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ABSTRACT: Fluorescence emission of proteins containing aromatic groups and conjugated bonds is generally associated with light
absorption in the ultraviolet range, around 185—320 nm. Photoluminescence in nonaromatic biopolymers, however, has also been
observed in amyloid-like structures and polymers derived from L-lysine and glycine. Here, we show, for the first time, that branched
polymers obtained through thermal copolymerization of two nonaromatic amino acids, L-lysine and L-glutamic acid, exhibit two-
color centers with relative absorptions in the visible range. Thermal homopolymerization of L-lysine or L-glutamic acid gives rise to
the formation of branched polyglutamic acid and polylysine with a single fluorescence emission peaking at around 450 nm. The
coreaction of the two amino acids produces instead a branched peptide-like polymer with a new emission centered at around 380
nm. The structures of the copolymers were studied by differential scanning calorimetry, in situ temperature-resolved FTIR, NMR,
and TEM spectroscopy techniques. The optical properties were investigated by UV—vis and fluorescence spectroscopy. The double
emission can be correlated with two different intramolecular charge transfer processes between the polymer backbone and the
oppositely charged moieties of the two precursor side chains, Lys and Glu, which are at the origin of near-UV fluorescence.

B INTRODUCTION glycine.” r-lysine, in particular, forms branched and hyper-
The formation of fluorescent polymers from nonaromatic branched structures via thermal polymerization. These
amino acids is a fascinating area of research that provides new polymers are chromophores and exhibit well-defined lifetime,
insights into the chemical physical phenomena of luminescent quantum yield, and correlated absorption—emission spectra.
nanomaterials.' > UV—vis (185—320 nm) absorption in This fluorescence emission is strictly correlated to the
proteins is a well-known phenomenon that is generally formation of branched and hyperbranched polymers from
attributed to the presence of aromatic amino acids, disulfide the amino acid. A closely packed structure in hyperbranched
bonds, or polyconjugate carbon bonds." More recently, polymers gives a more rigid conformation, while the
evidence has emerged that organic polymers synthesized constraints of the chains favor the interactions between nearby
from nonaromatic amino acids, such as 1-lysine, can also species through hydrogen bonding, promoting intramolecular

emit in the visible range.”® Absorption and fluorescence
beyond 250 nm in proteins, polypeptides, and branched
polymers derived from amino acids lacking polyconjugate or -
aromatic bonds have now good experimental evidence, even if Received:  September §, 2023 Illill?l‘tlllll]!lfl?lllﬂ&

a clear understanding of the luminescence origin is still Revised:  December 11, 2023 ™
lacking 7,8 Accepted: December 18, 2023
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charge transfer. The process can be used to obtain polymers

Our research group has experimentally demonstrated that
polymers with strong emission in the blue region can be
obtained from nonaromatic amino acids such as L-lysine” and
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with a high degree of branching that are also efficient emitters.
However, the possibility of synthesizing fluorescent polymers
from amino acids is still largely unexplored. An interesting
question is what the optical properties of polymers would be if
obtained by coreacting different types of amino acids. To
answer this question, we have synthesized branched polymers
by thermally coreacting two bifunctional amino acids, L-lysine
and L-glutamic acid, in different molar ratios with the purpose
of investigating whether any peculiar emission could be derived
by their mutual interactions.

L-Glutamic acid (Glu) is a nonessential amino acid
characterized by two carboxyl groups (@ and &) and one
amine group (Figure S1). In the solid state, the molecule
assumes the neutral zwitterionic structure,'® with the amine
group protonated and the a-carboxyl group deprotonated
(Scheme 1).

Scheme 1. Neutral and Zwitterionic Structures of L-
Glutamic Acid and L-Lysine
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L-Lysine (Lys) is a physiologically charged amino acid
bearing a carboxyl group, an a-amino group, and an aliphatic
side chain with a terminal amine (¢-amine) (Figure S1). In the
liquid state, Lys can be found in the anionic, cationic, or
zwitterionic form as a function of pH. At physiological
conditions, Lys assumes a zwitterionic form with protonated
amino and deprotonated carboxyl groups. In the solid state,
Lys is a neutral zwitterion'' (Scheme 1).

Thermal polymerization of a properly catalyzed simple
amino acid, such as L-lysine, has proven to be very effective in
producing fluorescent bioactive nanostructured polymers with
antiviral properties.’ L-Lysine follows specific polymerization
pathways due to the presence of the & and € amino groups
capable of forming branched and hyperbranched polymers
through thermal amidation with and without boric acid as the
catalyst.” On this basis, two different questions were addressed:
first, the possibility of pursuing an approach similar to Lys but
starting with an amino acid, L-glutamic acid, which is
characterized by a chemical feature opposite to Lys, owing to
the presence of an extra carboxylic group in addition to the
fundamental amino acid moiety, and second, the investigation
of the characteristics of new nanostructured materials obtained
by thermally coreacting nonaromatic amino acids. The results
show that the GluLys heteropolymers exhibit very peculiar
properties not detected in the Lys and Glu homopolymers.

B EXPERIMENTAL SECTION

Chemicals. L-Glutamic acid ((S)-aminopentanedioic acid) powder
(=299%, HO,CCH,CH,CH(NH,)CO,H) and v-lysine ((S)-2,6-
diaminocaproic acid) powder (crystallized, >98.0% (NT), H,N-
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(CH,),CH(NH,)CO,H) were purchased from Sigma-Aldrich, St.
Louis (MO). All chemicals were used without further purification.
Milli-Q water was used for the synthesis and analysis. The purification
was carried out using benzoylated membranes from dialysis tubing
(average flat width 32 mm, 1.27 inch, molecular weight cutoff = 2000
Da, Sigma-Aldrich, St. Louis, MO).

