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ABSTRACT

Understanding the self-assembly of supramolecular monomers in water is essential to develop responsive and bioactive bioma-
terials. In this work, a series of water-compatible ureido-pyrimidinone (UPy) derivatives differing in the length of the oligo(eth-
ylene glycol) chain and of the alkyl-urea spacer are prepared. The self-assembly behavior of each monomer is elucidated in
water by means of experimental techniques and computational molecular modeling, unveiling the importance of the monomer
hydrophilic-hydrophobic balance in the self-assembly properties and morphology of the resulting supramolecular polymers.
Even though the increasing size of the alkyl-urea spacer is shown to foster both the UPy dimerization and the n-n stacking of
the dimers, molecular dynamics simulations highlight a competitive intramolecular interaction between the UPy core and the
lateral urea moiety, leading to the formation of sheet-like structures rather than one-dimensional supramolecular polymers in
water. The findings of this work highlight the importance of monomer design on the self-assembly properties of UPy systems,
paving the way towards the development of novel supramolecular biomaterials with tuneable properties.

1 | Introduction on the effect of chemical modifications of supramolecular build-

ing blocks on their self-assembly are therefore essential to es-

Supramolecular polymers are emerging as promising candidates
to interact with or guide cellular behavior owing to their high
modularity, which allows for extensive and orthogonal control
over many of their properties [1]. To better understand and effi-
ciently fabricate these systems, it is important to study their self-
assembly in water, where a delicate balance between the polar
and apolar molecular fragments is needed to optimize both their
aggregation and water solubility [2]. Systematic investigations

tablish solid structure-assembly relationships. The consequent
control over the assembly process through proper monomer
design enables, in turn, tuning the morphology and molecular
dynamics of the supramolecular polymers in water, features
that have been shown to play a crucial role for bioactivity at
the cell-material interface [3-6]. Specifically, the dynamics of
supramolecular constructs have been shown to regulate the re-
ceptor-ligand interactions by allowing optimal distribution of
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the ligand along the supramolecular scaffold [4, 6]. Conversely,
their morphology has been demonstrated to control not only the
ligand-target interactions but also cellular death [7, 8].

In linear supramolecular monomers, the effects of modifying the
hydrophilic-hydrophobic balance on the self-assembly properties
and morphology of the resulting supramolecular structures have
been deeply investigated. Among these, peptide amphiphiles
(PAs) represent an established class of supramolecular building
blocks that self-assemble into high-aspect ratio nanofibers in
solution, with their morphology and dynamics dictated by the
peptide sequence [4, 6]. In this context, Cui et al. [9] demonstrated
that alternating a hydrophobic valine (Val) and a hydrophilic
glutamic acid (Glu) within the peptide sequence of PAs promotes
the formation of large belt-like structures without curvatures in
water. Conversely, PAs containing Val residues exhibit a high
propensity to form rigid S-sheets, whereas the incorporation of
more hydrophilic amino acids, such as alanine (Ala) and gly-
cine (Gly), within the peptide sequence leads to more dynamic
and disordered structures [10-14]. In comparison, Liu et al. [15]
reported on the morphological transition of bis-urea bolaamphi-
philes from spherical micelles to rod-like fibers by tuning the
length of both the hydrophobic and hydrophilic moieties within
the supramolecular monomers. Another notable class of supra-
molecular monomers is 1,3,5-benzene-tricarboxamide (BTA)
molecules, which form one-dimensional (1D) supramolecular
polymers in water through a combination of m—n stacking, hy-
drophobic interactions and hydrogen bonding between the am-
ides [16, 17]. Leenders et al. [2] established a structure-assembly
relationship for BTA molecules in water by systematically vary-
ing the length of the alky spacer flanked by the tetra(ethylene
glycol) chains and the aromatic core. Their findings revealed the
necessity of at least 11 methylene units in the alky spacers to
promote intermolecular hydrogen bonding between the amides
and the consequent formation of one-dimensional (1D) supra-
molecular polymers in water. Moreover, Hendrikse et al. [18]
investigated the effect of the tetra(ethylene glycol) substitution
with mono- and disaccharides on the self-assembly of BTAs in
water, showing 1D fibers formation with monosaccharides and
spherical micelles when disaccharides were introduced. All
these studies emphasize the critical role of the monomer design
in determining the self-assembly properties and the morphology
of the resulting supramolecular polymers in water.

