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ARTICLE INFO ABSTRACT
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A cheap method allowing fabrication of biocompatible, ultra-small (2-10 nm) and fluorescent (A, = 425-500
nm) nanohybrids (NHs) from coffee wastes is reported. The gadolinium-doped nanohybrids (GDNHs) or
gadolinium-free carbon dots (GFCDs) can be synthesized in a domestic microwave oven according to green
synthesis principles. Hydrodynamic sizes, chemical composition, impact on proton magnetic resonance relaxa-

tion time and optical properties of the GDNHs and GFCDs were studied in details and compared. In particular,
doping of the NHs with Gd*>" ions, up to 1.87 % w/w of gadolinium per particles’ weight, will allow their
application for magnetic resonance imaging (MRI). Furthermore, cell culture tests on human adenocarcinomic
alveolar basal epithelial cells line (A549) have shown high biocompatibility of the GDNHs and in a wide con-
centration range 100-1000 pg/ml.

1. Introduction

Carbon-based nanomaterials are a huge subgroup of nanosized ma-
terials including graphene and its derivatives (graphene oxide, graph-
ane, graphone, graphyne, their allotropic modifications of different
shape, such as: nanoribbons, nanosheets, nanotubes (single-, double-
and multi-walled), holey carbon, fullerenes (buckyballs)), nano-
diamonds [1-3] as well as large diversity of carbon dots (CDs) [4,5]. The
CDs have sparked a special interest among all other carbon-based
nanomaterials because of their unique properties, multidisciplinary
applications, as well as extremely cheap and simple production methods
[6].

There exist a lot of synthesis approaches to produce CDs, e.g.: py-
rolytic, electrochemical, hydrothermal, solvothermal, laser-ablation etc.
[5] Nowadays, the world’s tendency strives to use economically efficient
and safest technologies. In particular, various green synthesis concepts
are being developed [7] and production of the CDs is not an exception.

According to the great principles of green synthesis, biowastes treated
with microwave energy appear to be the best feedstock to produce CDs
[5,7]. As a source of biowastes there were used stunning variety of
products e.g., fruit and vegetables peels (chestnut and peanut shells [8],
durian [9], onion [10], garlic [11], sweet potato [12]), wheat straw
[13], rice residue [14], fenugreek seeds [15], sugar cane molasses etc.
[16] Coffee-based waste is one of the most easily accessible natural
sources, which was also already considered for production of the CDs
[17-21].

Waste-derived CDs are very promising for a variety of applications:
sensorics, catalysis, drug delivery, bioimaging, diagnostics and therapy
[6]. One of the most powerful bioimaging techniques is a magnetic
resonance imaging or MRI diagnostic. For MRI diagnostics the lantha-
nide ions are usually applied as the contrast agents [22]. Nevertheless,
the lanthanide salts are quite toxic for living organisms [23-25]. Thus,
several attempts were done to make less toxic contrast agents based on
CDs doped with lanthanides: Eu>* [26,27], Tb®* [28,29] and La>* [30].
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Among all lanthanides, gadolinium (3 + ) is the most appropriate ion for
the MRI, because it has the highest magnetic moment and longest
electron spin relaxation time 1072 s) [31], which provides the best
contrast MRI image after use. One can find several evidences of gado-
linium incorporation into CDs, that were produced from commercial
synthetic chemicals with help of energetically unfavorable hydrother-
mal treatment [32-35], or with more adopted microwave-assisted
method [36]. However, all of them are economically unprofitable with
additional expenditures. In turn, we have not found any methods of CDs
production from coffee wastes with Gadolinium incorporation.

In this paper, microwave-assisted green synthesis of Gd*>"-free CDs
(GFCDs) and Gd3+—d0ped carbon-based nanohybrids (GDNHs) from
coffee wastes is reported for the first time. We focused on carrying out
multistage purification, which usually does not draw sufficient attention
in other publications. A special attention is paid to study an impact of
Gd>* ions on size distribution, surface chemistry and optical properties
of the GDNHs in comparison with the Gd**-free CDs obtained from the
same coffee waste sources. The main goal of our work was to synthesize
ultra-small nontoxic carbon-based nanomaterial, which will be able to
ensure good contrast in magnetic resonance imaging (MRI).

