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Thermal Induced Polymerization of l-Lysine forms Branched
Particles with Blue Fluorescence

Luigi Stagi, Luca Malfatti, Francesca Caboi, and Plinio Innocenzi*

The polycondensation of amino acids can originate complex polymers that
display fascinating structural and optical properties. Thermally induced
amidation of l-lysine allows forming a branched polymer without the support
of any catalyst. The polycondensation is completed at 240–250 °C; at higher
temperatures, the amino acid degrades. The obtained polylysine particles
have been studied by transmission electron microscopy (TEM), nuclear
magnetic resonance, and infrared spectroscopy that allow for investigating
the different steps of the synthesis. The resulting structure is characterized by
peculiar optical properties, e.g., excitation-dependent blue fluorescence and
good quantum efficiency. Hydrogen bonds and the interactions of the amino
acids are considered responsible for the optical properties of both l-lysine
monomer solutions at high concentrations and the branched nanopolymers.

1. Introduction

Polycondensation of l-lysine, an asymmetrical AB2 type amino
acid, can produce different types of polymeric structures [1]; poly-
merization through the amine in 𝛼 or 𝜖 position, in particu-
lar, give 𝛼-poly-l-lysine or 𝜖-poly-lysine polymers, respectively. l-
lysine dendrimers,[2,3] which are perfect macromolecules with
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a regular and highly branched 3-
dimensional structure have been also
synthesized.[4] The dendrimers have been
widely tested as drug and gene delivery
carriers,[5] contrast agents for magnetic
resonance imaging[6] bioimaging agents.[7]

The l-lysine dendrimer structures are very
attractive for their symmetry and regu-
lar shape, but are difficult to synthesize.
Branched and hyperbranched polylysine
structures represent an interesting alterna-
tive, they do not exhibit the same degree
of regularity of a dendrimer but have a
randomly branched structure that can be
formed by simpler synthetic routes.[8]

More recently, amino acids have been
also considered valuable raw materials for
the synthesis of carbon dots.[9,10] Amino

acids exhibit high melting point (between 200 °C and 300 °C) and
furthermore, being nontoxic and common biological molecules,
they are widely exploited in bioimaging and nanomedicine.[11,12]

l-lysine and arginine can be produced by pyrolysis carbon dots
that work well as antibacterial systems.[13] Another peculiar
characteristic of lysine-derived carbon dots is the efficient flu-
orescence in the blue region, which makes them usable for
bioimaging.[14,15] Structural investigations have clearly identified
a graphitic inner core in the carbon dots,[16] but the vibrational
spectroscopic measurements demonstrate the conservation of
specific molecular groups, such as aminic and carboxyl groups,
which add new functionalities.[14] For example, the photolumi-
nescence appears enhanced and dependent from the excitation
energy. The origin of the optical properties and the mechanisms
involved in the peculiar excitation spectra are still unknown.

Inspired by the growing interest and remarkable properties of
amino acid derived carbon dots, we have investigated the thermal
polymerization of l-lysine in a wide range of temperatures.[17]

Interestingly, nongraphitic polymeric particles with high disper-
sion in dimension are the resulting products (from a few hundred
nanometers to a few micrometres). Furthermore, there is no evi-
dence of aromatic moieties. The formation of l-lysine and hyper-
branched polylysine has not been associated, to our knowledge, to
a significant fluorescence even if the l-lysine monomer is weakly
fluorescent. The branched polylysine structure exhibits instead
an enhanced blue emission which is excitation-dependent in the
blue region. The problem of the origin of fluorescence has been
addressed by FTIR and time-resolved fluorescence spectroscopy
and has been correlated with the strong interaction by hydrogen
bonds of the l-lysine units, both in the branched polylysine and
in the monomer at high concentration.
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Figure 1. Bright-field transmission electron microscopy (TEM) image of
polylysine nanoparticles.