Material Synthesis. Poly-.-Glu (PGA) Homopolymer. L-Glutamic
acid (2g, 13.59 mmol) was placed in an oven using a ceramic crucible
as the container, heated at a heating rate of 10 °C min™" up to 240 °C,
left at the target temperature for 5 h, and allowed to cool down to 20
°C before any further treatment. The obtained brown-black solid was
dispersed in Milli-Q water, sonicated for 30 min, and then
centrifugated at 9000 rpm for 20 min. The supernatant was collected,
filtrated using a 0.4S pm syringe filter (Whatman Puradisc 30/0.45),
and dialyzed against Milli-Q water for 24 h using a dialysis tube,
replacing the water every 12 h. The resulting solution was then freeze-
dried for 24 h and lyophilized with a Lio SP device.

Poly-Lysine (Poly-Lys). L-Lysine (2g, 13.68 mmol) was synthesized
following the same procedure as that used for PGA.

Poly-1-Glu-1-Lys Heteropolymers (Glu—Lys). L-Glutamic acid and
L-lysine powders were mixed in a mortar in different molar ratios: 1:1
(1.006 g + 1.000 g, 6.84 mmol + 6.84 mmol), 2:1 (2.012 g + 1.000 g,
13.68 mmol + 6.84 mmol), 3:1 (3.018 g + 1.000 g, 20.52 mmol + 6.84
mmol), and 1:3 (1.006 g + 3.000 g, 6.84 mmol + 20.52 mmol). The
resulting mixture was then placed in a ceramic crucible and treated
following the same procedure as described for the synthesis of PGA
and Poly-Lys (vide supra). The yields of the thermal polymerization
are reported in Table S1 of the Supporting Information.

Material Characterization. A combined thermogravimetric
analysis—differential scanning calorimetry (TGA—DSC) analysis was
performed using an SDT Q600 (TA Instruments). All analyses were
performed under a N, inert atmosphere (flow rate 20 mL min™") at
temperatures up to 400 °C and a 10 °C min~" heating rate.

UV-—vis absorption spectra were recorded using a Nicolet
Evolution 300 UV—Vis spectrophotometer (Thermo Fisher) with a
bandwidth of 1.5 nm.

Fourier transform infrared (FTIR) spectroscopy analysis was
carried out using an infrared Vertex 70 interferometer (Bruker).
The FTIR absorption spectra were recorded in the 4000—400 cm™
range with a 4 cm™' resolution and 32 scans. The spectra were
acquired using a potassium bromide pellet (KBr, >99,5%, Fluka). In
situ FTIR spectra of sample powders dispersed in a potassium
bromide pellet (KBr, IR 99%, Sigma) were collected using an
electrical heating jacket in the transmission geometry (Specac). The
spectra were collected at temperatures from 25 °C with 10 °C heating
steps up to 240 °C. Data analysis was performed using Origin
software. Occasionally, spectra were corrected using Opus 6.5 and a
rubberband function for the baseline (2 iterations maximum) and 7
smoothing points.

Fluorescence spectroscopy measurements were performed on a
Horiba Jobin Yvon Fluoromax-3. 3D Photoluminescence (PL) maps
of aqueous solutions were recorded from 250 to 700 nm. The same
spectrofluorometer and identical parameter settings were used in all of
the analyses. Photoluminescence quantum yield (QY) measurements
were performed using the quanta ¢ (HORIBA) integrating sphere
accessory, attached to a “NanoLog” Horiba Jobin Yvon spectro-
fluorometer.

The photoluminescence quantum yield (QY%) was measured
using the quanta-¢ (HORIBA) integrating sphere attached to the
“NanoLog” Horiba Jobin Yvon spectrofluorometer. Measurements
were performed on aqueous solutions of the samples in the same
fused silica cuvette. Samples were excited with a wavelength
corresponding to their maximum excitation peak, and emissions
were typically recorded from 300 to 600 nm.

All NMR spectra were recorded on a Bruker Advance III
instrument at 400 MHz proton frequency using a Bruker multinuclear
BBFO plus 5 mm probe. NMR 1D 'H and "*C and 2D 'H-"*C
HSQC spectra were recorded at T = 298 K (Bruker BVT3200
temperature control unit) using JCH = 145 Hz. Deuterium oxide
(D,0 999 atom % D + tetramethylsilane (TMS, 0.05% v/v)),
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Figure 1. TGA—DSC profiles of L-glutamic acid (a), L-lysine (b), and Glu—Lys 1:1 (c) and the combined DSC normalized curves (d). The red

curves are the first derivatives of the weight loss.

Scheme 2. Dehydrocondensation Reaction of L-Glutamic Acid (Glu) to Form Pyroglutamic Acid (PyroGlu) and Subsequent
Branched Polymerization That Gives Polyglutamic Acid (PGA)
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purchased from Sigma-Aldrich, was used as the solvent. Samples were
dissolved in 0.6 mL of D,O and transferred to a S mL NMR sample
tube. TMS, used as the internal standard, was calibrated as 6 = 0.00

ppm.

Transmission electron microscopy (TEM) investigation was
performed by a JEM 1400 Plus TEM (Jeol Ltd., Japan) operating
at 80 kV. Prior to observations, the sample dispersions were sonicated,
dropped on a carbon-coated 200 mesh copper grid, and dried at 50
°C

X-ray diffraction (XRD) patterns of thin films were collected in
grazing-incidence geometry using a Bruker D8 Discover diffractom-
eter under irradiation with a Cu Ka; line (=1.54056 A); the X-ray
generator worked at a power of 40 kV and 40 mA. The patterns were
recorded in 20 ranging from 10 to 70° with a step size of 0.02 A.

B RESULTS

The present work has been triggered by the idea of
investigating the optical properties of copolymers obtained
through the thermal treatment of two nonaromatic amino acids
without specific catalysts, with the specific purpose of getting a
better understanding of the interplay between the functional
groups characterizing the polymer side chains and its influence
on the optical response. With this aim, L-glutamic acid was
selected as a natural counterpart of L-lysine, given the opposite
character of its side chain compared to L-lysine. Previous work
in our laboratory has shown that thermal polymerization of L-
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lysine, a fluorescent nonaromatic amino acid, characterized by
the presence of a charged amino-propyl side chain, produces a
hyperbranched polymer characterized by a single fluorescent
blue emission.” Different from L-Lys, the L-Glu monomer
shows a very weak fluorescent emission in the solid state but
none in solution.

