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Abstract: This study presents a detailed Raman spectroscopic investigation of hydrogels
composed of sodium hyaluronate and two N-terminally blocked dipeptides: N-acetyl-
L-alanine-methyl-amide (NAcAlaNHMA) and N-acetyl-L-tyrosine-methyl-amide (NAc-
TyrNHMA). Vibrational spectra of the dipeptides in both crystalline and aqueous forms
were analyzed and supported by density functional theory (DFT) calculations. Spectral fea-
tures of the hyaluronan component were elucidated by simulating the vibrational modes of
its two principal disaccharide building blocks. Gels were prepared with varying dipeptide-
to-hyaluronan ratios, and their structural characteristics were examined using Raman
spectroscopy and atomic force microscopy. The results showed that while NAcAlaNHMA
exhibited no significant interaction with the HA matrix, NAcTyrNHMA demonstrated
specific binding behavior, as evidenced by notable shifts in its N-H and C-O-H vibra-
tional bands. These findings indicate that NAcTyrNHMA binds to hyaluronic acid via
hydrogen bonding, likely involving carboxyl and hydroxyl functional groups. This study
highlights the potential for selective tuning of HA-based hydrogels using dipeptides, with
implications for biomedical applications such as drug delivery, antimicrobial gels and
biomaterial design.

Keywords: sodium hyaluronate; Raman; infrared; hydrogels; atomic force microscopy;
CRYSTALOQ9; Gaussian16

1. Introduction

Peptide gels have recently found applications in tissue replacement, controlled drug
release, the formation of nanostructures and biosensing [1-4]. The existence of naturally
occurring secondary structures in polypeptides, such as helices, 3-pleated sheets or coils,
makes them attractive for creating a desired three-dimensional network, suitable to replace
an extracellular matrix [5]. Polymeric gels containing water (hydrogels) can be divided
into physical hydrogels, in which structure is stabilized by Coulombic interaction and
hydrogen bonding, besides other interactions, and chemical hydrogels, in which cross-
linking produces new chemical bonds [5-7]. Peptide gels designed for wound-healing
purposes can include dipeptides such as carnosine or oligopeptides with several dozens of
amino acids [8] and can have an N-terminus modified by a gelling group when used in
drug-release applications, e.g., N-terminally protected phenylalanine and tyrosine [3,5].

We chose two small dipeptides with methyl-blocked termini in order to compare
their binding properties with hyaluronic acid when they form a gel. A gel is essentially
a metastable state existing in a balance of thermodynamical and kinetical processes, and
its structure is sensitive to temperature, pH and the concentrations of the solvent and
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solute, among other things. Since the crystalline state of a molecular solid is the most stable
state it can achieve, it is always possible that a crystallization process starts and proceeds
within a gel [6,9,10]. The research on biocompatible materials suitable for pharmaceutical
applications has witnessed a significant increase in interest in hyaluronic acid (HA) and its
derivatives in past decades [11-19]. HA, which is a copolymer of the [-A-B-], type, where
A is D-glucuronic acid and B is N-Acetyl-D-glucosamine, can appear in a number of crystal
modifications, depending on its cation content and the amount of water present [20-28].

Here we present a Raman spectroscopic study of several physical gels of two dipep-
tides, N-acetyl-L-alanine-methyl-amide (NAcAlaNHMA) and N-acetyl-L-tyrosine-methyl-
amide (NAcTyrNHMA), with sodium hyaluronate, accompanied by atomic force mi-
croscopy imaging of the dried gels. These dipeptides were chosen because, although
chemically simple compounds, they display different types of bonding when forming
crystal lattices. While NAcAlaNHMA molecules form independent tubular structures,
NAcTyrNHMA molecules use their hydroxyl group to form a full three-dimensional net-
work. A vibrational analysis of NAcAlaNHMA in the crystal form and of an NAcTyrNHMA
molecule facilitated the assignment of dipeptide bands. Theoretically calculated spectra of
two disaccharides forming the repeating unit of HA, N-acetyl-3-D-glucosamine-3-(1—4)-D-
glucuronic acid sodium salt and (3-D-glucuronic acid-f3-(1—3)-N-acetyl-3-D-glucosamine
sodium salt, gave us some important clues as to the origin of the bands observed for the HA
gel. Both dipeptides showed good miscibility with HA, and most of the observed bands
clearly belonged either to a dipeptide molecule or to HA. For one specific NAcTyrNHMA-
HA gel, however, we observed a spectrum that could be assigned to the form the molecule
takes when bound to HA. Hence, this gel could be a chemical gel, while all NAcAlaNHMA-
HA gels are physical gels.