2. Results and Discussion

The thermal polymerization of l-lysine,[18] which has been car-
ried out in air starting from a powder as precursor, has allowed
obtaining at the end of the purification process of polymeric
nanoparticles which have been characterized using a combina-
tion of different techniques to identify their structures.

Transmission electron microscopy (TEM) images of polyly-
sine nanoparticles (Figure 1) show the formation of spherical-like
structures with a broad distribution in size. The estimated size is
in the range between 800 nm and 3.5 𝜇m. However, a precise
measure of the diameter is difficult because of the low electronic
contrast. The particles are amorphous and do not show any evi-
dence of crystalline organization, which supports the formation
of interconnected polymeric structures with a low degree of den-
sification (Figure S1, Supporting Information).

The effect of the thermal treatment has been studied by in situ
FTIR spectroscopy to detect the structural changes as a function
of the temperature. Figure 2a shows the temperature (y axis) –
wavenumber (x axis) – intensity (absorbance false color scale) in-
frared graph in the range 1825–1475 cm−1 range. The thermal
treatment has been performed in air from 25 up to 240 °C.

Figure 2b shows the reference spectra of l-lysine (black line) at
25 °C (powder sample) and after thermal treatment at 240 °C (red
line) in the range 1800–1250 cm−1 wavenumber region. In this
interval, the spectrum of l-lysine shows the characteristic bands
of C𝛽 twisting (1323 cm−1), C𝛽 wagging (1353 cm−1), −COO− an-
tisymmetric stretching, CH2 deformation (1442 and 1454 cm−1),
N−H bending, and −COO- symmetric stretching.[19] The spec-
trum after thermal treatment at 240 °C shows the typical band of
amide I, C=O stretching, at 1668 cm−1 while the −COO− bands
clearly disappear indicating the completion of the amidation re-
action with polycondensation of l-lysine. The amidation reaction
is observed to begin around 225 °C (Figure 3).

The thermal polymerization of l-lysine can form different
polycondensed structures, from branched to linear. The linear
forms are poly(𝜖-lysine), and a poly(𝛼-lysine), which are formed
upon linking with the 𝜖-amino group (𝜖 linear, L𝜖) or the 𝛼-amine
group (𝛼-linear, L𝛼). 1H NMR spectra of l-lysine are characterized
by the chemical shifts at 3.74 (H𝛼), 3.02 (H𝜖), 1.89 (H𝛽 ), 1.71 (H𝛿),
and 1.46 (H𝛿) ppm. As the polycondensation reactions proceed

Figure 2. a) Temperature-wavenumber-intensity infrared graph obtained
by in situ Fourier-transform infrared (FTIR) absorption spectra in the
1825–1475 cm−1 range during thermal treatment in air of l-lysine from
25 to 250 °C. The absorbance is shown in a false color scale. b) Fourier-
transform infrared (FTIR) absorption spectra in the 1800–1250 cm−1 inter-
val. The reference spectra of l-lysine (black line) at 25 °C (powder sample)
and after thermal treatment at 240 °C (red line) are shown.

Figure 3. 1H NMR spectra of thermally treated l-lysine at different tem-
peratures.
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Figure 4. a) DTA analysis of the l-lysine from 25 °C to 500 °C (blue line). The black line shows the thermal ramp with a 20 min dwell at 250 °C. b) TGA
analysis of the l-lysine from 25 °C to 500 °C (blue line). The black line shows the thermal ramp with a 20 min dwell at 250 °C.

from 225 °C new signals are detected, which are correlated with
the formation of highly branched polymeric structure. In partic-
ular, the chemical shifts at 4.14 ppm (𝛼-CH protons in dendritic
units), 3.42 ppm (terminal 𝛼-CH protons), 3.31 ppm (terminal
𝛼-CH protons), 3.24 ppm (𝜖-linear units, L𝜖)), 3.19 ppm (𝜖-CH2
close to an amide bond, dendritic and 𝜖 -linear), 2.7 ppm (𝜖-CH2
group, close to the amino group in 𝛼-linear and terminal struc-
tural units) indicate the formation of a dendron-like structure.[20]