Since heat treatment plays a critical role in determining the
thermal growth of the polymers and thus the final structure of
the material, TGA—DSC analysis and in situ temperature-
dependent FTIR spectroscopy have been used to optimize the
synthesis process. The TGA—DSC analysis performed under a
nitrogen atmosphere points out the changes occurring in the
amino acid structures during the thermal treatment. The two
amino acids independently, Lys and Glu, and an equimolar
combination of the two, Glu—Lys 1:1, were studied (Figure 1).

Figure la shows the TGA—DSC profile of Glu as a function
of the temperature up to 400 °C. The curves have a good
correspondence to those reported in a previous work."
Between 200 and 220 °C, Glu shows an initial weight decrease
of about 12%, corresponding to the loss of one water molecule
per Glu unit and close to the theoretical value of 12.24%. After
a small plateau, most of the weight loss, ~52%, occurs from
220 to 320 °C, and it is due to the intermolecular amidation
and consequent formation of polyglutamic acid (PGA). The

https://doi.org/10.1021/acs.macromol.3c01825
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Figure 2. FTIR absorption spectra in the 1800—1300 cm™" interval of L-glutamic acid (Glu) and L-lysine (Lys) in the crystalline state.

sharp endothermal event peaking at 206 °C results from a
combination of melting and dehydration—transformation
reactions.'”'* Two possible reactions have been associated
with the thermal event at 206 °C and the loss of one molecule
of H,O per Glu unit: intramolecular dehydrocyclization that
leads to the formation of pyroglutamic acid (PyroGlu) and a
polymerization reaction to give polyglutamic acid (PGA)
(Scheme 2).

The reaction that occurs between the amino group and the
carboxylic moiety on the side chain forms an internal amide (a
lactam), pyroglutamic acid, which is an intermediate step
toward the formation of polyglutamic acid (PGA) whose rate
of formation strictly dipe_nds on the heating conditions
(temperature and time).' "

The experiments have shown that the transformation from
Glu to PGA occurs in 24 h at 150 °C. However, increasing the
temperature to 170° reduces the transformation time to 3 h."?
In our experimental conditions, the transformation to PGA
goes to completion by heating Glu for S h in air at 240 °C. It
should be underlined, however, that pyroglutamic acid may act
both as an activating species (initiator) that promotes
polymerization and as a proper monomer that is involved in
chain growth. Thanks to this dual function, PyroGlu can play
this double role also during copolymerization with other amino
acids,"*'®"” and it can take the designation of “inomer”
(initiator + monomer).

Between 220 and 350 °C, the TGA profile indicates the loss
of about half of the total weight, while the DSC curve shows
two small endothermic events peaking at 280 and 330 °C.
These events are evidenced by the first derivative of the weight
loss curve, which shows two peaks in correspondence with
these same events. These findings can be correlated with the
formation of polyglutamic acid (PGA) through a polyconden-
sation reaction that starts predominantly at temperatures
higher than 220 °C. In general, thermal-induced trans-
formations of Glu in the 140—220 °C range are the result of
a complex interplay of melting, dehydration, and structural
reorganizations.

Figure 1b shows the TGA—DSC profiles of Lys. The first
significant endothermic event peaks at 76 °C and is followed
by a second one, which has a smaller intensity, peaking at 100
°C. Both events can be correlated to the loss of adsorbed water
(about 5% wei§ht loss corresponding to 0.5 mol water) during
dehydration.""” The main endothermic event peaks at 236 °C
and overlaps with another endothermic process at 228 °C,
which is detected as a shoulder. The combined events account
for a weight loss of about 34%. The first thermal event at 228
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°C is due to the melting of Lys, whose melting temperature is,
in fact, 224.5 °C. The second one at 236 °C is associated with
the intermolecular amidation between amino acid moieties,
which is responsible for the formation of polymers with
different degrees of branching.'> At temperatures higher than
300 °C, carbonization takes place. Figure 1c shows the TGA—
DSC profiles of Glu—Lys in a 1:1 ratio mixture. The TGA—
DSC curves show that the thermal reactions of Glu and Lys
follow the following sequence: melting of Glu, formation of
pyroglutamic acid (intramolecular amidation), melting of Lys,
and polymerization of Glu and Lys (intermolecular amidation)
(Figure 1d).

To further clarify the structural transformations induced by
the thermal treatments, we have performed FTIR and NMR
analyses.

Figure 2a shows the FTIR absorption spectrum in the
1800—1300 cm™' range of Glu and Lys powders in the
crystalline state. They have been used as a reference to monitor
the change in the amino acid structure during the thermal
treatment. This infrared region has a specific importance
because it falls within the amide I and II regions and allows
identifying the structure of the molecule. The full spectra are
shown in Figure S1, and the attribution of the vibrational
modes is listed in Tables S1 and $2.°97%*

The FTIR spectrum shows that Glu in the solid state is
present as neutral zwitterionic molecules, which crystallize in
orthorhombic structures. The hydrogen bonds between the
carboxylate and carboxylic groups (O—H---O) and between
the ammonium group and an oxygen atom in the carboxylic or
carboxylate group stabilize the crystalline structure. The
detection of in-plane bending modes of protonated amines,
NH,*, at 1664 cm™, §,, and 1613 cm™, §,, and the stretching
modes of the deprotonated carboxylic groups, —COO~, at
1516 cm™, v, symmetric, and 1419 cm™, v, antisymmetric,
well supports the attribution'’ (Figure 2). The FTIR
absorption spectrum of Lys also indicates the formation of a
crystalline structure by molecules in the zwitterionic state in
the precursor powder such as Glu. The zwitterionic nature is
supported by the detection of NH;", at 1633 cm™ (shoulder),
0,y and the stretching modes of the deprotonated carboxylic
groups, —COO7, at 1568 cm™} V,, and 1407 cm™}, Vg

