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ABSTRACT

A binary system composed of carbon dots (CDs) and N-doped CDs (N-CDs) embedded in an organic matrix
was used for the analysis of cholesterol by MALDI (matrix-assisted laser desorption and ionization time-
of-flight) mass spectrometry, as a model for detection of small, biologically relevant molecules. The
results showed that both CDs are sensitive to the cholesterol and can be used either alone or in a binary
system with 2,5-dihydroxybenzoic acid (DHB) to enhance the detection process. It was found that both
COOH and NH, groups on CDs surface contributed to the enhancement in the cholesterol detection by
MALDI mass spectrometry in the presence of inorganic cations. Nevertheless, in the presence of NaCl,
N-CDs led to a better reproducibility of results. It was due to the coexistence of positive and negative
charge on N-CDs surface that led to a homogeneous analyte/substrate distribution, which is an important
detection parameter. The enhancing effect of carbon dots was linked to a negative Gibbs energy of the
complex formation between CDs, Na®, cholesterol and DHB, and it was supported by theoretical calcula-
tions. Moreover, upon the addition of CDs/N-CDs, such features as a low ionization potential, vertical
excitation, dipole moment and oscillator strength positively affected the cholesterol detection by
MALDI in the presence of Na*.
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1. Introduction

A matrix-assisted laser desorption and ionization time-of-flight
mass spectrometry (MALDI TOF MS) is a highly sensitive mass
spectrometry method used a fast detection of a broad spectrum
of (bio)molecules [1]. The method utilizes a laser, which emits in
a UV or IR range, for the desorption and ionization. Because it does
not induce a high extent of fragmentation, this method is consid-
ered as a soft ionization approach [2].

In MALDI, an analyte is usually mixed with an organic matrix
and then both co-crystallize upon a solvent evaporation [3], leav-
ing a solid mixture on a MALDI plate of analysis. Various organic
compounds have been used as matrices. Examples are 1) aromatic
compounds that absorb in the laser emission region, such as ben-
zoic acid or cinnamic acid derivatives, 2) liquid crystals, such as
organic ammonium salts (butyl ammonium salts), which are used
for a soft ionization of labile analytes [4,5] and 3) inorganic mate-
rials such as graphite or metal-oxide nanoparticles [6,7]. The
matrix should be selected based on a high signal-to-noise (S/N)
ratio of an analyte signal. Other important features are a high res-
olution of an acquired spectra, low extent of fragmentation reac-
tions, and a lack of a background matrix signal interference,
especially in the case of small molecule analytes (<500 Da) [8].

Therefore, there are extensive efforts to substitute traditional
matrices, or to improve their properties, either by replacing organic
compounds with nanoparticles of specific optical and electrochem-
ical properties, or by an addition of nanoparticles to organic matri-
ces. Among them, metals, and metal-oxide nanoparticles [9-12]
have been applied for MALDI-TOF MS or for the mass spectrometry
investigation of various molecules, including peptides, lipids, vita-
mins, carbohydrates, steroids/hormones, and other compounds
[13-15]. Carbon-based materials such as graphene and carbon
nanotubes have been tested as substrates to overcome the draw-
backs of organic matrices [16]. The application of deprotonating
agents such as alkyl-substituted bis-phosphazene proton sponges
[17] or derivation agents to increase the ionization process of ster-
ols has also been documented [18].

Carbon-based nanomaterials, such as graphene [19] or fluores-
cent carbon nanoparticles (Carbon dots, CDs) have already been
used as substrates for the MALDI-TOF MS detection of low mass
compounds in a negative, but also in a positive ion mode, alone
or in a combination with organic matrices [20]. The high optical
absorbance of CDs (>335 nm), besides their excellent physical-
chemical properties such as a self-passivation, electronic conduc-
tivity, high surface area to volume ratio, good solubility in water
and organic solvent [21], make them suitable matrices for detect-
ing small molecules by the MALDI-TOF MS technique. Their elec-
tronic properties are related to condensed benzene rings, which
absorb the energy and transfer it to the analyte, in a more efficient
way than do conventional organic matrices [22,23]. As an efficient
application of this transfer process, CDs alone or in a combination
with 9-aminoacridine (9-AA) were used for the detection of mefe-
namic acid or nucleosides in human fluids [20,24]. The most prob-
able mechanism of the CDs’ positive effect is the improvement of
the optical properties of 9-AA, enabling higher absorption of the
laser light and energy transfer to the analyte.