The 1H NMR spectra at 240 °C show also that some unreacted
l-lysine is also present, while linear polymeric structures are also
formed, in particular, poly(𝜖-lysine), with the characteristic chem-
ical shifts at 3.29 and 3.19 ppm, and poly(𝛼-lysine), chemical
shifts at 3.95 and 2.67 ppm. Furthermore, the line broadening
well supports the formation of a hyperbranched polymer struc-
ture. The final structure of the nanopolymers, obtained via ther-
mal polycondensation, is therefore formed by a highly branched
polymer which should be interconnected with a small fraction of
poly(𝜖-lysine) and poly(𝛼-lysine).[21]

The DTA curve (Figure 4a) is characterized by two endother-
mic events, one peaking at 90 °C and assigned to dehydration of
l-lysine and a second one peaking at 225 °C which is attributed
to the amidation reactions. At temperatures higher than 350 °C
carbonization of the samples is observed. The weight loss also
highlights the three thermal events (Figure 4b). In the first stage
of dehydration the sample loses 37% of his weight due to ther-
mal dehydration of absorbed water, in the second step the l-
lysine polycondenses via amidation reactions with release of wa-
ter molecules and a further 7% weight decrease. Finally at tem-
peratures, from 350 °C the sample carbonizes and loses further
weight.

These data are in good accordance with FTIR and NMR exper-
imental findings. The formation of polylysine, which is achieved
without the support of any catalyst, is observed as a consequence
of the amidation reaction. The effects of thermal-induced poly-
merization on the optical properties of l-lysine have been investi-
gated by optical absorption and fluorescence measurements. The
full comprehension of amino acid interactions and their optical
features in aqueous solutions is still unclear. Nonaromatic amino
acids are expected to display a strong absorption in the far UV re-
gion (200–250 nm), and the corresponding fluorescence should
be absent or very weak. The hypothesized scarce emission is in
evident contrast with several experimental findings which show,
instead, a significant fluorescence and structured absorbance for

several amino acids.[22–24] These experimental results make ardu-
ous to explain the UV-Vis and photoluminescence spectra of var-
ious amino acids, particularly at high concentrations and in pep-
tide systems.[25] Taking this into account, the optical properties
of l-lysine and its derived branched polymeric structure obtained
via thermal amidation reactions have been investigated in detail.
Figure 5 shows the UV-Vis absorption of l-lysine (Figure 5a) and
branched poly-lysine (Figure 5b) in water. A strong absorption
band, extended from around 205 to 250 nm, characterizes the l-
lysine UV-Vis spectrum. The inset in Figure 5a shows the detail
of a weak band at 270–280 nm extending up to 360 nm. After
thermal condensation, the main absorption band widens toward
higher wavelengths, and the features between 240 and 360 nm
acquire a more complex structure (Figure 5b). This absorption re-
gion (inset in Figure 5b) reveals the presence of two bands. The
band at around 277–280 nm might results from the full width
at half maximum (FWHM) increase of the 205 nm absorption
band or the enhancement of the low energy band observed in
the monomer. The band at 340 nm is a new contribution that
stemmed from the polymerization process. The overall effect of
the l-lysine thermal-induced polymerization on the optical prop-
erties is the extension of the absorbance in the visible range with
a long tail up to around 500 nm.