The change in structure with temperature has been followed
in situ through infrared spectroscopy by heating the precursor
crystalline powders of the two amino acids, Glu and Lys. The
reactivity of the two precursors, Glu and Lys, is directly
dependent on the heating conditions (temperature and time),
and thus, it is important to understand how the thermal

https://doi.org/10.1021/acs.macromol.3c01825
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Figure 3. FTIR absorption spectra of Glu (a), Lys (b), and a mixture of Lys and Glu (Glu—Lys 1:1 molar ratio) (c) in the 1800—1300 cm™" range.
The spectra have been recorded in situ as a function of the temperature from 25 up to 240 °C in air with a step size of 10 °C from 100 °C.
Corresponding 3D maps (x, wavenumber; y, absorbance; z, false color scale intensity) for Glu (d), Lys (e), and Glu—Lys (f). The arrows are used
to indicate the response of the band to the increase of temperature. The arrows pointing upward show the bands whose intensities increase with the
temperature and vice versa.
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Figure 4. "H—"3C NMR HSQC spectrum of Glu—Lys 1:1 in D,0. The Greek letters indicate the position of the hydrogens on the amino acid
chain with respect to the main amino-carboxylic moiety (a-CH). Prefixes Br and Lin indicate the branched and linear nature of the moieties,
respectively.

treatment affects copolymerization. The in situ analysis gives (c) in the 1800—1300 cm™' range in 3D FTIR maps. The
direct information about the structural changes during thermal spectra have been recorded in situ as a function of the
processing. For this purpose, the two amino acids alone, used temperature from 25 up to 240 °C in air with a step size of 10

as a reference, and the Glu—Lys 1:1 mixture have been
analyzed as a function of temperature to identify when peculiar
reactions may occur between the two monomers.

Figure 3 shows the FTIR absorption spectra of Glu (a), Lys temperature (upward for the increase and downward for the
(b), and a mixture of Lys and Glu (Glu—Lys 1:1 molar ratio) decrease).

°C from 100 °C. The directions of the arrows are used to

indicate the response of the bands to the increase of
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Figure S. Bright-field Images of GluLys polymers at 1:1 (a) and GluLys 2:1 (b) ratios. The statistics on the size of the nanoparticles with the

normal log trend are shown in the insets.

The sequential spectra as a function of temperature (Figure
3a—c), together with the 3D maps (Figure 3d—f), show the
clear occurrence of an amidation reaction in all of the samples.
The amidation reaction is marked in the 3D maps by the quick
rise of the amide I and amide II bands at around 1700 and
1570 cm™!, respectively. The infrared spectra show that the
amidation reaction occurs in a limited range of temperatures
with a sudden change in the curve/color profiles. This
temperature, however, varies in the three samples. In Glu,
the intramolecular amidation starts at 190 °C and ends at 210
°C. This finding is in perfect agreement with what is observed
in the TGA—DSC curves, which show that, in Glu, intra- and
intermolecular amidations, ascribed to PyroGlu and PGA,
respectively, span from 190 to 230 °C. In the case of Lys,
however, amidation takes place at higher temperatures, starting
at 210 °C and ending at about 260 °C, beyond the
experimental capabilities of the apparatus that can perform
analyses only up to 240 °C.

Copolymerization of Glu and Lys shows a pattern that
appears like a combination of two single profiles with some
distinctions. The monomer reaction starts with the intra-
molecular amidation of Glu into PyroGlu at temperatures as
low as 150 °C and proceeds with the reaction between amines
and carboxyl groups, which results in oligomer formation and
polymerization (intermolecular amidation). The whole process
moves gradually toward full polymerization, but it seems to
end at lower temperatures. This could be, most probably, due
to the Lys monomer that starts reacting at temperatures lower
than its melting point because it is well dispersed into the as-
formed viscous PyroGlu.

In Glu (Figure 3a), the carbonyl C=0 stretching vibrations
from carboxylate (1643 cm™') to free acids or amide I
(COOH, 1701 cm™) and polyanhydride (1737 cm™) are
observed.”* At temperatures higher than 220 °C, PGA begins
to form.”® The formation of the peptide bonds is more evident
in Figure 3¢, where the signal attributed to NH bending of the
free amine (1514 cm™) is displaced to form the amide II band
(1529 cm™'). Moreover, the antisymmetric stretching of
carboxylate (1581 cm™") progressively decreases in intensity
as the temperature increases due to the amidation reaction,
while the signals at 1684, 1743, and 1776 cm™! increase from
150 °C onward. These bands are attributed to the free C=0
stretching of amide I. The 3D map in Figure 3f illustrates this
transformation effectively, which is evidenced by the red stripe
in the false color scale centered at 1581 cm™' fading
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progressively out in favor of another intense red stripe
centered at 1683 cm™.

After the thermal treatment, both PGA and Glu—Lys 1:1
polymers underwent several steps of purification, in particular
dialysis against water, to remove some of the hydrolyzable
byproducts together with occasional unreacted precursors, as
evidenced from the change of the FTIR signal profiles of the
samples (see Figure S2).