Published results suggested that a high salt tolerance of CDs
enables their application in real samples, such as the detection of
neurotransmitters, uric acid and glucose in serum [21,24] or a
Ru-complex in urine, a potential class of selective anticancer drugs
[25]. In the case of a glucose analysis in serum, not only its detec-
tion but also quantification was possible with the aid of CDs, which
is an advantage over other organic matrices. A graphene matrix led
to a high sensitivity and resolution in the detection of non-polar
compounds, such as sterols in the MALDI MS approach [26-28].
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Doped CDs with N, O and P have been used as substrates for the
quantification of small molecules (glucose, uric acid, or amino
acids) in both modes (positive and negative), and they improved
an electronic density of matrices [29-30], which is an important
detection parameter.

Following the introductory works on the application of CDs as
the MALDI-TOF MS matrices [25], we have synthesized raw CDs
and their N-doped counterparts and tested their suitability for
the detection of cholesterol using MALDI-TOF MS. Even though
there are inexpensive colorimetric kits for the detection of choles-
terol, this molecule was chosen for our study as a model system for
MALDI detection of small biologically relevant compounds. More-
over, the m/z position of cholesterol is in a proximity of signals
arising from the MALDI matrix, making its detection challenging.
Therefore, our objective is to propose a carbon-based alternative
to the conventional organic substrates, 2,5-dihydroxybenzoic acid
(2,5-DHB) and 2-hydroxy-5-methoxybenzoic acid (sDHB), which
are commonly used to enhance the cholesterol detection. We
hypothesize that that presence of functional groups, such as amine
groups or carboxyl groups on the CDs surface, which affect the
electron density of the carbon matrix, will advance charge-
transfer reactions, and thus will make CDs a potentially suitable
substrate for the detection of small molecules by MALDI-TOF MS,
especially those of low polarizability such as cholesterol. It is
known that being poorly polarizable, it decreases the ionization
efficiency that usually leads to a low ion yield [31,32]. Cholesterol
was selected as a model system because it is a low-density lipopro-
teins compound (LDL), whose concentration in blood should be
controlled, as a high concentration may lead to the development
of atherosclerosis [33-35] and also because of its presence in cel-
lular membranes. To support our experimental findings, DFT calcu-
lations were performed to explain the mechanism of the
interaction of CDs/N-CDs with cholesterol.

2. Experimental
2.1. Synthesis of carbon dots nanoparticles

Carbon dots (CDs) were prepared by a hydrothermal approach
from lactose, as previously addressed in detail [36]. Briefly, lactose
was treated in a Teflon lined steel reactor with HCI (1 M) at 100 °C
for 3 h in an oven. Afterwards, the mixture was dialyzed against
deionized water for 24 h. N-doped CDs (N-CDs) were prepared by
mixing CDs with 1,6-hexanediamine (1 g, 98%, Sigma-Aldrich, Ger-
many) in a Teflon lined steel reactor, and heated in an oven for 3 h
at 100 °C (Scheme 1). It was assumed that a high solubility of 1,6-
hexanediamine in water and its nitrogen chemistry will promote
the incorporation of N-containing groups to CDs’ .

2.2. Characterization

The morphology of CDs was evaluated by a high-resolution
transmission electron microscopy (HRTEM) on a FEI Talos
F200X.The AFM images were collected on Flex-AFM (Nanosurf,
Switzerland) equipment, in dynamic mode (phase contrast), at a
scan rate of 1 Hz (1 s/line; 1024 lines,1024 points, surface area
5 x 5 and 2.5 x 2.5 um?). A solution of N-CDs (200 pg/mL) in fil-
tered ultrapure water was sonicated (15 min) and shaked every
5 min. A drop of 20 pL was placed in a freshly cleaved mica sheet
and left to dry at room temperature overnight. Collected images
were analyzed and profiles extracted using the free Gwyddion
software v. 2.45 (Department of Nanometrology, Czech Metrology
Institute, Czech Republic). A particle area and diameter distribu-
tion were obtained with a free software package Image] 1.48v.
An XPS analysis was carried out on a Physical Electronics PHI
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Scheme 1. Molecular representation of the obtained N-CDs.