It has been reported that the l-lysine does not display any ab-
sorption in the near UV region at low concentrations. However,
the experiments performed using l-lysine monochloride on a
wide interval of concentrations in buffered solutions at pH 7 have
shown that the absorption band at 277 nm can be due to the in-
teraction between different molecules rather than intramolecu-
lar electronic transitions.[26] Therefore, monitoring the l-lysine
absorption at 270 nm is a reliable method to study the aggrega-
tion states in proteins that include lysine units.[27] The experi-
mental observations have revealed the tendency of l-lysine to ag-
gregate in aqueous solutions by the strong interaction of side
chains.[24] A strong noncovalent interaction has also been ob-
served in other nonaromatic amino acids in the solid form, such
as l-histidine and l-glutamine,[26] and to less extent in glycine and
l-alanine.[28]

After polymerization, the optical absorption undergoes a
pronounced modification that accounts for the formation of
new covalent bonds and arguably a stronger hydrogen bond
interaction with the decrease of molecular mutual distances
(vide infra). Amide groups (−(C=O)N) generally absorb in the

Macromol. Chem. Phys. 2021, 2100242 2100242 (3 of 7) © 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mcp-journal.de

Figure 5. Optical absorption (UV-Vis) spectra of a) l-lysine (0.01 m) and b) l-lysine after thermal treatment at 240 °C (1 g L−1). The insets in the graphs
show the low intensity absorption bands in the region between 235 and 370 nm.

far UV region (<200 nm) with a possible redshift in a strong
polar solvent.[29,30] In the light of this, the new band between 320
and 360 nm is barely explainable by the formation of the amide
groups after dehydration and polymerization of l-lysine units.
Similar absorption features are identifiable in the polymeric
condensation of citric acid and amino rich molecules, such as
tris(hydroxymethyl)aminomethane (Tris)[31] or ethylenediamine
(EDA).[32] In these works, the polymeric structure is supported
by the formation of amino groups units. The corresponding
optical properties have been examined by quantum mechanical
calculations but failed in reproducing the experimental results.
In addition, the increase of the modelled cluster extension
does not significantly improve the simulations. A similar dis-
crepancy can also be encountered in monomeric proteins. For
example, the absorbance of the protein 𝛼3C in the near UV
and visible has been theoretically reproduced by simulating the
photoinduced charge transfer mechanism among sidechains
of different amino acids.[33] These findings indicate the impor-
tance of the intermolecular interaction by close amino acids
in the interpretation of peptides optical spectra in the visible
range. In our case, the enhancement of UV-Vis absorption in
the near UV region can be attributed to a strong interaction
by neighboring l-lysine units held together by amide bonds.
Therefore, we have studied the steady-state and time-resolved
luminescent properties of the l-lysine monomer and the ef-
fect of forming a branched polylysine structure after thermal
treatment.

Figure 6 shows the fluorescence response of l-lysine and
branched polylysine in the 300-600 nm range by a 3D plot.
The highly asymmetric intensity pattern reveals a marked
excitation dependence in the l-lysine monomer. Although the
intensity maximum is at 415 nm under excitation at 330 nm
(QY = 1.9%), we still observe a not negligible fluorescence
at 450 nm by exciting at 350 nm. The concentration of 0.1 m
falls in the range of luminescence intensity linearity, and the
concentration and aggregation-induced quenching in this range
is not expected. Nevertheless, the excitation-dependent fluores-
cence a dispersion of absorbing species, and the corresponding
excitation-dependent fluorescence can result from the hydrogen
bonds that promote the interaction among monomers and the
aggregates. After thermal treatment, the polymeric l-lysine

displays a significant shift of the fluorescence up to 460 nm. The
dependence on the excitation accounts for the multiplicity of
optical centres in the polymeric matrix. Differently from l-lysine
monomer solutions, the vibrational and rotational motions
in the polymeric structure decrease, allowing for a stronger
interaction between the l-lysine units. The reduced molecular
mobility affects the efficiency of the blue emission that exhibits
a quantum yield of 7.4%, in perfect accordance with the reported
values for recrystallized l-lysine.[9]

The dynamics of carrier recombination complies with the
trend observed by steady-state measurements. Figure 7 shows the
fluorescence decay profile under excitation at 340 nm. Both lumi-
nescence profiles decay through a double-exponential law:

I = I1 exp(−t∕𝜏1) + I2 exp(−t∕𝜏2) (1)

The average lifetime, 𝜏*, is defined as[34]:

𝜏∗ =
I1𝜏

2
1 + I2𝜏

2
2

I1𝜏2 + I2𝜏2
(2)

The average lifetime of l-lysine in aqueous solution is 4.2 ns,
while the polymeric l-lysine decays with a lifetime of 10.6 ns.
This considerable difference is attributed to the polymeric struc-
ture, which inhibits nonradiative recombination in the more
rigid structure where vibration and rotational motions are par-
tially hindered.