2. Experiments
2.1. Measurements on Pure Dipeptide Samples, Powder and in Solution

Polycrystalline dipeptide samples were purchased from Bachem and used as re-
ceived. The Raman spectra of the dipeptide powders were measured with three instru-
ments: a Horiba JobinYvon T64000, spectral range 14-3500 cm ™! (green line of a 514.5 nm
Ar laser serving as the excitation source, power on the sample being 50 mW, exposure
time 10 s and repetition rate 10X, operating in triple subtractive mode with gratings of
1800 grooves/mm); the FT-Raman module of a Perkin-Elmer GX, range 150-3500 cm™1!
(excitation line of a 1064 nm Nd:YAG laser operating at a power of 300 mW, with a 500-scan
repetition rate and InGaAs detector); and a WiTec alpha 300 RA in the range 100-4000 cm ™!
with a 532 nm laser and a single grating with 600 grooves/mm.

The Raman spectra of 0.1 molal water solutions were obtained with the T64000 in
single mode (one grating), using the same laser and a power of 50 mW. The averaged time
of accumulation was 300 s, and the spectral resolution was 6 cm~!. The attenuated total
reflection (ATR) infrared spectra of 0.1 molal water solutions were measured with a Bruker
Vertex-80 infrared spectrometer. Typically, 256 scans were averaged and apodized with
a triangular function. The spectra of the dipeptides were recorded with a resolution of
2 ecm~ 1! at 25 °C using a diamond ATR cell equipped with KRS-5 lenses.

2.2. Measurements of Dipeptide—Hyaluronic Acid Gels

The sodium salt of bacterial HA in the form of powder having a molecular mass of
0.7 MDa was kindly provided by Novozymes Biopolymer A/S, Krogshoejvej 36, DK-2880
Bagsvaerd, Denmark. Its preparation and properties have been described previously [29].
Pure 3.3 wt% HA gel was prepared by dissolving 33 mg of HA sodium salt in 1 g of MQ
water (Stakpure OmniaLab DS 60 instrument). Stock solutions of 0.1 M of NAcAlaNHMA
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and NAcTyrNHMA were mixed with HA in different ratios, and the spectra of the gels on
microscopic slides were recorded by a WiTec alpha 300 RA instrument with a 532 nm laser
after one week of drying. Atomic force microscopy (AFM) images of the dried gels were
acquired with the same Raman-AFM instrument, a WiTec alpha 300 RA, using AC mode
and 75 kHz and 275 kHz tips. Surfaces of size 5 pm by 5 um were scanned with 512 lines in
each of two rectangle directions.

2.3. Computational Methods
2.3.1. Dipeptides

Density functional theory, which is implemented in the CRYSTALQ9 program [30]
in the form of the correlation functional of Lee, Yang and Parr [31] with generalized
gradient approximation and the exchange functional of Becke [32], commonly known as
the B3LYP functional, was used for the calculation of phonons of NAcAlaNHMA with
a basis set from Gatti [33]. The starting point of the partial optimization of the atomic
positions of NAcAlaNHMA was taken from the refined crystal structure data of Harada
and Itaka [34], to which hydrogen atoms were added (file LAANMA_H.cif is part of the
Supplementary Materials). NAcAlaNHMA crystallizes in the space group P2;2;2; with
Z = 8. Two molecules form the motif, and the parameters of the unit cell are a = 13.87(7) A,
b = 6.98(4) A c= 16.29(8) A and « = p =y =90° [34]. The positions of the atoms within
the unit cell were optimized using the keyword OPTGEOM, with the old wave function
mixed 30% with the new experimental function. In total, 22 atoms form each molecule of
NAcAlaNHMA; thus, we expect 176 atoms in the unit cell and 525 optical phonons:

I =132A®131B; $131B, ©131 B,

All modes are active in Raman spectra, while B modes are active in infrared spectra.
A list of all calculated modes is provided together with the observed Raman and infrared
band positions in Supplementary Table S1. The symmetry of the calculated modes is given
in another file provided in the Supplementary Materials.