VersaProbe II spectrometer (Al-K, radiation 49.1 W, 15 kV and
1486.6 eV). Spectra were recorded with a constant pass energy
value of 29.35 eV, using a 100 pm diameter circular analysis
area,analyzed using PHI SmartSoft software, and processed using
MultiPak 9.3 package. A Shirley-type background and Gauss-
Lorentz curves were used to determine the binding energies,
which were referenced to an adventitious carbon C 1 s signal
(284.8 eV). Fluorescence measurements were performed in 10-
mm path-length quartz cuvettes on a fluorescence spectrometer
LS55 (Perkin-Elmer, Norwalk, CT, USA) at a room temperature.
A matrix-assisted laser desorption/ ionization time of flight mass
spectrometry (MALDI-TOF MS) was carried out on the Autoflex
Max Device (Bruker, Bremen, Germany), equipped with the
SmartBeam™ laser (Aem = 355 nm). The maximum laser fre-
quency was 2 kHz, and all spectra were acquired by applying
200 Hz. A reflector detector and delayed extraction time 120 ns
were used. The { potential of carbon nanoparticles were deter-
mined in phosphate buffer solution (10 mM) using a Zetasizer
Nano ZS (Malvern Instruments, U.K.) equipped with a 4 mW
HeNe laser operating at A = 633 nm at 25 °C, using a polycarbon-
ate folded capillary cells, incorporated with Au plated electrodes
(DTS1061). ¢ were obtained automatically by the software, using
the Stokes-Einstein and the Henry equation, with the Smolu-
chowski approximation. 'H and '>C NMR spectra were recorded

Z- AXIS fomard
0.0 ym 0.5

on a Bruker Avance-IIl 400 plus spectrometer at room tempera-
ture operating at 400 MHz ('H) and 100 MHz ('3C) respectively
using D,0 and MeOD as solvents. Chemical shifts are given in
é-values (ppm) referenced to residual solvent peaks, automati-
cally referenced by the instrument

2.3. Preparation of samples for MALDI-TOF MS

The matrices or substrates/nanoparticles for MALDI MS were
prepared in the following way: CDs and N-CDs were dissolved in
water at a final concentration of 0.3 or 0.5 mg/mL, or in a combina-
tion with 2,5-dihydroxybenzoic acid (2,5-DHB) or “super DHB”
(sDHB) (both at the final concentration of 5 mg/mL). Whereas
DHB is a well known matrix [11], the so called sDHB consists of
9:1 (w/w) mixture of 2,5-DHB and 2-hydroxy-5-methoxybenzoic
acid; both matrices were purchased from Sigma Aldrich (Ger-
many). In all cases, the matrix/substrate solution was mixed with
a cholesterol standard in a volume ratio 1:1. Cholesterol was used
in a concentration range (maximum concentration 0.37 pM),
which, as determined previously, provide a linear detector
response. To test the system tolerance for inorganic salts, NaCl dis-
solved in water was added to the cholesterol solution to reach the
final concentration ranging from 0 to 2%. Each sample/matrix

204

o
o
"

Frequency

6 7 8 9
Size (nm)

1

50

i 5.28 nm
450

' 4.00
3.50

’ 3.00
2.50

’ 2.00
1.50

’ 1.00
0.31

. ) "P
. S

N-CDs

Frequency
S & 8

-
o

10
Illllll

B S A S °.\a,.$

QQQQ
h‘)h'\sﬁ’\ '\r§

Size (nm)

o
%% |
% 1

Fig. 1. (A) TEM image of the obtained CDs from lactose; (B) Size histogram distribution (n = 50 nanoparticles); (C) AFM image on a mica sheet of the N-CDs and of the 6.25
um? surface area; (D) N-CDs nanoparticles’ counting process. E) N-CDs nanoparticles’ size distribution.
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Fig. 2. XPS core level spectra of N-CDs (A)C1s,(B)N1sand (C)O 1s.

combination was used in quadruplicate (0.5 pL/spot) to test the
reproducibility of the method and left at the room temperature
to co-crystallize. The Spectra were calibrated using the signals aris-
ing from DHB as a standard.