2. Materials and methods
2.1. Materials and reagents

Coffee powder cake formed from original grinded coffee (Casa Del
Caffé Vergnano S.P.A., Italia) in a kitchen coffee machine was used as a
source of coffee wastes. The GdCls-6H20 and EuCls-6H,0 salts, 25 %
(wt) NH3 aqueous solution were purchased from Sigma-Aldrich™. The
concentrators Vivaspin 20® with polyethersulfone (PES) membranes
were purchased from Sartorius™. Dialyzing sacks were made of mem-
brane with nominal filter rating 3’500 MWCO (ZelluTrans ROTH® Re-
generated Cellulose Tubular Membrane, flat width 19 mm, wall
thickness 25 um, volume per length 1,15 ml/cm). All other chemicals of
analytical grade were purchased from Fluka, Germany, and used
without further purification. The ultrapure water with specific resis-
tance 18.2 MQ-cm was used during all processes.

2.2. Synthesis of nanohybrids from coffee

Carbon-based Gd**-doped nanohybrids (GDNHs) were prepared
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according to the scheme shown in Fig. 1.

In Step 1, the used coffee cake from the coffee machine was collected
and dried in air at 130 °C for 120 min in a glass evaporating dish on the
hotplate. In Step 2, for GDNHs synthesis 5 g of the dried coffee cake was
refluxed with 15 ml of 0.1 M GdCl; in a 50 ml round-bottom flask for 50
min at 100 °C, heated under the hotplate. For the GFCDs synthesis, this
step was performed identically, with 15 ml of water instead of GdCl;
solution.

Then, in Step 3, the treated biomass was dried in air at 130 °C for
120 min. In Step 4, the dried biomass was mixed with 10 ml of 10 % (wt)
aqueous NHj3 in a 250 ml round-bottom flask, and the mixture was
heated in a domestic microwave oven (700 W consumption power) for
10 min. In Step 5, the sintered biomass was placed into a 50 ml glass
beaker and thoroughly suspended in 20 ml of water. The formed sus-
pension was sonicated for 45 min at 100 % of total power with Ultra-
sonic dispergator (Bandelin electronic, GM 2070 model, 70-Watt, 20
kHz). Then the ultrasonicated suspension was centrifuged at 5'000g for
1 h in 50 ml centrifuge tubes to eliminate coarse coffee debris (Step 6).
At Step 7 the supernatant solution from Step 6 was placed into ultra-
filtration spin columns (or concentrators) Vivaspin 20® (30000
MWCO, PES membrane) and centrifuged at 4000g for 2 h. Step 8 is the
longest step taking 72 h. All liquid passed through the 30'000 MWCO
membrane was collected and placed into dialyzing sacks 20 cm of length
with membrane’s pores of 3’500 MWCO. Dialyzing sacks filled with
GFCDs and GDNHs were put separately into 1000 ml beakers with 650
ml of water in each. Water in beakers was refreshed each 12 h for 72 h.
Last Step 9 includes preconcentration of GFCDs and GDNHs carbon dots
via centrifugation of dialyzed solutions through 3’000 MWCO Vivaspin
20® PES membranes at 4000g; 2 h is sufficient for GDNHs, while
approximately 5 h is needed for GFCDs. The stock concentrated solu-
tions over the membranes are named GDNHs (with gadolinium) in a
final volume of 4 ml and GFCDs (without gadolinium) in a final volume
of 5 ml. Additionally, Eu*"-doped nanohybrids EuDNHs were synthe-
sized by the identical protocol as GDNHs and used only in 'H NMR
analysis. Concentrations of the solutions were determined gravimetri-
cally by freeze-drying and then heating with 1 ml of acetone in 2 ml glass
beakers at 105 °C on hotplate for 2 h. Dry mass content found to be 14.1
mg/ml) for the GFCDs (pH 4.55), and 37.3 mg/ml for the GDNHs (pH
5.16).

Additionally, Gd content was determined by ICP-MS analysis using a
Perkin Elmer NexION2000. Measurements were performed in kinetic
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Fig. 1. Fabrication scheme of the coffee-based nanohybrids. Step 1 — Preliminary drying; Step 2 — Preliminary treatment and incorporation of Gd; Step 3 — Drying;
Step 4 — Carbonization; Step 5 — Sonication; Step 6 — Debris elimination; Step 7 — Elimination of large nanoparticles; Step 8 — Dialysis; Step 9 — Preconcentration.
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energy discrimination (KED) mode. Calibration curve was built using
PlasmaCAL® Gd standard for ICP-AES and -MS analysis. The samples are
prepared by dilution in 1 % v/v HNOg solution. No traces of gadolinium
were found in the GFCDs sample, while the GDNHs sample contains 1.87
% w/w of gadolinium per mass of dried particles.