For NACTYrNHMA we did not calculate phonons using CRYSTALQ9; instead, vi-
brational modes were calculated using the Gaussian 16 program suite with the B3LYP
functional using the 6-31++G(d,p) basis set [35]. We first optimized the conformational
parameters and then calculated the frequencies of normal modes, which were scaled
by factor of 0.9497 using the observed stretching OH frequency from a matrix isola-
tion study of tyrosine [36]. A list of observed modes of NAcTyrNHMA is presented in
Supplementary Table S2.

2.3.2. Disaccharides

HA is a copolymer, and its building blocks were carefully optimized by Pogdny and
Kovacs [37]. For the two most stable disaccharide units—N-acetyl-f3-D-glucosamine-(3-
(1—4)-D-glucuronic acid sodium salt, GN-GANal, and 3-D-glucuronic acid-f3-(1—3)-N-
acetyl-B-D-glucosamine sodium salt, GANa-GN1—normal modes were calculated using
Gaussian16 with the B3LYP functional and the 6-31++G(d,p) basis set. A scaling factor of
0.96 was applied to all calculated values for the sake of comparison with the experimental
spectrum of sodium hyaluronate powder.

3. Results

We first discuss the vibrational spectra of the dipeptides and disaccharide bases of
HA in order to establish the assignment and identify which bands shift most when the
molecules bind to their neighbors in the gel. Later we present AFM images of xerogels (gels
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dried in air). In the next section our results are compared with those of previous Raman
studies of hyaluronic acid and dipeptide gels.

3.1. Dipeptides

A comparison of the vibrational spectra of the dipeptides in polycrystalline form with
the spectra of their water solutions reveals which modes are affected most by hydration
(Figure 1A,B). Different conformations of dipeptides can coexist in water solution, their
vibrational bands having similar wavenumbers. Determining their populations requires
a detailed inspection of the vibrational spectra and understanding how they manifest
through 'H coupling constants in nuclear magnetic resonance studies [38-42]. The analysis
of the bands of amide III [39], as well as the analysis of amide I [40] recorded by NMR,
infrared and Raman spectroscopy, showed that three conformations are present in water.
These studies showed that the population of the x-conformation was low in both dipeptides
(11% in NAcAlaNHMA and 7% in NAcTyrNHMA). Most conformations were distributed
among polyproline and B-conformations in the Ramachandran plot (polyproline: 60%
in NAcAlaNHMA and 46% in NAcTyrNHMA; 3: 0.29% in NAcAlaNHMA and 47% in
NAcTyrNHMA).

A B
; T
NAcAlaNHMA | NAcTyrNHMA , \’
!J water solution |
et water solution / o /L ' /
-% /ﬁk / % \ [K’ ‘41 | J
= /1 I fh = A J s
R 7\ ‘ ol ,va i g N | 1.&,,»/“/ Y
£ ./ \“w’\\u\//\\ A “\ J\\NM“MM«/ Vo g // \\/\'N \J \\«»\N\/\J w
3 WAL kS y | crystal
| crystal ‘j [\W\,} . ; J[\ .
b b M AL
)rf AV ,w‘\ , ’ﬁ\ /\J‘}“.,\“JL_,,j v L N DN LT N T N Y Ll
Al 1600 1200 800 400 : R MRS T Ts00 400

v -1
wavenumber (cm™!) wavenumber (cm™)

Figure 1. (A) The Raman spectrum of NAcAlaNHMA in 0.1 molal water solution compared with
the FT-Raman spectrum of the polycrystalline powder. (B) The Raman spectrum of NAcTyrNHMA
in 0.1 molal water solution compared with the FT-Raman spectrum of the polycrystalline powder.
Low-frequency spectra were recorded and tabulated in Supplementary Tables S1 and S2.