The nature of the polymers was also characterized by 'H
NMR, C NMR, and 'H-'*C NMR bidimensional hetero-
nuclear correlation (HSQC) (Figure 4). The 'H NMR
spectrum of the L-glutamic acid monomer in D,0O (Figure
S3), taken as a reference, shows the a-CH (t, 'H, 3.80 ppm, J
= 6.4 Hz), f-CH, (td, 2H, 2.54 ppm, J; = ], = ), and y-CH,
(m, 2H, 2.14 ppm) chemical shifts. As a reference for L-lysine
"H NMR, we have used the spectrum published in a recent
work from our group.6 The '"H NMR spectrum of PGA (see
Figure S4) is characterized by a great number of overlapped
signals spanning from 2.92 to 1.97 ppm, which can be
attributed to f-CH, and y-CH, signals of the PGA backbone
derived from different branching pathways, given its AB,
monomer nature. A specific attribution is not straightforward
because two carboxylic groups and one amino group can form
not only linear and branched peptide-like structures but also
mixtures of both. The signals at 4.40 and 4.17 ppm can be
attributed to the a-CH proton being involved in branched and
linear moieties. Figure S5 shows the 'H NMR spectrum of the
polymer obtained by copolymerization of an equimolar
amount of Glu and Lys (Glu—Lys 1:1) in the region 1.00—
5.00 ppm, although a clear assignment is hampered by the
simultaneous presence of different species whose signals are
overlapped.

Given the problems encountered in analyzing the 1D NMR
spectrum, the structure of the GluLys heteropolymer was
studied by a 'H-"C NMR HSQC bidimensional hetero-
nuclear correlation (Figure 4). Despite the low resolution of
the spectrum, especially the carbon, mostly due to the great
number of cross reactions that can occur between AB, (Glu)
and A,B (Lys) monomers, it is possible to make a tentative
attribution of the signals with the support of similar structures
reported in the literature.”® Starting from the low field, we can
attribute the couple of paired signals at 4.11—59.76 and 4.02—
59.76 ppm to the branched and linear @-CH of Lys and those
at 3.94—57.02 and 3.90—57.02 ppm to the a-CH of Glu. The
couple of paired signals at 2.96—41.76 and 2.74—41.75 ppm
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can be clearly assigned, respectively, to the branched and linear
g-Lys. Since the methylene protons of Glu rarely shift to values
lower than 2 ppm, the signals at 2.16-31.98 can be attributed to
7-Glu, while the $-Glu methylene group exhibited two different
signals: 2.27—28.06 and 1.77—28.06. The remaining signals
can be attributed to the Lys side chain: §-Lys (1.28—30.80
ppm), 7-Lys (1.06—22.98 ppm), and &-Lys (1.57—35.50 ppm).
The NMR data clearly indicate that the Glu—Lys copolymer
has a branched nature.

XRD analyses were performed on the GluLys 1:1 sample
obtained with three different thermal treatments (180, 220,
and 240 °C) (Figure S6a) and on GluLys 1:1 and 2:1 polymers
obtained at 240 °C (Figure S6b) to assess the crystalline
nature of the polymers. As expected, all of the samples were
characterized by a single broad signal centered at 20 = 20.2°,
distinctive of amorphous carbon-based polymeric materials.””
The XRD amorphous patterns, together with the absence of
aromatic signals in the NMR analysis, lead to the conclusion
that the fluorescence emission of our samples (see below)
cannot be ascribed to the presence of some graphitic core, but
it needs to be explained through different emission pathways.

The morphology of the polymers was studied through
transmission electron microscopy (TEM). Figure S shows the
bright-field representative images of the GluLys 1:1 (a) and
GluLys 2:1 (b) samples with the related size distribution in the
insets.

The sample obtained with an equimolar amount of Glu and
Lys is characterized by spheroidal nanoparticles with a rugged
surface, whose average size is 110 nm, while the sample
achieved with a Glu:Lys molar ratio of 2:1 features a similar
shape but an average size of 30 nm. In both cases, it is possible
to indicate the tendency of the particles to aggregate in clusters
despite the ultrasonication treatment they underwent before
deposition and analysis. Due to technical issues related to the
chemical nature of the sample, it was not possible to acquire an
accurate bright-field image of PGA (Figure S7). In fact, after
casting the PGA dispersion in water onto the carbon-coated
copper grid, the material formed a homogeneous layer that
cracked while drying.

The optical properties of Lys homopolymers obtained
through a solventless thermal procedure, and in particular
the photoluminescence (PL), have been largely investigated by
our group, with and without the support of boric acid as an
amidation catalyst.z’6 Moreover, these properties have also
been explored on homopolymers achieved through a hydro-
thermal procedure by controlling the protonation state of
Lys."" The present work aimed instead at investigating the PL
properties of heteropolymers obtained by coupling different
molar ratios of Lys with another biologically very important
AB, amino acid, Glu, which, as mentioned above, is somehow
the counterpart of Lys. After the synthesis, we compared the
optical properties of the Glu—Lys heteropolymer with those of
the two separated homopolymers: hyperbranched polylysine
(PolyLys)* and polyglutamic acid (PGA). Figure 6 shows the
UV—vis absorption spectra in the 200—500 nm region of the
two monomers, Glu and Lys, the PGA polymer, and the
heteropolymer obtained by polymerizing Glu—Lys in a 1:1
ratio. The absorption profile indicates that Glu does not have
any appreciable absorption compared to the Lys monomer,
which instead exhibits a weak broad absorption band peaking
at around 280 nm. In PGA, the absorption band is red-shifted
to 300 nm, while the Glu—Lys 1:1 polymer displays a well-
defined band centered at 330 nm. Both absorption bands can
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Figure 6. Optical absorption (UV—vis) spectra of L-glutamic acid
(Glu), polyglutamic acid (PGA) homopolymer, glutamic acid:lysine
(GluLys 1:1) copolymer, L-lysine (Lys), and polylysine (PolyLys)
homopolymer in aqueous solutions.

be correlated to n—z* transitions due to the abundance of C=
O groups involved in peptide bonds.

The photoluminescence (PL) of the different polymers was
mapped by 3D emission—excitation—intensity graphs (Figure
7), which revealed a surprisingly different behavior of the Glu—
Lys heteropolymer with respect to both the homopolymers
generated by the single monomers, PGA and Poly-Lys. The 3D
PL map of a 0.034 M aqueous solution of the Glu monomer
(Figure 7c) has been added as a reference. It shows that, in
solution, Glu is not fluorescent, although we have exper-
imentally verified that it exhibits a very weak fluorescence in
the solid state. The 3D PL map of a 0.1 M aqueous solution of
the Lys monomer (Figure 7f) shows instead, as expected, a
weak emission.