2.3. Post-synthesis characterization techniques

Proton magnetic resonance relaxation time T; was measured by
Bruker Minispec MQ60 nuclear magnetic resonance analyzer (Bruker,
USA), operating at 37 °C under 1.4 T (60 MHz) magnetic field. Aliquots
of 300 pl were taken from concentrated samples and measured in special
glass vials.

Size distribution measurements of diluted colloidal solutions of the
GDNHs and GFCDs were performed using Zetasizer Nano ZS from Mal-
vern Instruments (He—Ne laser 633 nm, 5mW, with 173° Non-Invasive
Back Scatter (NIBS) detector and narrow band filter).

Absorbance spectra of diluted colloidal solutions of GDNHs and
GFCDs were recorded by means of UV-visible spectrophotometer Cary
Eclipse Varian 50 Scan with wavelength range limits from 190 to 1100
nm. Measurements were performed in UV Quartz SUPRASIL® cuvette
(B0631009, 10 mm light path, 3.5 ml volume).

'H NMR (proton nuclear magnetic resonance) was performed on
Bruker NanoBay 400 MHz. The sequence program is zg90 (90° pulse to
maximize the emitted signal), 64 scans and Acquisition time (AQ) = 4
sec. Lyophilized samples without metals and Europium-doped sample
were redispersed in deuterium oxide DO with a final concentration of 6
mg/ml.

FTIR (Fourier-transform infrared) spectra of the lyophilized samples
were acquired on IRAffinity-1, Shimadzu® in attenuated total reflection
(ATR) mode, using PIKE MIRacle™ ATR platform (diamond crystal
plate). Dried amorphous powders of the lyophilized samples were allo-
cated on a crystal plate, the spectra (32 scans) in 600-4000 cm ™! range
with a resolution of 0.5 cm™! in Happ-Genzel apodization mode were
recorded and analyzed with Shimadzu IR solution v1.50®.

Fluorescent properties of the samples were studied on Cary Eclipse
spectrofluorimeter from Agilent. This spectrofluorimeter is equipped
with a 75 kW Xenon flash lamp with Apulse = 2 ps, two Czerny-Turner
type monochromators and an 800 V PM detector. The lamp frequency is
set to 100 Hz by default.

2.4. Biocompatibility assessment of nanohybrids

Cell biocompatibility of the GDNHs and GFCDs was analyzed by
means of a non-destructive impedance-based method (xCELLigence,
ACEA Biosciences Inc., Biotek, Colmar, France), that has been success-
fully applied for carbon nanomaterials toxicity assessment [37]. By
inspecting a cell index of human carcinoma A549 cell line (provided by
ATCC, Massanas, VA, USA), it is possible to conclude about compati-
bility of nanohybrids within the cells (see Fig. S1). Detailed description
of procedures and results are available in the Supplementary Informa-
tion part. Furthermore, a comparative multi-level toxicity assessment of
these nanohybrids was recently conducted and published [38].

3. Results and discussion
3.1. Relaxometry

In order to be sure of successful synthesis of GDNHs, two main points
must be checked: (i) whether free Gd** ions are still present in the final
GDNHs sample and (ii) is the gadolinium sufficiently strongly com-
plexed with the carbon dots. The GFCDs were used as the control sam-
ple. One can evaluate content of Gd*' in a sample [39], conclude about
samples’ purity and success of gadolinium incorporation by measuring
longitudinal proton relaxation times (T;). To evaluate the quality of
dialysis and overall purification process, the relaxometry technique was
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applied (Fig. 2).

First, as one can see in Fig. 2, T; values of pure water remain constant
(4000 + 100 ms) meaning that the measurements were accurately
conducted. After preconcentration of GFCDs (see Fig. 1, Step 9), the
relaxation time of the filtrate passed through 3'000 Da membrane is
equal to 4000 + 100 ms as for water. Relatively slight decrease of T; in
the GFCDs concentrate (2030 + 20 ms) could be explained by some
GFCDs paramagnetism, caused by the presence of unpaired electrons as
organic free radicals. Indeed, relatively stable paramagnetic organic
radicals such as high-spin polymer radicals [40] and dimerized small
organic radicals [41] could exist even at room temperature.