2.4. Computational details

The interactions of cholesterol with CDs and N-doped carbon
quantum dots (N-CDs) were evaluated using a density functional
theory (DFT) with a hybrid meta exchange-correlation functional
MO05-2X [37] corrected by the D3 version of Grimme’s empirical
dispersion [38], as recommended by Grimme and co-workers
[39]. The def2-SVPP and def2-TZVPP basis sets have been applied
to all atoms which form the systems under study [40,41]. The elec-
tronic structure calculations were carried out with the GAUS-
SIAN16 program [42]. Adsorption energies were estimated using
the expressions given by Thermodynamics Statistical with pro-
grams developed by the members of our research group [43,44].
The potential energy surfaces, which represent the formation of
complexes between cholesterol and (N-CDs) have been modeled
using a full linear interpolation method in internal coordinates
[45-50]. Molecular geometries were analyzed by MOLDEN and
MacMolPIt [51,52] software.
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Fig. 3. Positive ion MALDI TOF mass spectra of cholesterol acquired with (A) CDs
and sDHB + CDs (B). [Cholesterol] = 0.095 M (A) and 0.049 pM (B). Samples were
applied in the pre-mix conditions (1:1, v:v) and the spectra were acquired with the
reflector detector by averaging 2000 individual laser shots at 200 Hz laser
frequency. Signals arising from CDs (A) and of cholesterol (B) are indicated by m/
z ratio, whereas the spectra arising from organic matrices used are indicated by an
asterisk.
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3. Results and discussion
3.1. Morphological analysis of CDs

The TEM images of raw CDs obtained from lactose are shown in
(Fig. 1A). Nanoparticles are well dispersed and exhibit a spherical
shape with a mean size of 7-8 nm (Fig. 1B), as reported previously.
The size and shape of CDs obtained in this batch, correspond to
those obtained in our previous study, thus demonstrating the
reproducibility of the hydrothermal synthesis process [36]. The
AFM image (Fig. 1C) reveals a poly-dispersed N-CDs particles size
distribution. 3D topographic images obtained by AFM show the
maximum particle height of 21 nm and 13 nm for the 25 ym?
and 6.25 um?, respectively (Figure SI1). Profile data extracted from
the 6.25 pm? image, is shown in Figure SI2A, where both small and
big particles were selected to be analyzed. The data were leveled
and normalized with the minimum value to zero. The comparison
of all analyzed nanoparticles (Figure SI2B) showed their height
between 1.20 and 8 nm.

The particle area (Fig. 1D) was analyzed, and their diameter was
calculated by a circle approximation. Fig. 1E shows 165 particles
with a diameter between 0 and 50 nm, 39 particles with a size
range between 50 and 100 nm, and 15 particles with sizes above
100 nm. Overall, the AFM results reveal that N-CDs particles have
dimensions in a nanometer range, with a spherical shape distribu-
tion. Moreover, the analysis of the shape of CDs showed a well dis-
persed and not aggregated spherical nanoparticles with a mean
value of 7.8 nm, which agreed with our previous results and repro-
ducible hydrothermal synthesis approach [36].

A good homogeneity of the distribution on the MALDI plate can
be achieved with small nanoparticles as a substrate and therefore
the results indicate that both CDs and N-CDs are good candidates
to be used in the matrix. However, there is an indication that the
functional groups on the N-CDs nanoparticles surface favour the
electrostatic interactions and it leads to the formation of aggre-
gates seen in the AFM images. (Fig. 1A). This kind of interactions
might also benefit the cholesterol detection.