Homopolymers PGA and Poly-Lys present a single distinct
emission in the blue region. PGA (Figure 7a) emits at around
435 nm when excited at 365 nm; Poly-Lys (Figure 7e) emits at
460 nm when excited at 350 nm. Surprisingly, thermal
copolymerization of Glu and Lys produces two centers of
excitation-dependent fluorescence (Figure 7d). One lies in the
same range of excitation—emission wavelengths of the
homopolymers (emitting at 450 nm when excited at 380
nm), while the new one has a emission maximum at about 390
nm when excited at 330 nm. The latter excitation can be easily
correlated with the absorption associated with the n—n*
transition that appeared in the UV—vis spectrum of Glu—Lys
1:1 (see Figure 6). Scheme 3 shows a drawing of possible
structures of 1:1 PGA, PolyLys, and Glu—Lys 1:1.

To rule out the possibility that the emission at 390 nm
originated from the interaction of a mixture of two discrete
homopolymers, PGA and PolyLys, we acquired a 3D PL map
of an aqueous solution obtained by mixing an equal amount
(0.03 mg mL™") of the two homopolymers. The resulting 3D
map (Figure 7b) shows only a single fluorescent emission
associated with the homopolymers and thus clearly highlights
that the aforementioned emission cannot be originated by
simple interactions occurring between the two discrete
homopolymers. Moreover, to make sure that this emission is
a peculiar property of the GluLys copolymers, an additional
experiment was performed by mixing the PGA polymer (0.03
mg mL™') with two different concentrations of the Lys
monomer: 0.1 M (Figure S8¢c) and 1 M (Figure S8d). In both
cases, the 3D PL maps indicated the presence of a single
fluorescent emission centered at 450 nm with a stronger
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emission at higher concentrations of the Lys monomer. After The 3D PL maps of Figure 8a—d show how the excitation-
establishing a necessary relationship of the dual emission with dependent fluorescence of 1:1 Glu—Lys changes as a function

of the polymerization temperature. The treatment at 140 °C
produces only the broad single emission typical of the
homopolymers, although still weak. After increasing the
temperature to 180 °C, the dual fluorescence is still in its
embryonic stage but with a broader extension. However, it

the GluLys copolymer, attention has been drawn to develop a
possible correlation with the heating process. To understand
how thermal treatment could affect the origin of this double
emission, Glu and Lys were polymerized in a 1:1 ratio for 5 h

at increasing temperatures: 140, 180, 220, and 240 °C. The starts to be envisaged at 220 °C, and it can be clearly detected
optical properties of the resulting polymers were characterized only at 240 °C. A similar trend can be found in the UV—vis
by UV-—vis absorption spectra and 3D photoluminescence absorption spectra (Figure 8e). The absorption band centered
maps (Figure 8). at 330 nm (vide supra) slowly increases in intensity as a
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Figure 9. Excitation (y)—emission (x)—intensity (z) 3D fluorescence maps of PGA (a), Glu—Lys 1:1 (b), Glu—Lys 2:1 (c), Glu—Lys 3:1 (d), and
Glu—Lys 1:3 (e) and change of the peak intensity ratio of the two emission centers (4., = 330 nm and A, = 450 nm) (f).

function of the temperature, becoming a distinct band at 240 is why the intensity of the emission is strictly correlated to the
°C. This temperature is linked with the polymerization of Lys, polymerization that, on turn, is controlled by the temperature
which occurs at a later stage with respect to Glu. In the present of the treatment. Figure 8f shows the first derivative curves of
case, the formation of a highly interconnected and branched the absorption spectra. They reveal the presence of four bands
polymer appears as a condition for the rise of the emission at around 266, 309, 350—370, and 450 nm. The first one is
through energy charge transfer between close side chains. This assigned to m—z* transitions and does not emit; the 309 and
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350—370 nm bands are due to n—z* transitions and correlated
to the first and second emission centers, respectively. The last
one is observed only in the sample treated at 240 °C and is not
emissive. Interestingly, the Stokes shift in the lower energy
band is at around 4500 and 4100 cm™" for the higher-energy
emission in the near-UV region. The similar Stokes shift
suggests that the emission mechanism could have a similar
origin.

Figure 8 shows that thermal copolymerization of the two
amino acids induces the formation of two-color centers. The
origin of the emission is thus connected to the polymer
structure resulting from the amide reactions that lead to an
interconnected structure of Glu and Lys. The thermal
homopolymerization process in Glu and Lys creates similar
blue-emitting color centers, as shown in Figure 7a,e. Therefore,
the origin of such fluorescence should be similar and favored
by the branching process during polymerization. In previous
work,” we attributed the emission of hyperbranched polylysine
to the inhibition, from the polymeric network, of nonradiative
recombinations induced by molecular motions. Intramolecular
hydrogen bonding promotes intermolecular interaction and
causes specific emission upon thermal polymerization and
formation of branched structures. This mechanism, which
explains the blue emission in Poly-Lys, can also be adopted to
describe the blue emission in PGA. However, the origin of the
intense emission at smaller wavelengths detected in the
copolymer has a different root.

The effect of the copolymerization of Glu and Lys on the
fluorescence emission was investigated by preparing various
heteropolymers characterized by different molar ratios of the
two precursors spanning from 3:1 to 1:3. Figure 9 shows the
excitation (y)—emission (x)—intensity (z) 3D fluorescence
maps of PGA (Figure 9a) and GluLys polymers in different
molar ratios: 3:1 (b), 2:1 (c), 1:1 (d), and 1:3 (e). The false
color scale of each 3D map was chosen to emphasize the
relative intensities of the two emission centers.

