure of neat 1.

Similarly, neat 2 also exhibits spherical shape nanostructure
morphology with root mean square roughness (Rq) = 51.372
nm, average roughness (Ra) = 37.149 nm, and maximum profile
peak height = 96.347 nm (Fig. S25(a)}). The histogram plot
shows an average particle size of 805 nm (Fig. S25(c)f). On
incubating Zn(u) ion (for 12 h) with 2, we noticed a
comparatively larger spherical shape nanostructure morphology
for 2-Zn(u) with root mean square roughness (Rq) = 546 nm,
average roughness (Ra) = 427 nm, and maximum profile peak
height = 474 nm (Fig. S25(b)f). The larger spherical shape
nanostructure morphology arose due to the aggregation of more
2-Zn(u) units with non-covalent interaction and 3D self-
assembly. This result is supported by a histogram plot that
exhibits an increase in average particle size of 1774 nm,
implying the transformation of nanospheres (in neat 2) to
microspheres (Fig. S25(d)t). A proposed model represents the
formation of a microsphere of 2-Zn(n) from the nanospherical
structure of neat 2 (Fig. S267).

In this study, neat 3 also exhibits a spherical shape
nanostructure morphology with root mean square roughness
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Fig. 5 (a) 2D AFM image of self-assembled structure for 1, (c) its corresponding particle (spherical) size distribution histogram, (b) 2D AFM image
of self-assembled structure for 1-Zn(i) complex, (d) its corresponding particle (spherical) size distribution histogram.

(Rq) = 40.674 nm, average roughness (Ra) = 27.936 nm, and
maximum profile peak height = 39.601 nm (Fig. S27(a)f). The
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histogram plot shows the average particle size of 750 nm
(Fig. S27(c)t). On incubating Zn(u) ion (for 12 h) with 3, a
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Fig. 6 Proposed model to represent the change in structural morphology of 1 by adding Zn(i) ions via 2D AFM image.
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large size spherical shape nanostructure morphology was
observed for 3-Zn(u) with root mean square roughness (Rq) =
240.294 nm, average roughness (Ra) = 192.096 nm, and
maximum profile peak height = 208 nm (Fig. S27(b)}). The
sizable spherical shape nanostructure morphology arose due
to the aggregation of many 3-Zn(u) units with non-covalent
interaction, leading to the formation of microspheres. This
result is supported by a histogram plot in which we observed
an increase in average particle size of 1063 nm (Fig. S27(d)f).
A proposed model represents the formation of a
microspherical ~ morphology of 3-Zn(u) from the
nanospherical structure of neat 3 (Fig. S287).

The above AFM study revealed that 1-3 show a spherical
shape nanostructure morphology with different average particle
sizes, whereas on incubation of Zn(u) ion, it reveals a densely
packed spherical shape nanostructure morphology with different
average particle sizes. Hence, we have concluded that the self-
assembly pattern of bioinspired materials 1-3 significantly
changed from nanospherical structure to microspherical
structure via interaction with Zn(n) ion. Therefore, we find that
the zinc-assisted, morphologically transformed, nanostructured
L-phenylalanine-based pseudopeptides are promising materials
for nanobioscience applications.®

We utilized dynamic light scattering (DLS) analysis to
examine the size of 1-3 in the presence and absence of Zn(u)
ions. Neat 1 and 2 exhibit particle size distribution centered
at 420 nm and 1040 nm (diameter), respectively, whereas
neat 3 shows at 267 nm and 5468 nm (Fig. S29(a-c)t). Adding
10 equiv. of Zn(u) ion to 1-3 (10 uM) gives a particle size

View Article Online
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distribution with different diameters at 660 nm and 5468 nm
for 1-Zn(u), 420 nm, and 5468 nm for 2-Zn(u) and 420 nm
and 4043 nm for 3-Zn(u) (Fig. S29(d-f)¥).

The formation of specific secondary structures depends
on the skeleton of molecular building blocks that self-
assemble and form well-defined stable structures.®® Hence,
Fourier-transform  infrared (FTIR) spectroscopy was
performed to investigate the structure of the compound. The
amide region is used to explore the significant change in
secondary structure contribution and amide backbone. It was
observed that the amide region of 1-3 exhibits similar band
participation, centered at 1627 and 1668 cm™ for 1, 1627,
1656 and 1668 cm " for 2, and 1628 and 1654 cm™* for 3.

The IR deconvolution spectra in the amide region explore
the quantitative analysis of secondary structure contributions
in 1-3. It was observed that 1 shows a-helix 0%, -sheet 61%,
random coil 0%, and antiparallel B-sheet 16% conformation
in secondary structural contribution (Fig. 7(a) and (d)). In the
same way, 2 exhibits secondary structural contribution,
o-helix 0%, B-sheet 50%, random coil 0%, and antiparallel
B-sheet 30% conformation (Fig. 7(b) and (e)). In this
sequence, compound 3 shows a-helix 0%, B-sheet 30%,
random coil 0%, and antiparallel B-sheet 46% conformation
(Fig. 7(c) and (f)).