Compared to the relaxation times of the GFCDs filtrate, T; of GDNHs
filtrate is slightly decreased (3000 + 100 ms) due to presence of traces of
some free Gd®* ions (<6 ppm). Meanwhile, T; of GDNHs concentrate is
dramatically reduced (7.96 + 0.03 ms) and indicates the presence of a
high quantity of gadolinium-doped nanohybrids with molecular weight
above 3’500 Da, which cannot (contrary to Gd>* ions) pass through the
3'000 Da filter. The MRIs of the GFCDs and GDNHs samples localized in a
mouse phantom are shown in Fig. S2 and discussed in the Supplemen-
tary part. A perfect correlation with the results described above and
shown in Fig. 2 can be stated.

3.2. Dynamic light scattering analysis

Hydrodynamic size distributions of the carbon dots were determined
using dynamic light scattering (DLS) technique as shown in Fig. 3.

The samples were examined after dilution to 200 ug/ml in water (to
avoid agglomeration of the CDs leading to overestimation of their size
distribution) followed by pH adjustment with 10 mM NaOH to 7.4 as a
common value for biological environment. As one can see, both samples
are characterized by ultra-small sizes < 10 nm. The GFCDs sample is
characterized by a slightly larger size distribution in the 4-11 nm range,
while the GDNHs sample is appeared to be more uniform and smaller,
having a 2-7 nm size distribution. In addition, Z-potentials measured at
pH 7.4 appeared to be —6.22 and —5.95 mV for GFCDs and GDNHs,
respectively.

3.3. UV-VIS absorption spectroscopy

Typical absorbance spectra of the GFCDs and GDNHs samples in
aqueous solutions (200 ug/ml) are shown in Fig. 4. Black points on the
insets correspond to initially obtained UV-VIS absorption spectra. After
subtraction of exponential-like baselines (the blue lines shown on the
insets) representing enhanced optical absorption especially in the
spectral range 4.5-6.0 eV due to 1—>7* transitions in sp>-hybridized
carbon domains (C = C), one can get complex multicomponent spectra
(red lines) with clearly visible spectral features. Deconvolution of the
obtained spectra on elementary Gaussian-like peaks (see Fig. 4) allows
us to understand better how incorporation of Gd>* ions impacts the
UV-VIS absorption of studied carbon nanohybrids. First, one can state
that the relative absorbance of the GDNHs samples is higher in the whole
spectral range. Second, the incorporation of Gd>* ions leads to disap-
pearance of the peak 6 in the spectrum of GDNHs sample.

According to the literature data, the high-energy bands (1-3)
correspond to m—>n* transitions involving aromatic sp2 carbons (aro-
matic C = C bonds). The next two bands (4, 5) can be assigned to the
intrinsic absorption of n—>n* transitions of the C = O/C = N bonds in
carbon cores. The absorption bands below 3 eV originate from the sur-
face state transitions [42]. It worth noting that the n—>n* transitions and
the broad surface-state absorption bands are usually overlapped. Thus,
the band 5 can be also associated to a photo-induced electronic transi-
tion in a surface chemical bond. As for the band 6, it can be attributed
either to the addition of nitrogen into the carbon sp? lattice or to the
surface states involving nitrogen, that correlates well with higher con-
tent of nitrogen in GFCDs according to an EDX analysis (Fig. S5).
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3.4. Fluorescence excitation/emission maps

Excitation/emission fluorescence (FL) maps of the colloidal solutions
containing GFCDs and GDNHs are shown in Fig. 5-(A) and 5-(B),
respectively.

A characteristic blue emission band (410-475 nm) resonantly
excited in the spectral range 340-370 nm can be clearly observed. As
one can see, the maximum intensity of fluorescence emission of the
GDNHs samples is higher compared to the FL intensity of the GFCDs
samples. It can be at least partially explained by the higher absorbance
level of the GDNHs samples in the spectral range 330-370 nm
(3.35-3.75 eV) as reported above (see Fig. 4). In order to emphasize the
spectral difference between the excitation/emission maps of GFCDs and
GDNHs, their subtraction is shown in Fig. 5-(C). It allows visualization of
spectral regions where the intensity difference is the most pronounced.
As a result, the GDNHs solutions are more fluorescent in blue spectral
region centered at 425 nm when excited at 340 nm, while fluorescence
intensity of the GFCDs solutions is higher in green spectral region
centered near 500 nm when excited at 260 nm. In other words, incor-
poration of Gd*" ions into carbon dots leads to intensity suppression of
green fluorescent carbon dots and to enhancement of photo-induced
emission intensity of blue fluorescent species.