NacAlaNHMA dipeptide conformers exhibiting intramolecular hydrogen bonding—Cs
and C;—were observed in FT-IR matrix isolation experiments [43] and characterized
by their amide A, amide I and amide II bands. While the bands at 1704, 1688, 1515 and
1495 cm~! were assigned to Cs, the bands at 1704, 1680, 1549 and 1508 cm~! were attributed
to the C;7 conformer [43]. Several bands belonging to the third conformer, which had no
internal H-bonds, were identified at 1726 (L-form), 1714 (D-form), 1523 and 1483 cm ™!
(both for L-form).

In the crystal, two molecules form a motif, and their conformation is described
with Ramachandran’s torsional angles of ¢ = —84.25% 1y = 159.04°, ¢, = —87.51% and
Py = 154.77°, which are closest to the Py or polyproline conformation. There are no in-
tramolecular hydrogen bonds, only intermolecular ones (Figure 2a), having O---N distances
of 2.725 A 2.732 A, 2.804 A and 2.926 A. Molecules form columns extended as helices along
axis ¢ with methyl groups dominating in the space between the columns (Figure 2a). The
vibrational bands most closely related to these hydrogen bonds are listed in Table 1 (a
complete list of observed and calculated bands is provided in Supplementary Table S1).
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(b)

Figure 2. Crystal structure P2;2;2; of NAcAlaNHMA viewed along c axis [34]. Axis a points towards
right; axis b points down. (a) Crystal structure P4; of NAcTyrNHMA viewed along c axis [44]. Axis a
points towards right; axis b points down. (b) Dotted green lines indicate intermolecular H-bonds.
Figures prepared using Mercury program [45].

Table 1. A comparison of the most important observed Raman (R) (Figure 3) and infrared (IR)
(Figure 4) bands exhibiting intermolecular hydrogen bonding in NAcAlaNHMA and NAcTyrNHMA
crystals, with assignations.

NAcAlaNHMA NAcTyrNHMA Assignment
1667 R, 1664 IR Amide I
1651 R 1649, 1636 IR Amide I
1639 R, 1636 IR Amide I
1578 R Amide II
1567 R, 1553 IR 1556 R Amide II
1533 R 1532, 1514 R Amide II
1462 R Amide II
1262 R, 1259 IR 1237 R, 1235 IR Amide III
1121 R, 1120 IR 5(C-OH)
1106 R, 1103 IR v(C-N) + §(CHj)
1033 R, 1034 IR v(C-N)
635 R, 634 IR §(0=C-N)
597 R, 594 IR 580 R, 581 IR §(0O=C-N)
541 R, 561 IR v(C-N)
403 R,399 ! IR 5(0=C-N) + 5(N-C-C)
369 R, 366 | IR 5(0=C-N) + 5(N-C-C)
347 R, 348 IR 2 5(N-C-C)
338 R, 337 ' IR Skeletal column mode
153 R T(C-N)

! From ref. [46]; 2 from ref. [47].

The crystal structure of N-acetyl-tyrosine-methyl-amide is depicted in Figure 2b.
Intermolecular hydrogen bonds connect neighboring molecules in such a way that a
three-dimensional network is formed, the basic building block being the molecule itself.
These hydrogen bonds have lengths of 2.837 A (between carbonyl oxygen closer to the
N-terminus and tyrosine oxygen), 2.675 A (between carbonyl oxygen at the carbon ter-
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minus and tyrosine oxygen) and 3.037 A (between nitrogen at the carbon terminus and
tyrosine oxygen).

N-Acetyl-Alanine-methyl-amide
Raman

' observe \\ﬁ
\\u\flf " WMM\ o AN

MWWWMM\ caleulated MM

1000 1500 2000 2500 3000

wavenumbers (cm'l)

Raman intensity (a.u.)

Figure 3. Observed and calculated Raman spectra of N-acetyl-L-alanine-methyl-amide in polycrys-
talline form.

ATR observed

M \//\

\ N-Acetyl-Alanine-methyl-amide
j\

Absorbance (a.u.)

calculated
IR

0 500 1000 1500 2000 2500 3000 3500 4000
wavenumbers (cm'l)

Figure 4. Observed ATR infrared and calculated IR spectra of N-acetyl-L-alanine-methyl-amide in
polycrystalline form.