On adding Zn(u) ion to 1-3, we have observed that the 1-
Zn(u) complex shows o-helix 0%, B-sheet 50%, random coil
22%, and antiparallel B-sheet 25%, the 2-Zn(u) complex
shows a-helix 0%, f-sheet 30%, random coil 25%, and
antiparallel p-sheet 22%, whereas the 3-Zn(u) complex
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Fig. 7
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(a) The FTIR spectrum of 1 (solid brown line) and its deconvolution (dashed colored area). (d) Secondary structure contributions of 1 in self-

assembly. (b) The FTIR spectrum of 2 (solid brown line) and its deconvolution (dashed colored area). (e) Secondary structure contributions of 2 in
self-assembly. (c) The FTIR spectrum of 3 (solid brown line) and its deconvolution (dashed colored area). (f) Secondary structure contributions of 3
in self-assembly. Fitting of deconvolution plot by multiple Gaussian peaks in the amide region ranging from 1610 to 1680 cm™.
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displays o-helix 0%, B-sheet 75%, random coil 7%, and

antiparallel f-sheet 25% conformation in secondary
structural contribution (Fig. S307).
Density functional theory (DFT) calculations were

performed to examine the binding mode of Zn(u) with
compounds 1-3 and to determine the relative energies of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) for both 1-3 and the
1-3-Zn(n) complexes. The B3LYP (6-31g(d’,p’)) and B3LYP/
LANL2DZ basis sets are used to theoretically optimize the
ground-state geometry of 1-3 and 1-3-Zn(u) complexes,
respectively (Fig. S317).

The energy gap between the HOMO and the LUMO for
compound 1 is determined to be 4.67 eV, while for the 1-
Zn(u) complex it is found to be 3.70 eV. The reduction in this
energy gap by 0.97 eV from compound 1 to the 1-Zn(n)
complex strongly implies the formation of a stable 1-Zn(n)
complex, as depicted in Fig. 8. In a similar way, compounds
2 and 3 also formed stable complexes with Zn(u) ion,
investigated by DFT study (Fig. S32 and S337).

The absorption characteristics of compounds 1-3 are critical
for their applications in different arenas. Experimental
techniques such as UV-vis spectroscopy provide direct
absorbance measurements, while computational verification
offers insights into the electronic transitions responsible for
these spectral features. This study employs time-dependent
density functional theory (TD-DFT) to compute the electronic
excitation energies and compare them with the experimentally
observed absorbance spectra. The ground-state geometry of 1-3
was optimized using DFT with the B3LYP functional and the
LANL2DZ basis set. Excited-state properties were subsequently

LUMO
-1.24 eV

4.67 eV

AE =

HOMO
2 -591eV
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calculated using TD-DFT to obtain the electronic transition
energies. The oscillator strengths for each transition were
calculated to predict the absorbance spectrum. All calculations
were performed using the Gaussian 16 software package.

The computed absorption spectrum of 1-Zn(u) shows key
electronic transitions at 321.01 nm. These agree with the
experimental absorbance peaks observed at 315 nm. The
slight shift in the computed spectrum can be attributed to
solvent interactions and phase differences. Nevertheless, the
overall agreement between experimental and theoretical
spectra confirms the validity of TD-DFT for modeling the
optical properties of 1. The electron density in the HOMO lies
on the linker moiety, and that in the LUMO shifts to the zinc
atom of the complex. Similarly, the computed absorption
spectra of compound 3-Zn(u) show electronic transition at
315.49 nm, which agrees with the experimental absorbance
observed at 315 nm (Fig. S347).

The computational verification of the absorbance
spectrum of compounds 1 and 3 using TD-DFT shows strong
agreement with experimental data, confirming the reliability
of this method for predicting optical properties. The
predicted transitions provide detailed insights into the
electronic structure, which may be helpful for future
applications in drug design and nanoscience fields.

We have reported C,-symmetry pseudopeptides 1-3,
which revealed high selectivity and sensitivity with Zn(u) ion
via fluorescence ‘turn-on’ mode through PET mechanism.
The Job's plot experiment reveals 1:1 stoichiometry between
1-3 and Zn(u), further supported by DFT calculation. The
binding constant (K,) for 1-Zn(u), 2-Zn(u), and 3-Zn(u) was
calculated to be 1.16 x 10* M™%, 1.25 x 10* M™* and 5.0 x

LUMO
-1.69 eV

£

¢
=3.70 eV

ot
AE

HOMO
-5.39 eV

1-zn(ll)

Fig. 8 Optimized energy level and energy gap between the HOMO and LUMO of 1 (a) and the 1-Zn(i) complex (b).
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10* M™', respectively. On increasing the length of the
aliphatic spacer, we obtained the best result for detection
limit values which were found to be 8.30 x 10°® M for 1-
Zn(u), 8.28 x 1077 M for 2-Zn(u), and 8.34 x 107’ M for 3-
Zn(u). The BSA protein is a quencher for metal-mediated
pseudopeptides, suggesting its potential significance in the
biomedical field. The self-assembly of neat 1-3 exhibits a
spherical shape nanostructure morphology with different
average particle sizes, but on incubating with Zn(u) ion the
self-assembly pattern of 1-3 revealed a refined densely
packed spherical shape microstructure morphology with
different average particle sizes. The dynamic light scattering
(DLS) spectra analyzed the particle size distribution. CD
spectra revealed its metal-mediated conformational tuning.
The Zn-mediated pseudopeptides show great biological
relevance due to their cheap, sustainable, and biocompatible
Hence, the next-generation soft bioinspired
materials look forward to being useful for peptide-based
nanobioscience applications.
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