Our laboratory has ample experience in ureido-pyrimidinone
(UPy) molecules to fabricate supramolecular biomaterials
for drug delivery [19-21] and regenerative medicine [22, 23].
UPy molecules have been shown to dimerize through a self-
complementary donor-donor-acceptor-acceptor (DDAA) hydro-
gen bonding array in various organic solvents [24]. The resulting
dimers can assemble further the dimeric state by forming a flat
surface that promotes -7 stacking and enables the formation
of 1D supramolecular polymers, stabilized by additional lateral
hydrogen bonding provided by an alkyl urea moiety [25]. To ex-
tend their application in the biomedical field, water-compatible
UPy molecules have been developed by coupling the UPy motif
to hydrophilic poly(ethylene glycol) (PEG) chains. However, an
additional alkyl spacer flanked by the lateral urea and the hy-
drophilic periphery is required to protect the hydrogen bonding
units from water penetration [26, 27]. The resulting supramolec-
ular UPy monomers (UPy-C-U-C,,-Ut-PEG) have been shown

to self-assemble into high-aspect ratio elongated structures in
aqueous media, with morphology and molecular dynamics
depending on the length of the PEG chain and the alkyl-urea
spacer tethered to it [27, 28]. Indeed, Hendrikse et al. [27] re-
ported the formation of robust and stable pm-long fibers for a
UPy molecule equipped with a monodisperse undeca(ethylene
glycol) at the periphery, whereas nm-long dynamic fibers have
been observed for a telechelic bifunctional UPy molecule featur-
ing a polydisperse PEG with a molecular weight of ~20kDa, as
a result of both an entropic and steric effect. Conversely, Bellan
et al. [28], demonstrated that increasing the length of the alkyl-
urea spacer, and thus the overall hydrophobicity of the mono-
mers, promotes more efficient self-assembly in water, fiber
bundling, and enhances cell adhesion and spreading in both 2D
and 3D culture.

Despite the above-mentioned studies and the extensive use of
UPy as biomaterials, opportunities remain to systematically
elucidate the role of each individual molecular component in
governing their self-assembly in aqueous environments. In this
regard, de Greef et al. [29, 30] investigated the effect of oligo(eth-
ylene glycol) chains of varying lengths on the dimerization con-
stant (K, ) of UPy molecules in chloroform. They found that
substituting UPy molecules with OEG chains connected viaa C,
spacer results in a 1000-fold drop in K;; compared to aliphatic-
substituted UPy, as a consequence of competitive hydrogen-
bond-induced backfolding of the OEG chain to the urea group
within the UPy ring [24]. Moreover, while the K, decreases
with the increase in ethylene glycol units, extending the length
of the alkyl spacer between the UPy unit and the OEG chain
leads to arise in K, .
Inspired by the work of de Greef et al. [29, 30], this study pres-
ents a comprehensive investigation into the influence of varying
both the OEG chain length and the alkyl spacer connecting it to
the UPy unit on the supramolecular polymerization of the re-
sulting monomers in water. To this end, three classes of UPy
derivatives connected to monodisperse OEG chains of varying
length directly or via an alkyl-urea spacer are synthesized and
fully characterized. The self-assembly behavior of the resulting
supramolecular monomers in water is explored in great detail
both experimentally and through molecular dynamics (MD)
simulations, to gain more details into the contribution of each
molecular fragment in the assembly process. The findings
of this work demonstrate that the increasing size of the alkyl
spacer enhances the self-assembly of the various monomers in
water, while the increasing number of ethylene glycol units at
the periphery improves their water solubility and the mobility of
the assemblies in solution.

2 | Results and Discussion
2.1 | Design and Synthesis

The monomers design takes inspiration from the work of de
Greef et al. [29, 30] To investigate the impact of the hydrophilic-
hydrophobic balance, or so-called hydrophilic-lipophilic bal-
ance (HLB), on the self-assembly behavior of UPy molecules,
three distinct classes of monomers have been synthesized
(Scheme 1).