Figure 9f shows the intensity ratios of the two emission
peaks (upon excitation at 330 and 380 nm) for each molar
ratio. PGA is reported as a reference and, as discussed before,
shows only one component emission at higher wavelengths as
well as thermally polymerized Lys (Figure 7e). This
component is therefore connected to the formation of the
branched Glu and Lys homopolymers. Figure 9f clarifies how
the relative intensity of the two emission bands changes in
accordance with the relative molar ratio (see also Figure S9).
Interestingly, in the intermediate compositions, Glu—Lys 2:1
and Glu—Lys 1:1, the components have a similar emission
intensity, while at the two extremes, Glu—Lys 3:1 and Glu—Lys
1:3, the intensity of the components at longer wavelengths
increases. The excess of either Lys or Glu induces a larger
emission of the component, which is observed in the
homopolymers. This finding indicates that the second emission
center is strictly correlated with a tight interaction between Glu
and Lys backbones.

The quantum yields (QYs) of the PGA and GluLys
polymers were measured for both fluorescent emissions, and
the results are reported in Table 1.

Although the QYs reported in Table 1 do not indicate a
clear correlation between the polymer QYs and molar ratios of
the two precursors, we can try to make some kind of
correlation by looking at the values for the emission at 450 nm.
In fact, the QY seems to decrease by reducing the amount of
Glu from 5.01% (PGA) to 3.00% (GluLys 2:1) but greatly
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Table 1. Quantum Yields (QYs) for the PGA Polymer Single
Emission and Glu—Lys Heteropolymers in the Molar Ratios
of 3:1, 2:1, and 1:1

sample Aem = 380 nm Aem = 450 nm
PGA 5.01
Glu—Lys 3:1 4.93 4.88
Glu—Lys 2:1 3.11 3.00
Glu—Lys 1:1 3.03 9.12

increases for GluLys 1:1, reaching 9.12%. Interestingly, this
value is higher than that obtained in our previous work for the
hyperbranched polylysine (7.4%),” suggesting that thermal
copolymerization of the two precursors gives rise to a more
efficient system compared to their homopolymers. In the case
of the fluorescence emission at 380 nm, it is not possible to
make a direct comparison of QY with samples other than those
we have prepared. The study of the fluorescent QY of
hyperbranched polymers obtained via thermal polymerization,
to the best of our knowledge, is not very common.
Nevertheless, also for this emission, it is possible to evidence
that an increase in the Lys monomer produces a slight decrease
of the QY efficiency (from 4.93 to 3.03%). Curiously, the
GluLys 1:1 sample displays the higher gap between the two

QYs.
Bl DISCUSSION

The formation of two emission centers in the Glu—Lys
copolymers is quite surprising even if blue-green fluorescent
emissions of nonaromatic species has been observed in
different biopolymers, which are mostly characterized by
amyloid-like structures.”” These structures show an optical
absorption in the near-UV range and a correlated fluorescence
due to n — #* transitions involving a great number of carbonyl
moieties of the amide groups. Usually, photoexcitation
stimulates a charge transfer from a donor to an acceptor
group where a charge recombination results in a fluorescent
emission. Occasionally, charge transfer could involve an
intermediate species that mediates the transfer before
recombination occurs. This mechanism can be of two types,
depending upon the abundance of specific functional groups,
and they can be explained by two different molecular routes."”
The first involves the amide groups of the peptide backbone
that can act as both a donor and an acceptor depending on the
packing structure. The supramolecular assembly of the amino
acids in fact greatly affects the optical properties of the
resulting polymers. Moreover, this mechanism can be
strengthened by the presence of positively charged species
such as ammonium moieties. This molecular path is
characterized by optical absorption in the 340—400 nm
range, and it leads to emission in the 440—530 nm interval.
To the best of our knowledge, the first example of this
emission in a synthetic proteinoid was reported by our group
while studying the fluorescent emission of hyperbranched
polylysine obtained through thermal polymerization with® and
without” the support of boric acid as the catalyst. In this case,
the excitation-dependent emission of the L-lysine monomer
that at high concentrations becomes weakly fluorescent (4, =
415 nm),” exhibiting a stronger blue emission at 450 nm once
converted into a hyperbranched polymer.

Scheme 4 (Bottom) shows the molecular pathways through
which donor amide groups of the hyperbranched polylysine
underwent photoexcitation, transferring a charge to nearby
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Scheme 4. Molecular Pathways of Photoexcitation, Photoinduced Charge Transfer, and Charge Recombination in
Polyglutamic Acid (Top) and Hyperbranched Polylysine (Bottom)
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ammonium groups. These groups, in turn, induced a charge
recombination onto a neighboring amide acceptor, thus giving
rise to the single blue emission. This result agrees with the
electronic structure calculations performed by Prasad et al,
who demonstrated that the charge transfer involves the Lys
backbone and its ammonium residues.’’ These positively
charged moieties make available unoccupied molecular
orbitals, thus populating the amino groups with charge
acceptor states.

A similar molecular route can also be hypothesized in the
case of the PGA polymer synthesized in the present work, with
a significant difference in the presence of an excess of
carboxylate groups that can act as a charge donor upon
irradiation. The PGA homopolymer structure shows optical
absorption below 320 nm, which can be related to a n — 7*
transition (Figure 8e). The maximum of fluorescent emission
of PGA can be obtained by exciting the polymer at 365 nm,
which corresponds to a single maximum at 435 nm. This result
can be thus explained by a mechanism similar to that
accountable for the hyperbranched polylysine emission and
that involves mainly the peptide backbone assembly. However,
a significant difference lies in the groups capable of triggering
the fluorescent emission since the negatively charged
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carboxylate moieties, characterizing the PGA polymer, are
electron-rich groups with occupied molecular orbitals.