3.2. Surface analysis

3.2.1. "H NMR spectroscopy of N-CDs

To confirm the surface functionalization of CDs with nitrogen,
NMR spectra were acquired and analyzed. In the spectrum of N-
CDs in D,0 (Figure SI3B), signals corresponding to three methylene
residues of a diamine chain are visible. These signals are shifted in
comparison with those of pure diamine (Figure SI5A). This can be
explained by an ammonium salt formation from amino groups
and CO,H groups on the surface of CDs. As addressed elsewhere
and based on XPS analysis [53], CDs used in this study are rich in



D. Houdovd, J. Soto, R. Castro et al.

L .Ul.u NI l

Journal of Colloid and Interface Science 591 (2021) 373-383

T
360

T
340

401.2

340 360 380 400 420

m/z

381.2
397.2
( 410.1
(423.2
Il ‘l K A
T T T T
400 420 m/z
b3
’\38142/*
4012 4152
*
"
I, Illj s 1.[11. T
T T T o T T ! T T
340 360 380 400 420 m/z

340 360 380 400 420

m/z
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N-CDs sDHB sDHB/CDs sDHB/N-CDs
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Fig. 5. The S/N ratio of cholesterol acquired with CDs, N-CDs, sDHB, and their
combination. Bars arise from the signal at m/z 369.3 The average value from 4
measurements and standard deviation are presented. [Cholesterol] = 0.185 uM.

carboxylic groups. Moreover, when we added more 1,6-
hexanediamine to a NMR tube (Figure SI3C), methylene signals
increased, but no significant peaks belonging to free amine
appeared in spectra. These results support that there are free
—COOH groups on the surface of N-CDs, which could react with
the added amino groups to give ammonium salts. The carbonyl
groups of 0=C—0~ and O=C—OH were identified with '3C NMR.
These groups can interact with MALDI matrices and analytes such
as cholesterol and inorganic cations present in mixtures. The pro-
tonated amines could act as ionic linkers between the carboxyl
groups and diamine residue on the surface of CDs, and this process
can result in the formation of aggregates (Scheme 1) as seen in the
AFM images.
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To study potential interactions between CDs and cholesterol,
NMR spectra of CDs@cholesterol were acquired in MeOD, after
10 min sonication. Despite the complexity of 'H NMR spectra, it
was possible to identify significant signals from cholesterol and
diamine chains in the mixture at 2.96, 1.70 and 1.46 ppm, (diamine
chain) and at 1.02 (s), 0.93 (d), 0.87 (d, 2x3H) and 0.71 (s) ppm (c-
holesterol methyl), (Figure SI4). 1>C NMR spectra showed the zones
corresponding to the signals of N-CDs (68 to 105 ppm, C—H
carbons principally) and (60-63, CH, carbons), (Figure SI5). Most
of the cholesterol signals appeared from 10 to 57 ppm, and vinylic
carbon C—H- at 121 ppm. The NMR analysis showed a small shift of
the signals corresponding to cholesterol acquired in the mixture
with CDs or N-CDs, compared to the signals obtained in isolated
cholesterol. This indicates that the interactions between N-CDs
and cholesterol must be primarily electrostatic since the presence
of a covalent or ionic bond should provoke higher shifts for the sig-
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Table 1

S/N ratio of the signal arising from cholesterol at m/z 369.3 detected with sDHB, DHB, CDs, N-CDs, or their combination under increasing content of NaCl.
[NaCl] % Mean * SD RSD, % [NaCl] % Mean * SD RSD, %
DHB sDHB
0 19.7 £ 4.1 60.5 0 33,5102 305
0.1 55+0 / 0.1 00 /
0.2 800 / 0.2 00 /
0.4 000 / 0.4 0+0 /
0.9 80+0 / 0.9 00 /
2.0 0.0%0 / 2.0 00 /
N-CDs CDs
0 153 £4.2 27.5 0.0 16.0 £ 6.4 39.9
0.1 9.0+20 22. 0.1 19.8 £5.1 25.9
0.2 155%34 22.0 0.2 13.0£3.0 22.7
0.4 228+56 24.4 0.4 19.8 £+9.1 459
0.9 238146 19.3 0.9 17.8 £ 6.7 37.8
2.0 215%59 27.5 2.0 17.5 + 4.4 24.9
sDHB + N-CDssDHB + N-CDs sDHB + CDs
0.1 00 / 0.1 8+0 /
0.2 0:0 / 0.2 7+0 /
0.4 0:0 / 0.4 0:0 /
0.9 0:0 / 0.9 8.7+ 0.6 6.7
2.0 00 / 2.0 16.0 + 4.1 255
DHB + N-CDsDHB + N-CDs DHB + CDs
0.1 00 / 0.1 16.0 + 4.1 255
0.2 0:0 / 0.2 810 /
0.4 00 / 0.4 9:35 385
0.9 00 / 0.9 117 £2.5 21.6
2.0 0:0 / 2.0 7.7+15 19.9

nals. Apparently, the signal of CH-OH was shifted, and it appeared

in the region of the signals arising from N-CDs; therefore, it could

not be identified in the mixture. >C NMR assignments were inves-

tigated by DEPT-135 and compared with the previously reported (A1)

ones [54].