Journal of Polymer Science, 2025

85U8017 SUOWILWIOD BA1IE1D) 8|cedl|dde 8y Aq peusenob a2 sajole YO '8sN JO SaInJ 10} ARIq1T8UIIUQ AB[IM UO (SUOIPUOD-PUE-SWSIALI0Y A8 | Im Ale.q Ul |Uo//:Sthiy) SUONIPUOD pue swLs | U1 89S *[6202/2T/9T] Uo Ariqiauljuo A8|1M ‘outio L Id Miod B 1918 SIS 0uno . 1Q 091usliod Aq £7605202°10d/200T 0T/10p/uod" A8 | im Ate.d 1 pul|uoy/sdiy Woly pepeojumoq ‘0 ‘69T¥2y92



15t Class

Z 'NH O 2 NH O H
P (o) -z N

o N*NJ\W\/ M o NJ\NJLNN

H H m H H 3
1'0EG3, m=3 2'0EG3, m =
1'0EG6, m=6 2'OEGs, m=
1-OEG4p, m =12 2-0EGy,, m =

SCHEME1 |
ers in gray and OEG chains in blue).

o

3
6
12

*n/né/\o); o NANJLH(’\%F\H/HG/\O);
0

3" Class

Z NH O

H

3-OEGg, m = 6
3'0EG12, m=12

Chemical structure of the monomers used in this study. Varying chemical moieties are labeled with different colors (alkyl-urea spac-

TABLE1 | HLB values of each monomer calculated through Griffin's method [31].
Monomer 1-OEG; 1-0EG, 1-0EG,, 2-0EG; 2-0OEG, 2-0EG,, 3-0OEG, 3-0EG,,
HLB 10.3 13.2 15.7 7.1 10 13.1 8.7 11.9

These molecules feature monodisperse OEG chains of varying
length (blue part), attached to the UPy motif either directly or
through an alkyl-urea spacer (gray part) comprising 6 or 12 meth-
ylene units, resulting in different hydrophilic-lipophilic balance
(HLB) values (Table 1). The first class (1-OEG,,) includes three
UPy derivatives functionalized with monomethyl tri(ethylene
glycol) (1-OEG,;), monomethyl hexa(ethylene glycol) (1-OEG,),
or monomethyl dodeca(ethylene glycol) (1-OEG,,). Similarly, the
second class (2-OEG,,) consists of three monomers featuring
tri(ethylene glycol) (2-OEG,), monomethyl hexa(ethylene glycol)
(2-OEGy), or monomethyl dodeca(ethylene glycol) (2-OEG,,), but
connected to the UPy moiety via an alkyl-urea spacer of 6 meth-
ylene units (C). Lastly, the third class (3-OEG,,) comprises two
derivatives where the UPy unit is linked either to monomethyl
hexa(ethylene glycol) (3-OEG,) or monomethyl dodeca(ethylene
glycol) (3-OEG,,) via a 12-methylene (C,,) alkyl-urea spacer.
Notably, in all three classes, the HLB values increase with the
number of ethylene glycol units within the OEG chain.

The synthesis of the three classes of UPys is facile and efficient
(Scheme S1), consisting of two synthetic steps adapted from the
literature [26, 32] and easy purification methods, allowing the
isolation of the final products through normal phase flash col-
umn chromatography in good yields (65%-98%). The synthesis
of 1-OEG,, is achieved by activating the amino group of the
6-methyl-isocytosine (6) with 1,1’-carbonyldiimidazole, pro-
viding the active ester (4) which is reacted with the respective
monomethyl ethylene oxide amine (mOEG,-NH,) to provide
the final compounds in nearly quantitative yields (92%-98%).
Conversely, the synthesis of 2-OEG,, and 3-OEG,, is pur-
sued by reacting the amino group of 6 with the respective di-
isocyanate alkyl chain (hexamethylene diisocyanate for 2-OEG, |
and 1,12-diisocyanatedodecane for 3-OEG,,) followed by the
coupling to the respective mOEG, -NH,. All the synthesized
monomers are obtained as white solids after freeze-drying from
milli-Q water and fully characterized by means of 'H-NMR, 13C-
NMR, and liquid chromatography mass spectrometry (LC-MS)
(Figure S1-26).