In NAcAlaNHMA one finds methyl groups protruding outside of columns extended
along the c axis (Figure 2a), thus indicating predominant Van der Waals interaction between
the columns. On the other hand, hydrogen bonds are formed through hydroxyl groups of
tyrosine rings directed approximately along a &= b, connecting NAcTyrNHMA molecules
more tightly. This causes the blue shift of the amide III, §(O=C-N) and §(N-C-C) modes
in NAcTyrNHMA compared to NAcAlaNHMA (Table 1, printed bold). In general, the
three regions mentioned above C=0 stretching, N-H deformation and C-N stretching are
commonly referred to in peptide spectra as amide I, amide II and amide III, respectively,
due to their mixed character and strong coupling. This is especially true for the amide III
mode. Whereas amide III, §(O=C-N) and $(N-C-C) are assigned to the 1262 em~ 1,597 cm ™!
and 369 cm ! bands in NacAlaNHMA, in NAcTyrNHMA they are attributed to bands at
1237 cm !, 541 cm ! and 347 cm L. Koyama et al. [46] studied the vibrational spectra of
N-Acetyl-L-alanine-methyl-amide in polycrystalline form. When pressed between KBr
plates, the sample transformed into the second crystal structure [46]. The far-infrared
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bands, which were reported for the first structure at 399 and 366 cm~ 1 we assign to

5(0=C-N) + 5(N-C-C), while the band at 337 cm~! we assign to the skeletal column mode.
The corresponding bands reported in [46] for the second crystal structure appeared at
410, 366 and 322 cm~! in the far-infrared spectra. The lowest lattice mode theoretically
predicted for NAcAlaNHMA is at 16 cm ! and corresponds to column translation along
the b axis. NAcTyrNHMA forms a three-dimensional network, predominantly through the
tyrosine phenol rings. The §(C-O-H) in tyrosine dipeptide was not assigned previously [47],
and we assign it to the bands at 1121 cm ™! in the Raman spectrum and 1120 cm ! in the
infrared spectrum.

3.2. HA Dipeptide Gels

Vibrational studies of HA have been conducted continuously, with an emphasis on
the effects of hydration [46-56]. An illustration of the sodium hyaluronate crystal structure
determined by Guss et al. [26] is shown in Figure 5. The space group is tetragonal, P432;2,
witha=b=9.89(2) A, c=33.94(9) A and & = p =y = 90°. There are two helices within the
unit cell, and sodium atoms bind to the carboxylic groups of glucuronic acid.

Figure 5. Illustration of sodium hyaluronate crystal structure created from data determined by
Guss [26]: (a) view down ¢ axis; (b) view along a axis. Figure prepared using Mercury program [45].

Hydrated HA contains three types of water molecules: bound water, freezing bound
water and free water [57]. Bound water never freezes, while the other two types partic-
ipate in the glass transition [57]. On dilution of solid HA, at a water content of 34 wt%,
nonequilibrium crystallization of HA occurs; upon further dilution, at 50 wt% water, the
HA crystallites dissolve and a solution is formed [28].

Since HA is a polymer of the [-A-B-], type, where A is D-glucuronic acid and B is
N-Acetyl-D-glucosamine, there are two types of glycosidic bonds: one connecting A to B,
which is represented in the N-acetyl-3-D-glucosamine-{3-(1—4)-D-glucuronic acid sodium
salt, GN-GANal, and the other between B and A, represented by the (3-D-glucuronic
acid-p-(1—3)-N-acetyl-3-D-glucosamine sodium salt, GANa-GN1 (see Figure 6). The
geometric parameters for both disaccharide units were taken from the work of Pogany and
Kovdcs [37], and their vibrations were calculated. The resulting scaled Raman spectra are
compared with the Raman spectrum of 3.3 wt% HA gel in Figure 7.
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GN-GANal GANa-GNI1

Figure 6. N-acetyl-f3-D-glucosamine-[3-(1—4)-D-glucuronic acid sodium salt, GN-GANal, on the left
and B-D-glucuronic acid-3-(1—3)-N-acetyl-3-D-glucosamine sodium salt, GANa-GN1, on the right.

= sodium hvaluronate gel  exp.
= disaccharide GN-GANal theor.
= disaccharide GANa-GN1 theor.