35 1H NMR spectroscopy

It is known that Gd®* ions are strongly paramagnetic and result in

impossibility to get an informative 'H-NMRs. Thus, it was decided to
replace Gd*" ions with Eu®" ions. Europium is a lanthanide atom from
the same group and with similar chemical properties as gadolinium, but
in NMR analysis it works as a slight shift reagent [43] and can be suc-
cessfully used for the analysis.

For the analysis of carbon-based nanohybrids two samples have been
chosen: GFCDs — gadolinium-free carbon dots as a control and EuDNHs —
europium-doped nanohybrids which were produced from the same
coffee cake and by the same synthesis protocol as used for GDNHs
(Fig. 1). Obtained 'H NMR spectra are shown in Fig. 6.

Strong singlets at 0.00 and 4.79 ppm are related to the reference
compound and the solvent (HDO impurity in D20), respectively. The
protons of hydroxyls and other “mobile” protons of the CDs are also
included in the HDO signal due to their exchange with deuterium. The
sample-related spectrum is very complex, composed of both narrow
signals with well-defined thin structure and wide signals. It indicates
decreased mobility of corresponding chemical groups within the
particle.

There are three main regions in the spectra: (i) the signals at 0.5 - 3
ppm are related to the protons in various alkyl groups, (ii) 3 - 6 ppm
range corresponds to CH-OH protons in carbohydrate fragments and to
C = CH “olefin” protons, (iii) 6 — 8 ppm can be assigned to the protons in
aromatic fragments. The singlet at 8.45 ppm (GFCDs) and 8.34 ppm
(EuDNHs) can be related to the protons near unsaturated C-atoms e.g.,
benzene ring, aromatic system, etc. Fussy peaks at 7.28, 7.14, 6.96, 6.82
ppm are related to the protons of heterocyclic compounds. According to
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Fig. 4. UV-VIS absorption spectra of GFCDs (A) and GDNHs (B) samples.

the spectral signals’ intensities, the main part (3 — 6 ppm) of CDs is
represented by complex carbohydrate moieties. More detailed spectrum
of carbohydrate’s region is presented in Fig. 7.

This part of the spectra of the both samples are very similar and may
be referred to arabinan-like [44] structures. However, all peaks of the
sample with Eu®" are shifted approximately on 0.02 ppm to low field
due to the action of Eu®" as a lanthanide shift reagent. Small value of the
shift points at a large distance between Eu®" ions and C-H groups near
oxygen of carbohydrate’s part. At the same time, the shift between peaks
8.45 ppm and 8.34 ppm is more significant and occurred in a strong field
for Eu-doped CDs in contrast to the carbohydrate’s part. Presumably,
Eu>" ions (as well as Gd®>* ones) might be entrapped not by the main

carbohydrate’s part, but by the side chain elements inside the CDs. 'H
NMR spectra of both samples indicate the presence of both alkyl and
aromatic fragments. Being strong Lewis’s acids, Eu®>* and Gd>* cations
coordinate to the carboxylates and phenolic groups of CDs.

3.6. FTIR spectroscopy

The Fig. 8 represents FTIR spectra of freeze-dried samples of GDNHs
and GFCDs. The spectra of GDNHs and GFCDs are very similar to each
other.