2.2 | Self-Assembly in Water

The self-assembly behavior of the synthesized molecules is in-
vestigated through a combination of spectroscopy, microscopy
techniques, and computational molecular modeling. The critical
aggregation concentration (CAC) of each monomer in water has
been determined through the Nile red assembly assay (Figure 1a)
[33]. The Nile red is a fluorescent dye, whose emission undergoes
a blue shift upon encapsulation into hydrophobic domains, thus
allowing assembly quantification [34]. The CAC of the final mol-
ecules is shown to depend both on the HLB and the size of the
alkyl-urea spacer, resulting in decreasing CAC values from the
more hydrophilic 2-OEG,, to the more hydrophobic 3-OEG,,.
Specifically, the CAC of 2-OEG;, is 500uM, while for 2-OEG and
2-OEG,, it is 50, and 100 uM, respectively. Remarkably, the higher
CAC value of 2-OEG, might be attributed to its lower HLB value
limiting its water solubility, which eventually results in precipita-
tion and uneven distribution of the fluorescent dye within the as-
semblies in solution. Conversely, 3-OEG, presents the lowest CAC
of 5.0uM, while the increased hydrophilicity of 3-OEG,, results
in a CAC of 25 M. Notably, the CAC values for 1-OEG_, were not
determined (N. D.) owing to the lack of hydrophobic domains able
to encapsulate the Nile red dye. These results indicate that the as-
sembly of the synthesized molecules is enhanced by the hydropho-
bicity of the alkyl spacer at equal OEG chain length.

The UV-Vis spectra of 1-OEG,, and 2-OEG, (Figure 1b) show
absorption maxima at 210nm, 236 nm and 272nm, which corre-
spond to the non-dimerizing 6[1H] UPy tautomer [30, 35]. In con-
trast, the UV-Vis spectra of 3-OEG, and 3-OEG,, (Figure 1b),
present an increased absorbance at 290nm, represented by a
maximum for 3-OEG and by a shoulder for 3-OEG, ,, suggesting
the formation of different supramolecular interactions. Fourier-
transform infrared (FT-IR) spectroscopy in D,O revealed sig-
nificant differences in the amide I region of each monomer,
indicating rearrangement in the hydrogen bonding array for the
different classes of molecules (Figure 1c). The peak at 1648 cm™!
in1-OEG,, and 2-OEG, indicates little dimerization of the UPy
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FIGURE1 | Self-assembly analyses of the assembled monomers in water: (a) Bar chart of the CAC of each monomer derived from the respective
Nile red titration curves. (b) UV-Vis spectra of the different monomers (C=100uM, T=20°C, [=1.0mm) and (c) partial FT-IR spectra of the amide I
vibration of the assembled UPy monomers in D,0 (C=2.5mM, T=20°C, [=0.05mm).

core, while the shifted peak at 1660cm™ in 3-OEG,, represents
the hydrogen bonded dimers [30], pointing out an enhanced di-
merization for the more hydrophobic class of UPy monomers.
Furthermore, the vibration band at 1676cm™!, observed in the
spectra of 3-OEG,, and 2-OEG;, suggests the formation of addi-
tional or competitive intramolecular hydrogen bonding for the
monomers featuring lower HLB values.