Raman intensity (a.u.)

m |
Al i e

|
il
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Figure 7. The Raman spectrum of HA gel (3.3 wt%) compared with the calculated Raman spectra of
the two disaccharide units shown in Figure 6. The scaling factor was 0.96.

One observes from Figure 7 a broad band at approx. 1650 cm ™! in the experimental
spectrum of the gel, which is due to the overlap of the water bending vibration with the
amide I and amide II vibrations of the N-acetyl group of the glucosamine bound to water
(the highest calculated vibrations displayed in Figure 7).

Several HA-dipeptide gels were prepared; their compositions are given in Table 2,
and the numbers of molecules of dipeptides and water per disaccharide HA unit are given
in Table 3. There were 1741 disaccharide units per HA chain, having a molecular mass of
0.7 MDa.

Table 2. Mass-weighted compositions of studied gels.

Gel Wt% HA  Wt%NAcAlaNHMa Wit% NAcTyrNHMA Wt% Water

1 1 0 0 99
2 0.51 0.71 0 98.78
3 0.51 0 1.16 98.3
4 2 0 0 98
5 1.85 727 0 90.88
6 1.85 0 727 90.88
7 3.8 1.4 0 94.8
8 3.8 0 222 94.02
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Table 3. Numbers of molecules of dipeptides and water per disaccharide unit of HA.
Gl UnitHA \GOTHMA  NACTyNHMA  Water

1 1 0 0 2150
2 1 4 0 4300
3 1 0 2 4300
4 1 0 0 1096
5 1 11 0 1096
6 1 0 7 1096
7 1 0 558

8 1 0 1 558

Gels 1 and 4 were pure HA gels. Gels 2 and 3 were obtained by adding 0.5 mL of 0.1 M
solution of each dipeptide to gel 1, while gels 5 and 6 were obtained by adding 40 mg of
dipeptides to 0.5 mL of gel 4. Gels 7 and 8 were prepared by adding 20 mg of HA to 0.5 mL
of 0.1 M dipeptide solution. All gels contained more than 90 wt% water. Gels with more
than 3.3 wt% HA are solid and do not flow.

AFM and optical images of the gels are shown in Figure 8.

Figure 8. Atomic force microscopy images (gels 1, 2, 3, 5, 6, 8) and optical images (gels 4, 7) of
HA-dipeptide gels. Compositions are given in Table 2. Bar is 1 pm in AFM images and 20 pm in
optical images.

4. Discussion

Tailoring dipeptide gels for a desired application requires choosing between those with
open or terminated N- and C-termini, such as dipeptides that have fluorenylmethoxycar-
bonyl (Fmoc) bound to the N-terminus [58], or tetrapeptides with both ends open [59]. The
existence of amphiphilic groups in dipeptides induces secondary structures such as fibers,
[3-sheets or a-helices upon dissolution in water [58]. Our chosen dipeptides have both
ends terminated with methyl groups; therefore, their ability to form hydrogen bonds with
neighboring molecules (water or HA) is reduced to carbonyl and amide groups forming
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peptide bonds and, in the case of NAcTyrNHMA, a hydroxyl group attached to the benzene
ring. This difference in functional groups causes the packing of NAcAlaNHMA molecules
into columns in the crystalline phase (Figure 2a), while NAcTyrNHMA binds via -OH to
the carbonyl oxygen of its neighboring molecule, thus extending the structure in all three
spatial directions (Figure 2b). We identified the 1262 and 597 cm~! Raman bands of crystal
NAcAlaNHMa as the most sensitive to hydrogen bonding, while in the Raman spectrum
of NAcTyrNHMA, such bands were observed at 1237, 1121, 580 and 541 cm~! (Table 1).

In order to study how hydrogen bonds form between HA and these dipeptides,
we prepared gels which had (1) the same molar ratios of NAcAlaNHMA and NAc-
TyrNHMA dipeptides to HA (gels 2 and 3), (2) the same wt% ratios of each dipeptide
to HA (gels 5 and 6) and (3) the same ratios of the numbers of dipeptide molecules and
disaccharide units of HA (gels 7 and 8) (Tables 2 and 3).