Xhang et al. supposed that the origin of fluorescence in PGA
should be attributed to the chromophore character of the n —
7* transition of the amide bond with some contribution from
the intermolecular interactions, such as intramolecular hydro-
gen boncling.32 This hypothesis is, however, in contradiction
with the optical response of the L-lysine monomer, which
shows a concentration-dependent fluorescence in solution with
an emission peaking at 440 nm without the need for amide
bonds.”® Intermolecular interactions and not the amide bonds
should therefore be the main source of fluorescence even in
branched polymers from Lys and Glu amino acids. On the
other hand, the in situ analysis by FTIR and the 3D
fluorescence maps recorded for samples treated at different
temperatures show that the 450 nm fluorescence increases
before the amidation reaction starts (Figure 3). This
fluorescence is due to charge transfer mechanisms similar to
those observed for Lys at high concentrations. The amount of
amidic bonds governs the polymerization stage when the close
packing of the chains favors the photoactivated charge transfer.

Scheme 4 (Top) illustrates how the photoexcited carbox-
ylate groups can transfer a charge to an amide acceptor, which
in turn transfers its charge to another acceptor amide through a
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Scheme 5. Molecular Pathways of Photoexcitation, Photoinduced Charge Transfer, and Charge Recombination in Glu—Lys
1:1 Polymer: Molecular Pathway of the Charge Transfer Accountable for the Blue Emission (450 nm) (a) and Charge Transfer
Mechanism between Oppositely Charged Moieties That Explains the Emission in the Near-UV (390 nm) Region (b)
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charge recombination path.’’ Some differences between the
optical properties of PGA and hyperbranched polylysine,
besides the opposite charges, must be found in the shorter side
chain length of Glu and the presence of lone pairs onto its
carboxylate residues. According to data from the literature,
charge transfer occurs often in Lys- and Glu-rich proteins. Our
research team also noticed this property in branched polymers
made by thermally copolymerizing the two amino acids.
Moreover, the present study of heteropolymers obtained by
combining two amino acids in different molar ratios afforded
valuable insights into the origin of excitation-dependent
emission provided by the combination of these two residues.
This finding confirms some of the conclusions obtained by
other groups on the properties of nonaromatic polypeptide
rich in Glu and Lys residues. In particular, we have discovered
that thermal copolymerization of Glu and Lys monomers
forms a heteropolymer featuring two fluorescent emissions.
The first emission, centered at around 450 nm when excited at
380 nm, substantially overlaps with the emission of Lys and
Glu homopolymers (see Figure 6). The 450 nm emission can
be correlated with the photoinduced charge transfer from the
carboxylate moieties to the amide backbone (Glu—COO~™ —
backbone) or from the amide backbone to the ammonium and
back to the backbone (backbone — Lys—NH;" — backbone).
The second emission, centered at around 390 nm when excited
at 330 nm, has a different origin, which can be explained
through different molecular routes already supposed to work in
monomeric proteins™ rich in Glu and Lys residues.” Kumar et
al. assumed that this peculiar emission should be correlated
with the formation of strong salt bridges between oppositely
charged residues, such as Lys and Glu, which are capable of
photoinduced charge transfer.”” This led to the conclusion that
the emission was starkly correlated with paired ionized residues
in close spatial proximity. Pinotsi et al. explained the origin of
this fluorescence emission through the formation of a strong
hydrogen bond (SHB) between the N-termini or C-termini of
peptides.’* The proton transfer, in fact, lowers the excitation
energy levels, shifting the absorption toward the UV range.
Both hypotheses could support the emission shown by our
polymers since both can explain the strong interaction arising
from the pairing of Lys and Glu residues.

Scheme S summarizes the possible charge transfer
accountable for the origin of both emissions shown by Glu—
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Lys heteropolymers. In fact, the emission centered at around
450 nm and correlated to the amide backbone can be
explained through the mechanism already discussed above for
the Glu and Lys homopolymers (vide supra) and schematized
in pitch (a). A photoexcited amide group acts as a donor,
transferring a charge to an ammonium residue that, in turn,
transfers its charge to an acceptor amide. The final charge
recombination produced fluorescent blue emission (450 nm).
The emission in the near-UV region (centered at around 390
nm) can be explained with the hypothesis that the strong
interaction between the oppositely charged residues produces a
neutral moiety, given by the formation of a salt bridge that
restricts the spectral range in which the charge transfer occurs.
Pitch (b) of Scheme § clarifies the mechanism associated with
salt bridge formation. The photoinduced charge transfer from a
carboxylate to an ammonium group is made easier by the close
acceptor—donor spatial proximity. The first charge transfer is
followed by a charge recombination from the ammonium to an
amide backbone acceptor, which is associated with the near-
UV fluorescence emission (see Figure 9).

It is noteworthy that, to the best of our knowledge, the Glu—
Lys polymers of the present work are the first examples of
proteinoids exhibiting nonaromatic fluorescence obtained
through thermal polymerization. The polymers feature dual
emission fluorescence in the near-UV (390 nm) and blue (450
nm) ranges, whose intensity can be controlled by the relative
molar ratio of the precursor monomers, Glu and Lys.

B CONCLUSIONS

Polypeptide-like branched polymeric structures have been
synthesized via the thermal treatment of L-lysine and L-
glutamic acid. Thermal polymerization produces branched
polymers whose close packing between the chains favors
intramolecular charge transfer. The polymers exhibit two-color
centers with emissions peaking at around 380 and 450 nm.
The relative homopolymers, polyglutamic acid and polylysine,
exhibit, upon thermal polymerization, only one emission at 450
nm. The second emission is observed only when the two
amino acids are copolymerized. The polymerization kinetics
and, thus, the incorporation and abundance of the precursors
into the final polymers affect their spatial conformation, which
is starkly correlated to the relative molar ratios of the two
precursors. The structural characterization has shown that the
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increase of fluorescence is strictly correlated with the mutual
spatial proximity of oppositely charged moieties, which favors
charge transfer between the side chains of the precursor amino
acids.
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