'H-NMR spectroscopy in D,O has been employed to deter-
mine the visible and mobile fraction of UPy moiety at 500 uM
by using a small and constant amount of anhydrous dimethyl
sulfoxide (50uM) as mobile internal standard (Figure S28-35)
[36-38]. From the integration of the peak corresponding to the
methyl group in position 6 on the UPy ring at 2.02 ppm, the vis-
ible fraction of UPy moiety increases with the hydrophilicity of
the molecule at room temperature. Indeed, the visible fraction
of UPy motif for 1-OEG, is 72mol% for 1-OEG,;, 61 mol% for
1-OEG and 73mol%, for 1-OEG,,, indicating similar degree of
mobility of the UPy core for the three monomers. Conversely,
the mobile fraction of UPy moiety for 2-OEG, is 20 mol% for 2-
OEG;,, 36 mol% for 2-OEG, and 50 mol% for 2-OEG, ,, while it is
0mol% for 3-OEG and 7.0 mol% for 3-OEG,,. These results con-
firm assembly formation for all the three classes of molecules at
500 uM, however the mobility of the UPy core is strictly affected
by the hydrophobicity of the molecule, showing nearly absence
of mobility for 3-OEG,, and an increasing mobile fraction from
2-0EG,, to 1-OEG,,. Moreover, a comparison of the chemical
shifts of the alkylidene protons on the UPy moiety among the
different classes of monomers with identical OEG chain lengths
(Figure S28) reveals an upfield shift in the signal as the alkyl
spacer length increases. This shift indicates enhanced m-7
stacking of the dimers for the more hydrophobic derivatives [25].
Remarkably, no sign of OEG backfolding to the ureido NH of the
UPy ring is observed across the various samples, probably due
to the hydration of the OEG chains, which hampers the intramo-
lecular hydrogen bonding between those moieties [30].

The morphology of the assemblies formed by each monomer
above the CAC has been elucidated by cryogenic transmission
electron microscopy (cryo-TEM) (Figure 2), atomic force mi-
croscopy (AFM) (Figure S37) and static light scattering (SLS).
CryoTEM micrographs of 1-OEG_, (Figure 2a-c) reveals only
small, disordered structures which are also observed in the

respective AFM height images (Figure S37a-c). Specifically,
1-OEG, (Figure 2a) and 1-OEG, (Figure 2b) are visualized as
small micelle-like aggregates, while 1-OEG,, (Figure 2c) as
sheet-like structures. In contrast, the micrographs of the more
hydrophobic 2-OEG,, (Figure 2d-f) display significantly dif-
ferent morphologies. For 2-OEG, (Figure 2d) and 2-OEG
(Figure 2e), a mixture of small disordered micelles and sheet-
like structures is observed, whereas 2-OEG,, (Figure 2f) shows
small fiber-like structures in addition to micelles. AFM height
images (Figure S37d-f) corroborate the cryoTEM micrographs
by showing sheet-like structures for 2-OEG, (Figure S37e)
and smaller micelle-like structures for 2-OEG,, (Figure S37f).
Lastly, the assemblies of 3-OEG, (Figure 2h) and 3-OEG,,
(Figure 2i) are predominantly composed of sheet-like structures
which appear as a homogeneous coating on the mica substrates
(Figure S37h,i).

The scattering plots of the assembled monomers (Figure 2g)
exhibit an angular dependence of the Rayleigh ratio (R) across
the scattering vector (q) range that differs from the typical pat-
terns observed for fibrillar structures. This confirms the for-
mation of alternative morphologies, such as disk- and sheet-like
structures [39]. Notably, the scattering patterns corresponding
to 3-OEG,, show the highest R values, followed by 2-OEG,,
and 1-OEG,_, while keeping similar slope across the samples.
These findings suggest that the nanostructures formed by each
monomer present similar anisotropy, but the corresponding
size or quantity decreases by increasing the length of the OEG
chain and shortening the alkyl spacer length [40].

2.3 | Thermal Stability of the Assemblies in
Aqueous Solution

The thermal stability of the assemblies formed by each mono-
mer in solution has been investigated through variable tempera-
ture UV-Vis (VT-UV) and 'H-NMR (VIT-NMR) spectroscopy
(Figure 3) at 100 M in water and 500 uM in D,0, respectively.

The UV-Vis spectra of 1-OEG,, (Figure 3a-c) and 2-OEG,
(Figure 3d-f) at room temperature display the same absorption
maxima at 210, 236, and 272nm. On the other hand, the absorp-
tion spectrum of 3-OEG (Figure 3g) at room temperature shows

4
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FIGURE 2 | Representative cryoTEM micrographs of (a-c) 1-OEG_, (d-f) 2-OEG,, and (h-i) 3-OEG_, (C=500uM). All the micrographs were
acquired at a nominal magnification of 56 kx. Scale bars=200nm. (g) SLS patterns of the assembled monomers in water (C =500 uM).