Since for the interactions of cholesterol with CDs/N-CDs, the
charge of the surface is important, a zeta potential ({) was mea- HO o NH HoN o
. - 2

sured. For N-CDs and CDs it was 7.8 mV and —6.6 mV, respectively.

The positive value for N-CDs is linked to the protonated amine

groups on their surface, and negatively charged on CDs- to the

COOH groups. These results not only confirm the presence of the

hydroxyl and carboxylate functional groups on the CDs surface

[36], but also clearly show the successful chemical modification (B2) (C3) (D4)

of the surface of N-CDs.

3.2.2. XPS analysis

The XPS results further confirms the successful surface modifi-
cation of CDs with nitrogen. The CDs nanoparticles were previously
analyzed by XPS [36] and the deconvolution of the C 1 s core
energy level spectrum showed the marked contribution at
287.5 eV assigned to carbonyl/carboxyl functionals groups. Car-
boxylate groups were also detected as the contribution at
289.3 eV. The surface chemical content of C and O was 89.62 and
9.71%, respectively.

The surface chemical composition of N-CDs (at. %), after the
hydrothermal process was C (66%), O (29%) and N (3%), with a bal-
ance of trace atoms. The deconvoluted C1s,0 1 s and N 1 s core
energy level spectra are presented in Fig. 2A-C. The C 1 s spectrum
for N-CDs was deconvoluted in four main contributions attributed
to C—C/C—H (284.7 eV), C—0O/C—N/C—0—C (acetal) (286.2 eV),
C=0 (287.6 eV) and at 288.9 eV assigned to carboxylate (0O=C—0)
(Fig. 2A) [55]. The high-resolution N 1 s spectrum showed a broad
asymmetric band, which was deconvoluted into contributions at
399.7 and 401 eV assigned to amine functional groups (—NH,)
and protonated amines (—NH,-H"), respectively (Fig. 2B) [56].
The deconvolution of O 1 s spectrum revealed two peaks: a domi-

378

Scheme 2. Selected models of CDs and functionalized N-CDs.

nant one at 532.6 eV which represents C—0/C—0—C groups at
530.7 eV assigned to > C=0 functional groups (Fig. 2C) [56].

3.3. MALDI-TOF MS of cholesterol with N-CDs and CDs with inorganic
salts

The spectra of cholesterol acquired with CDs (Fig. 3) and with
DHB or sDHB, with or without N-CDs, are presented in Fig. 4. The
number of signals arising from the matrices (indicated by an aster-
isk in the spectra) is much smaller when N-CDs are used as the
substrate for MALDI-TOF MS compared to the binary system with
matrices (Fig. 4). The signal at m/z 369.3 arises from dehydrated
cholesterol, followed by the addition of a proton (M—H,0 + H),
which is the easily detectable species of cholesterol in the MS spec-
tra. Other signals arise from oxidation products of cholesterol that
can be formed upon laser illumination [57]. Under the applied con-
ditions, no sodium adducts were detectable. Still, apart from the
signal at m/z 369.3, other signals correspond to radical cations of
oxidized products, and these are at m/z 401.2, 410.2, 415.2 and
423.2, as previously described [25].
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E5 (DHB-CDs)

Fig. 7. M05-2X(D3)/def2-SVPP optimized geometries of the complexes formed between cholesterol CDs, DHB-CDs and N-CDs A1 (non-doped); B2 (—COOH); €3 (—CH,NH,);

D4 (—CONH,); and E5 (DHB-CDs).