The optical properties of polylysine suggest that the formation
of H-bonding should be at least partially responsible of the dif-
ferences with l-lysine. The presence of hydrogen bond can be
probed by infrared absorbance spectra. The higher wavenumber
region of the l-lysine FTIR spectra, 3750 –2250 cm−1, is character-
ized by several overlapping absorption bands, whose attribution
has not yet been clarified (Figure 8).

The more intense and sharper absorption bands at 2938 and
2861 cm−1 are unambiguously assigned to CH2 𝜈asym and CH2
𝜈sym, respectively. The l-lysine molecules can assume many dif-
ferent conformations and theoretical calculations have allowed
to identify four types of possible backbones.[35] These differ-
ent conformations are stabilized by intramolecular H-bonding,
such as OH…N, NH2

…O=C or NH2
…OH. H-bonding plays,
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Figure 6. Excitation (y)-emission (x)-intensity (z) plot and photoluminescence spectra of 0.1 m L-lysine (a,b) and branched l-lysine (c,d).

Figure 7. Time-resolved fluorescence of under excitation at 340 nm. The
fluorescence is monitored at 415 nm in l-lysine and 460 nm in branched
polylysine.

therefore, a fundamental role in l-lysine derived structures,
such as poly(𝛼)lysine or poly(𝜖)lysine polymers and branched
polylysine.[36]

In the 3750 – 2250 cm−1 region, besides the CH2 stretching
modes, three other overlapped bands are detected at 3360, 3275,
and 3041 cm−1. They have been tentatively assigned to stretching
of NH2 (3360 cm−1), stretching of H-bonded OH (3275 cm−1),
and the first overtone of NH bending also involved in H bonding
(3041 cm−1). As it is involved in the reaction, the NH2 stretching

Figure 8. Fourier-transform infrared (FTIR) absorption spectra in the
3500–2730 cm−1 interval of reference l-lysine (black line) at 25 °C (pow-
der sample) and after thermal treatment at 225 (blue line) and 240 °C (red
line).

band at 3360 cm−1 decreases in intensity as the reaction pro-
ceeds. There is very good correspondence of the NH2 stretching
band with DTA and NMR data, and at 225 °C a strong decrease
in intensity is observed in correspondence to the amidation and
polymerization of l-lysine. At the same time, an increase in
intensity of the absorption bands at 3275 and 3041 cm−1, which
are assigned to H-bonding, is observed. On the other hand, NH2
groups do not disappear completely and an overlapping band,
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still assigned to this mode, is observed in samples treated at
higher temperature, and may also be involved in H-bonding. The
branched structure of the polylysine nanopolymers favors the for-
mation of H-bonds which are supposed to play an important role
in stabilizing the structure and in affecting the optical response.

3. Conclusions

Thermal-induced polymerization of l-lysine monomers occurs
through the formation of amide bonds producing a complex
branched structure. Branched polylysine forms between 225 °C
and 240 °C by an amidation process which is thermally activated
from around 225 °C. At higher temperatures, the polymer un-
dergoes a carbonization process that likely promotes the forma-
tion of graphitic structures. Monomers and polymers are solu-
ble in aqueous solutions, and both show relevant visible blue
emission. In particular, the blue fluorescence of polylysine, which
is not merely explainable by the presence of amide groups, in-
creases in intensity and redshifts in comparison with the l-lysine
monomers. As suggested by steady-state spectroscopy measure-
ments, l-lysine and poly-l-lysine tend to aggregate, resulting
in an excitation dependent fluorescence pattern. Furthermore,
time-resolved measurements and increased quantum yield in-
dicate that the polymeric network inhibits the effect of nonra-
diative recombinations induced by molecular motions. The op-
tical and vibrational analyses indicate that weak hydrogen bonds
represent a crucial parameter by fostering the intermolecular in-
teraction and adding peculiar fluorescent properties to amino
acid based polymers to create fluorophores by a simple thermal-
induced polymerization.