The main bands in their spectra are identical to those of carbohy-
drates. Specifically, it tends to be very similar to the structure of
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arabinogalactans [45-47]. Particularly, the wide band at 3400-3000
em ™! corresponds to stretching vibrations v(O-H) of hydrogen-bonded
hydroxyls, medium-intensity bands at 3000-2800 cm ™! - to v(C-H) of
sp>-hybridized alkane bonds, and the most intense band at 1024 cm ™! —
to v(C-0) of carbohydrates. The band centered at 1650 cm~! can be
composed by adsorbed water scissors (8(H-O-H)), by asymmetrical
stretches of ionic or Gd-coordinated carboxylate anions v,5(-C03), C= O
stretches of amides, quinones and other conjugated species, C = C
stretches in aromatic rings and by other bands. The band at 1544 cm™?
could be related to C = N stretches in conjugated systems or to amide-II
vibrations in polypeptide fragments. The band between 1420 and 1380
em ™! arose due to deformation vibrations of C-H and O-H bonds in
organic species and to deformations of NHj-cation, also due to sym-
metrical stretches of the carboxylate v5(—-CO3) and some vibrations of
aromatic fragments. The band at 1313 could be related to mono- and
disubstituted amines with aromatic system. The band 1246 cm™! could
be attributed respectively to syringyl and guaiacyl units [48] or to
chlorogenic acid fragments [49] inside the CDs. Region between 863
and 760 cm ! shows presence of anomeric carbons of both pyran and
furan ring configurations [50].

Comparing the spectra of the CDs with and without gadolinium, one
could see that intensities of the bands at 1650, 1544, 1380 and 1246
em ™! are significantly lower for metal-containing samples (minimized
window in Fig. 8). In accordance with 'H NMR and UV-vis data this
difference can be explained by constriction of bonds vibrations in car-
boxylates and phenols due to complexation with metals, as well as being
located inside the particle. At the same time metal-free CDs have a more
pronounced C = N signal that could be related to more quantity of
diketopiperazines and other nitrogen-based conjugated systems. Obvi-
ously, the metal ions residing in the CDs are coordinated to carboxylates,
phenolic groups, and lone electron pair of nitrogen, while the main part
of the CDs is composed of the carbohydrate chains, ensuring their sol-
ubility in aqueous media. Their structure should be similar to one of
coffee melanoidins, forming under normal coffee brew [51].

3.7. Chemical structure of the carbon-based nanohybrids

Chemical composition of roasted coffee includes a big number of
organic compounds with different solubility, such as: carbohydrates
(cellulose, hemicellulose, and other poly- and monosaccharides),
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Fig. 8. FTIR spectra of GDNHs (red) and GFCDs (green) carbon dots. Break from 2600 to 1850 cm ™! contains insignificant region without any absorption bands. In

the minimized window unprocessed spectra are shown.

polyphenolic compounds (e.g., lignin and tannins), fats, proteins,
caffeine, chlorogenic acids and other carboxylic acids [49,52]. A sig-
nificant part of water-soluble carbohydrates (galactose, rhamnose,
arabinose and uronic acids) is washed out already during the brewing
process in the coffee machine. The remaining part of water-insoluble
chemical substances mainly define the chemical composition of our
carbon-based nanohybrids which is further affected by the technological
steps described in Fig. 1. In particular, under boiling with a reflux (Step
2) a lot of thermosensitive polysaccharides, proteins and lipids are
decomposed into monomers. In the same time, chlorogenic acids, mel-
anoidins, pectins and arabinogalactans [53] could be released and sol-
ubilized. Predominately arabinogalactan proteins undergo the
decomposition into monomers, in contrast to mannans and cellulose

which are very hard to extract under these conditions. After hydrolysis,
the boiled slurry has relatively moderate acidity due to the presence of
proton-donating species: uronic acids and their derivatives, chlorogenic
acids (e.g., caffeic, ferulic, and p-coumaric acid as soluble esters of
quinic acid), and also arabinogalactans (which contain 6-8 % of glu-
curonic acid monomers) [54]. Addition of GdClg may lead to coordi-
nation of carboxylic domains across 9 available positions [55-57] which
makes chlorogenic acids more reactive with respect to benzene ring,
phenolic hydroxyls and double bonds. Without Gd>* ions, carboxylic
groups undergo esterification and amidation reactions. The drying of
coffee cake (Step 3) results in settling of the extracted compounds on the
surface of coffee grains.