absorption maxima at 234 and 290nm, while the absorption
maxima in the spectrum of 3-OEG,, (Figure 3h) lay at 208, 236,
and 273nm with a shoulder at 290nm. By heating the samples
from 10°C to 80°C, a small increase in the absorption intensity
at 210, 225, and 290nm along with a small decrease in absorp-
tion at 237nm is observed for 1-OEG, and 2-OEG,, suggesting
the formation of aggregates through non-covalent interactions,
in line with the previous results (vide supra). In contrast, the ab-
sorption spectra of 3-OEG and 3-OEG,, present three isosbestic
points at 223, 238, and 269 nm for the former and at 224, 248, and
264nm for the latter over the explored temperature range. The
absorption maximum at 290nm in the spectra of 3-OEG shifts
to 272nm at higher temperatures, similar to the blue shift from
274 to 272nm observed in the absorption spectra of 3-OEG,,. In
addition, a decrease in the intensity of the shoulder at 290nm
in the absorption spectra of the latter occurs upon heating. The
aforementioned hypsochromic shifts suggest the transition from

J-aggregates to the monomeric state for both the 3-OEG, at high
temperatures [41, 42]. The formation of J-aggregates for 3-OEG
and 3-OEG,, is further confirmed by the respective cryoTEM
images (vide supra), where characteristic sheet-like structures
are observed in both cases [41, 42]. Moreover, the cooling curves
of the same samples suggest a cooperative mechanism of assem-
bly [43] and the difference in the number of ethylene units re-
sults in an elongation temperature of 48°C for 3-OEG and 25°C
for 3-OEG,, respectively, highlighting the importance of the
hydrophilic-hydrophobic balance in stabilizing the supramolec-
ular assemblies in water. Conversely, no significant differences
are found in the absorbance at 290nm for 1-OEG, and 2-OEG
(Figure S38) over the investigated temperature range, indicating
stability of the 6[1H]| tautomer in solution.

Next, VI-NMR experiments (Figure 3j) have been carried
out to confront the thermal stability of the assemblies formed
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FIGURE 3 | (a-h) Variable temperature UV-Vis spectra of the assembled monomers (C=100puM, 1°Cmin~!, I=1mm) and (i) cooling curves
of 3-0OEG,, (0.2°Cmin~!, [=1mm). (j) NMR quantification of the fraction of visible UPy in the liquid-like phase for the synthesized molecules
(C=500uM in D,0) at different temperatures (25°C-80°C) with anhydrous dimethyl sulfoxide as an internal standard (C=50uM in D,0).

by each monomer at higher concentration (500 uM). The ki-
netic curves of each monomer indicate a negative correlation
between the fraction of visible UPy moiety (mol%) and the
hydrophobicity of the molecule across the investigated tem-
perature range. For 1-OEG, , 100 mol% of visible UPy moiety
is achieved above 55°C, while a higher temperature of 75°C is
needed to yield 100 mol% of UPy moiety in the liquid-like phase

for the more hydrophobic 2-OEG and 2-OEG,,. Moreover, for
2-0OEG;, only 90mol% of visible UPy is achieved at 80°C, indi-
cating higher stability of the assemblies formed by the more
hydrophobic 2-OEG,. Conversely, for 3-OEG, and 3-OEG,,
only 28 and 71 mol% of visible UPy moiety is observed at 80°C,
confirming the importance of the hydrophobicity of the mono-
mer in stabilizing the assemblies.
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2.4 | Molecular Dynamics Simulations

Molecular dynamics (MD) simulations have been conducted to
gain a clearer picture on the factors governing the self-assembly
of the different synthesized UPy monomers. Self-assembly
MD simulations of 42 randomly dispersed monomers in water
have been performed on 1-OEG, and 3-OEGg, separately, over
a timescale of 1us (Figure 4a,b), providing quantitative details
on the molecular interactions driving the aggregation of the
two monomers featuring extreme opposite HLB values. The
difference between the two systems has been quantified by
computing the aggregation propensity (AP) parameter [44-46],
which evaluates the reduction in solvent accessible surface area
(SASA) of the UPy monomers resulting from the self-assembly.
In particular, the AP value measures the ratio between the total
SASA of N monodispersed monomers (SASA,,) and the total
SASA of the progressive aggregation state ( D SASAagS(t)) along
the MD simulation according to the following equation