4. Experimental Section
Branched polylysine nanoparticles have been synthesized by ther-

mal polymerization. Commercial l-lysine ((S)-2,6-Diaminocaproic
acid) powder (Sigma-Aldrich, crystallized, ≥98.0% (NT),
H2N(CH2)4CH(NH2)CO2H, has been placed in a ceramic crucible
and heated up to 240 °C for 5 h and let it cool down to 20 °C before any
further treatment. After the thermal treatment, the obtained brown-black
solid has been dispersed in milli-Q water, sonicated for 15 min and then
centrifugated at 9000 rpm for 20 min. The supernatant has been collected
and dialyzed against water for 24 h with a dialysis tube (benzoylated, avg.
flat width 32 mm (1.27 in.)), replacing the water every 12 h. Then, the
resulting nanomaterials have been freeze-dried for 24 h and kept at 4 °C
before characterization.

TEM bright-field images were obtained by using a FEI TECNAI 200 op-
erating at 200 kV with field emission electron guns. Before analysis, the
material was dispersed in ethanol and ultrasonicated for 10 min. After-
ward, the solutions containing the nanoparticles were cast on grids made
by Cu and covered with an ultrathin layer of carbon (nominally of 3 nm)
mounted on a lacey carbon film. After drying at room temperature, the
grids were directly used for the measures. The particle size was estimated
by measuring at least ten different particles on 5 images taken from differ-
ent areas of the grid.

Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR)
analysis was carried out by an ATR accessory coupled with an infrared Ver-
tex 70 interferometer (Bruker). The ATR spectra were recorded in the range
4000–400 cm−1 with a 4 cm−1 resolution.

In situ Fourier-transform infrared spectra on sample powders in potas-
sium bromide (KBr, IR 99%, Sigma) were collected in an electrical heating
jacket in transmission geometry (Specac).

UV-Vis absorption spectra were collected by a Nicolet Evolution 300
UV-Vis spectrophotometer (Thermo Fisher) with a bandwidth of 1.5 nm.

Fluorescence spectroscopy measurements were performed using a
Horiba Jovin Yvon Fluoromax-3. Typically, 3D PL maps of aqueous so-
lutions were recorded from 200 to 600 nm. Photoluminescence quan-
tum yield (QY) measurements have been performed using the quanta-
𝜑 (HORIBA) integrating sphere accessory, attached to the “NanoLog”
Horiba Jobin Yvon spectrofluorometer.

X-ray diffraction (XRD) patterns were collected using a SmartLab X-ray
powder diffractometer (Rigaku, Tokyo, Japan) in Bragg–Brentano geome-
try with Cu K𝛼 radiation (𝜆 = 1.54178 Å) and a graphite monochromator
in the diffracted beam.

1H-NMR spectra were recorded at 25 °C on a Bruker Avance III 400 MHz
spectrometer. Deuterium Oxide (D2O) + Tetramethylsilane (TMS, 0.05%
v/v) was used as the solvent. Deuterium oxide 99.9 atom% D, containing
0.05 wt% 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt was pur-
chased from Sigma–Aldrich. Samples were dissolved in 0.6 mL D2O and
transferred to 5 mm NMR sample tube. TMS, used as internal standard,
was calibrated as 𝛿 = 0.00 ppm. The experimental parameters were: 1H
NMR: Pulse angle of 90°, acquisition time of 2.5 s, 512 repetitions, and
spectral width of 12 ppm.
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