Addition of 10 % NHs (aq.) to the dried coffee cake (Step 4) makes
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the whole reaction medium basic, ensures the anionic compounds to be
more soluble, and dissolves the sedimented surface compounds.
Furthermore, the basic medium converts sugars from cyclic to open
chain configuration making them more reactive toward amino acids and
other amino structures [58]. The more reactive sugars are present, the
more Maillard and Amadori products as well as melanoidins appear. The
microwave-induced heating leads to the evaporation of ammonia excess
and consequently, the processes of polymerization and carbonization
begin. It results in miscellaneous transformations of coffee chemical
moieties. Taking into account literature data on hydrothermal carbon-
ization of the carbohydrates [59] as well as the reactions of cellulose
ammoxidation [60] or wood treatment [61] with NH3, the following
reactions should be taken into account: (i) condensation reactions, such
as: Maillard reactions [51,62], and aldol condensation, (ii) alkylation of
phenols, (iii) dehydration of the carbohydrates with formation of furan
and pyrrole heterocycles. These reactions are followed by carbonization
giving condensed aromatic and heteroaromatic domains [51], formation
of amines derivatives, amides, esters and ammonium salts from car-
boxylic acids, and formation of Schiff bases from carbonyl compounds.

In several works [51,63] hydroxycinnamic acids (e.g., caffeic and
ferulic) were proposed to be attached to the melanoidin’s backbone
through the non-ester linkage which correlates very well with our 'H
NMRs spectral analysis. Moreover, based on our FTIR analysis, we deal
with arabinogalactan-based carbon dots. Therefore, previously hydro-
lyzed phenolic acids bind metal atoms firstly, and then being chelated by
carboxylic groups become linked through the phenolic part to the car-
bohydrate backbone under microwave annealing. In addition, for the
Gd>*-free CDs, the heterocyclic part (6.5 — 7.5 ppm of 'H NMR in Fig. 6,
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or 1544 cm™! of FTIR in Fig. 8) is more pronounced. It could be
explained by formation of diketopiperazines from hydrolyzed proteins
[64]. Due to the very small hydrodynamic radius of the nanohybrids,
arabinogalactan is supposed to be partially decomposed during
ammoxidation. Nevertheless, metal-free carbon dots continue to be
highly branched structures associated with amino acid residues from
structural proteins [65]. The carboxylic moieties may cause electrostatic
repulsion inside the structure of the GFCDs making it more “fluffy” and
bulky (Fig. 9A-B) compared to the GDNHs.

Absence of diketopiperazines from hydrolyzed proteins in the G
doped nanohybrids may be due to involvement of free amino acids or
terminal reactive groups of oligopeptides into donor-acceptor and ionic
binding of metal atoms (e.g., glutamate, glycine and aspartate [66]).
Additionally, hydroxyphenolic moieties of cinnamic acid derivatives,
which distributed on arabinogalactan side-chains, could take part in
coordination of Gd*" ions, causing cross-linking of constituent mole-
cules making GDNHs smaller in size and uniform (Fig. 9C-D).

d3+_

4. Conclusions

Ultra-small Gd**-free CDs (GFCDs) and Gd>*-doped carbon-based
nanohybrids (GDNHs) were successfully fabricated from coffee wastes
with the use of microwave-assisted green synthesis approaches. The
samples are characterized by blue fluorescence in 410-475 nm range
under UV excitation as well as possess paramagnetic Gd>* ions for MRI
application. Global chemical composition of the GDNHs and GFCDs is
quite similar. The both consist of carbohydrate skeleton (mainly arabi-
nogalactan) with condensed aromatic and heteroaromatic domains,

Fig. 9. Possible chemical formations in the Gd-free carbon dots associated with inner cross-linking (A) and repulsion (B). Specific domains in the Gd-doped

nanohybrids participate in chelation of Gd>*

were made in Marvin Sketch v23.2, ChemAxon (http://www.chemaxon.com).

ions through amino acidic binding (C) and with hydroxycinnamic acid derivatives chelation (D). The drawings
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bearing various functional groups, mainly hydroxyl and carbonyl; to a
lesser extent amide bonds and amino groups; and trace amounts of
carboxyl groups are present. Additionally, complexation of Gd** ions
occurs through carboxylic and amino groups of oligopeptide fragments,
as well as with help of carboxylic and hydroxyl groups of cinnamic acid
derivatives making structure of nanohybrids stable, compact and
uniform.

Besides the multimodal functionalities, the both samples occurred to
be non-toxic for human carcinoma A549 cell line in the range of con-
centrations from 0.1 to 1 mg/ml, that equals to the ratio: 100 pg of
carbon dots per 2500 cells.

In future, bio-distribution of the nanohybrids will be studied in vivo
by MRI facilities.
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