Previous vibrational studies on N-acetyl glucosamine and glucuronic acid, which form
the disaccharide units of HA, established that v(C=0) of protonated glucuronic acid corre-
sponds to the Raman band observed at 1707 cm ™! in the crystal, while v(C=0) and §(NH)
of N-acetyl glucosamine were assigned to the 1632 and 1556 cm ! Raman bands [48,54].
As shown in Figure 7, a very broad band at 1654 cm ™! is observed in the Raman spectrum
of HA gel, covering the spectral interval in which many superimposed bands originating
from the carbonyl stretching and amide bending of N-acetyl glucosamine appear. Glu-
curonic acid in HA is not protonated, since the pH of HA in water solution is weakly basic;
therefore, one expects the v(CO, ) asymmetric stretching vibration to be 1595 cm~! or
1612 cm~! for GN-GaNal and GANa-GN1 disaccharide units (unscaled values).

Atomic force microscopy allows for studying the morphology of soft samples in air, at
room temperature, without the need for a vacuum, which is obligatory for scanning and
transmission electron microscopy. When applied to diluted peptide solutions (0.1% wt) [60],
or to hyaluronic acid solutions (100 pg/mL with MgCl, added to reduce entanglement) [61],
it can provide images of individual fibers. For the concentration ranges we studied, we
observed homogeneous surfaces on the air-dried gels (xerogels) (Figure 8).

There were no significant differences in the Raman spectra of gels 2, 5 and 7 of
NAcAlaNHMA (Figure 9, Supplementary Figure S1), whereas for NAcTyrNHMa gel 3 we
found that the bands observed in the crystal at 1127 cm~! (corresponding to 8(C-OH)) and
at 3337 cm ! (corresponding to v(IN-H)) shifted in the Raman spectrum to 1098 cm~! and
3317 cm~! (Figure 10). For gels 6 and 8 no significant changes in the Raman spectra of
NAcTyrNHMA were observed (Supplementary Figure S2).

1100+ = HA powder
= NAcAlaNHMA gel 2

1000 s NAcAlaNHMA gel 5
1 = NAcAlaNHMA crystal

900 A

8004‘} \‘ e N - e

700

Raman intensity (a.u.)

St VAR, \ "y P
| } \ e R U
600 \

’ o n
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N \\\_./\w,\,,_fl,,,“\\/-\_~ﬂ,NJ ‘w\_#\“/\/‘/u\_/!‘ 'A“v\f/"‘/"ﬁ.A‘ /’J \\ _/_,j[ \\/\»_//\\\7
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Figure 9. Comparison of Raman spectra of HA powder, NAcAlaNHMA gels 2 and 5, and
NAcAlaNHMA powder.
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Figure 10. Comparison of Raman spectra of NAcTyrNHMA powder, gel 3 and HA gel.

Giménez-Herndndez et al. studied the self-assembly of 17 kDa HA gel made with
L-proline-L-valine dodecylamide (PVD) [62] with molar ratios of dipeptides per disaccha-
ride HA unit from 1 to 100, and they obtained solid gels for ratios of 1 and 5. The basis
of their proposed aggregation mechanism is the linking of PVD molecules among them-
selves and then to HA chains. In this work, it was not expected that the NAcAlaNHMA
and NAcTyrNHMA dipeptides, having methylated ends, would form aggregates among
themselves. Rather, they are prone to binding to the carboxylate groups of hyaluronan.

From the magnitudes of the shifted N-H stretching and C-O-H bending vibrations,
we concluded that NAcTyrNHMA was bound to HA, since most of the water evaporated
from the film. These two hydrogen bonds could be of the N-H---O=C and CO, ™ ---H-O-C
types. Since, in gel 3, there were two NAcTyrNHMA molecules per disaccharide unit of
HA (Table 3), it is possible that one dipeptide molecule bound to the glucosamine carboxyl
group and the other to the glucuronic acid carboxylate group.