AP(t) = Noon X SASA,,

Y SASA,(f) ®
Na

Indeed, upon self-assembly of the monomers, their contact area
with the solvent decreases, resulting in an increase in the AP
values (Figure 4c).

a)

1-OEG,

Consistent with the experimental results, the time evolution
of the AP unveils a faster and more pronounced aggregation
tendency for 3-OEG, than for 1-OEG,. Moreover, as the ag-
gregation of both systems proceeds, the potential energy
contributions (Coulomb and Van der Waals), associated to
monomer-monomer interactions, lower the energy of the sys-
tems due to the attractive interactions between the monomers.
By breaking down the energetic contributions of each mono-
mer fragment (UPy core, C,, spacer, urea and OEGy), it is ev-
ident that the C,, spacer and the urea unit add an additional
contribution to the aggregation process of 3-OEG (Figure 4d),
while the contributions of the UPy core and the OEG chain
to the self-assembly of both 1-OEG, (Figure 4e) and 3-OEG
(Figure 4d) remain consistent. This explains the higher AP of
3-OEG, over 1-OEG.

A more detailed analysis on the role of the lateral urea in 3-
OEG (Figure S39) reveals that the interaction energy between
the urea and the UPy core, as well as between the urea and the
C,, spacer fragments, enhances the AP. However, this interac-
tion simultaneously competes with the core-core interactions,
ultimately disrupting the 1D-stacking of the UPy cores. These
results qualitatively confirm the multidirectional growth of the
UPy-based assemblies seen from the self-assembly analyses re-
ported above and support the evidence of J-type aggregates for-
mation for the more hydrophobic 3-OEG,,.

C)y
—1-OEG; 3-0EG, 1-0EG,
—3-0EG, o
< —~-
3 N \ © \’M
1 1 ‘ \ g -1 \
-~ 1 J )
g =R - B W
5] ] wihe ! w2 W
—UPy A g |
—C,, spacer -3 ‘
P 1= Urea —UPy
11 OEG; OEG,
. . . | . . . -4 . . .
107 1073 1072 107" 107 1073 1072 107" 10° 107 107 1072 107" 100

Time / us

Tlme / us

Tlme / us

FIGURE4 | (a)All-atom (AA) models of 1-OEG (left) and 3-OEG (right) monomers. Atom color code: Oxygen, nitrogen, hydrogen, and carbon
atoms are colored in red, blue, white and cyan, respectively. (b) MD screenshots along the 1 us trajectories, showing the self-assembly of 42 1-OEG

(top) and 3-OEG (down) monomers. Water molecules are not shown for clarity. (c) Aggregation Propensity (AP) of 42 1-OEG and 3-OEG; monomers

during 1us of MD self-assembly simulations. (d, €) Evolution of potential energy terms associated to the interaction between the (d) 3-OEG and (e)

1-OEG, monomer fragments along 1 us of AA-MD self-assembly simulations. The value AE is the energy difference at time t, referred to the initial

configuration, when the monomers are well-dispersed in water. Coulomb and Van der Waals interactions are included in the energy calculations.
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3 | Conclusion

This study offers a systematic investigation into the self-assembly
of eight water-compatible UPy-based supramolecular monomers
featuring various HLB values. The results demonstrate that the
self-assembly behavior of each monomer and the morphology of
the resulting assemblies in water are governed by the monomer
design. Notably, while all synthesized monomers undergo self-
assembly, the introduction of an alkyl-urea spacer between the
UPy core and the OEG chain significantly enhances the self-
assembly at equal OEG length, leading to the formation of more
rigid supramolecular structures. Interestingly, MD simulations
not only confirmed that self-assembly is primarily driven by the
combination of UPy dimerization and hydrophobic interactions,
but also highlights how the lateral urea competes with the UPy
dimerization, thereby destabilizing the 1D elongation of the as-
semblies and eliciting the formation of J-type aggregates featur-
ing a sheet-like morphology. This work enriches the knowledge
about the supramolecular polymerization of UPy molecules in
water, providing with opportunities towards the development of
novel supramolecular biomaterials with tunable properties.
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