5. Conclusions

In this work, we conducted a comprehensive vibrational spectroscopic study—primarily
through Raman spectroscopy and supported by infrared measurements and atomic force
microscopy—of hydrogel systems composed of sodium hyaluronate and two chemically
blocked dipeptides: N-acetyl-L-alanine-methyl-amide (NAcAlaNHMA) and N-acetyl-
L-tyrosine-methyl-amide (NAcTyrNHMA). Our objective was to assess whether these
dipeptides interact specifically with the hyaluronan matrix or whether they coexist as
separate, non-interacting components within the gel structure. Our results show that
both dipeptides are readily miscible with hyaluronic acid, and their presence within the
hydrogel matrix does not inhibit the formation or stability of the gel, even at relatively low
concentrations of HA (~1-3.8 wt%). The Raman spectra of gels containing NAcAlaNHMA
revealed that its vibrational signature remained largely additive to that of pure hyaluronan,
indicating minimal-to-no specific interaction at the molecular level. In contrast, the behavior
of NAcTyrNHMA was markedly different.

Gels with a dipeptide-to-disaccharide molar ratio of 2:1 (specifically gel 3) exhibited
distinct shifts in key vibrational modes, most notably in the N-H stretching and C-O-H
bending regions of the spectrum, suggesting the formation of hydrogen bonds between the
dipeptide and the HA matrix. These spectral shifts were consistent with the hypothesis that
NAcTyrNHMA engages in specific binding interactions with the carboxyl and hydroxyl
groups present on the HA backbone. The data support a model where one dipeptide
molecule binds to the glucosamine carboxyl group and another to the glucuronic acid
carboxylate group, forming a stabilized complex within the gel network. This behavior
was not observed for NAcAlaNHMA, likely due to its simpler, less polar side chain, which
lacks the phenolic hydroxyl group of tyrosine that facilitates hydrogen bonding.
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The theoretical vibrational analyses of disaccharide units forming the repeating struc-
ture of HA provided valuable insight for spectral assignments and enhanced our ability
to discern overlapping bands. These computational results, when compared to the exper-
imental spectra, allowed us to disentangle complex vibrational features and confidently
assign shifts to specific interactions.

Atomic force microscopy further complemented these findings by revealing morpho-
logical differences in the microstructure of gels containing NAcTyrNHMA versus those
with NAcAlaNHMA or pure HA. The increased surface roughness and nanoscale pattern-
ing in the NAcTyrNHMA gels may be attributable to the interaction-induced restructuring
of the HA network.

This study has several implications. First, it highlights the critical role of dipeptide side
chains in determining the interaction dynamics within hydrogel matrices. The phenolic
hydroxyl group in tyrosine appears to be a key functional element for promoting HA-
dipeptide binding, whereas the alanine-based dipeptide does not exhibit such interactions.
Second, this work underscores the utility of Raman spectroscopy as a non-destructive,
sensitive technique for probing weak molecular interactions in complex soft matter sys-
tems. Lastly, the specific binding behavior observed with NAcTyrNHMA suggests that
such dipeptides may serve as tunable modifiers of HA hydrogels, offering a potential
route toward functionalization for targeted drug delivery, antibacterial coatings or tissue
engineering scaffolds.

In conclusion, while both dipeptides form physically stable gels with HA, only NAc-
TyrNHMA demonstrates spectroscopically evident binding to the polysaccharide matrix.
This binding likely involves hydrogen bonding via hydroxyl and amide groups, providing
a molecular basis for further studies on functionalizing HA-based materials with bioactive
or responsive peptides. Future work could expand upon these findings by examining
other dipeptides or peptides with varied side chain functionalities and by evaluating the
biological and mechanical consequences of such interactions in applied settings.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cryst15060559 /51, Table S1: Comparison of observed bands of
polycrystalline powder of N-acetyl-L-alanine-methyl-amide with vibrations calculated by CRYS-
TALQ9; Table S2: Comparison of observed bands of polycrystalline powder of N-acetyl-L-tyrosine-
methyl-amide and vibrations calculated using Gaussian16, scaled by factor 0.9497; Figure S1: Raman
spectra of NAcAlaNHMA gel 7 compared with spectrum of powder; Figure S2: Raman spectra of
NAcTyrNHMA gel 8 compared with powder spectrum; Supplementary Material—List of calculated
phonons of N-acetyl-L-alanine-methyl-amide, crystal structure with hydrogens of NAcAlaNHMA in
file LAANMA_H.cif.
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