Even though, the addition of N-CDs to the organic matrices did
not increase the detectability of cholesterol, it has slightly
increased the number of signals detected in the mass region of
interest. The MALDI mass spectra were acquired in a concentration
range of cholesterol, with the maximum concentration of 0.37 uM.
Because sDHB, as a matrix, yields higher S/N for the signal at m/z
369.3 than does DHB at all tested concentrations, this matrix was
selected for further studies. It should be emphasized that sDHB is
already a binary DHB matrix with improved properties, achieved
by the addition of the low concentrations of 2,5-DHB. The addition
of CDs or N-CDs to the matrix did not increase the sensitivity of the
detection in the system that is free from inorganic cations.

The spectra of cholesterol acquired with both CDs and N-CDs
show mostly background signals, with the S/N ratio > 10, which
is around 8-fold lower than the highest obtained values (in terms
of S/N ratio) in the spectra. This indicates that these nanoparticles
alone are not the best candidates for the MALDI MS detection of
cholesterol, at least in this concentration range. On the contrary,
after sDHB was used, either alone, or supplemented with nanopar-
ticles, the cholesterol signals increased with an increase in the con-
centration (Fig. 5).

Compared to the spectra acquired with sDHB alone, the addi-
tion of N-CDs induced an increase of S/N, reaching saturation at
the concentration of 0.185 uM, whereas in the case of sDHB alone
or supplemented with N-CDs, the saturation limit was not achieved
in the analyzed cholesterol concentration range (Fig. 6). However,
S/N of the detected signal at the maximum tested cholesterol con-
centration was lower than the intensity of the signal obtained with
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sDHB. These results strongly imply the increased sensitivity of the
cholesterol detection when organic matrix is supplied with CDs. In
general, nanoparticles are known for their tolerance against
increased inorganic salt concentrations [10,25], which makes them
advantageous for the MALDI TOF MS study of samples of biological
origin.

In addition to proton adducts of the polymerization products,
there are numerous adducts with inorganic cations, such as Na* or
K" [58]. These matrix-related, or background signals in the low mass
region, might lead to the saturation of a detector, thus suppressing
the signals of interest, or even preventing the detection of analytes
[59]. This is the case of the analysis of the low-molecular mass com-
pounds and the reason for a lower sensitivity of the detection in the
high concentration of inorganic salts in the mixture [60].

To further analyze the effects of the carbon dots addition, spec-
tra with an increasing concentration of NaCl in the matrix/analyte
mixture were acquired. Even though, 0.9% of NaCl is considered as
relevant and closest to isotonic, in our approach we applied the
concentrations up to 2% of NaCl [61], to test the limits for choles-
terol detection. The spectra were acquired with sDHB, DHB, CDs
and N-CDs (alone, or in a combination with the organic matrix).
Results are given in Table 1 as the mean value + SD. Also, RSD
expressed as the percentage of the mean value is reported, to con-
firm the reproducibility of the method. For both organic matrices
used, it was found that even the lowest concentration of NaCl sup-
pressed the signal arising from cholesterol. In some cases, RSD
equals 0, which means that the detectability was not good, or the
signal was detected in 1 of 4 wells.
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E5Na*: (DHB/Na‘/non-doped CDs)

C3Na*: (Na*/H,N-CH,-CH,/N-CDs)

B2Na*: (Na*/HOOC-CH,-CH,/N-CDs)

D4Na*: (Na*/H,NOC-CH,-CH,/N-CDs)

Fig. 8. M05-2X(D3)/def2-SVPP optimized geometries of the complexes formed between cholesterol CDs, DHB-CDs and N-CDs in presence of the sodium cation: ESNa*(non-

doped); B2Na*(—COOH); C3Na*(—CH;NH,); D4Na*(—CONH,).

Table 2
Electronic energy of formation (AE in kcal/mol) of the CDs/N-CDs@ Cholesterol
complexes.”

Species” Formation Reaction AE
Al Chol + CDs — Cho " 'CDs -10.2
B2 Chol + CDs — Cho "'N-CDs -19.1
c3 Chol + CDs — Cho "'N-CDs -17.9
D4 Chol + CDs — Cho'"'CDs —-15.7
E5 Chol + DHB-CDs — Cho~"DHB-CDs -29.6
B2Na* Chol'"Na* + N-CDs — Cho*'Na*N-CDs® -41.3
Chol + Na*"N-CDs — Cho'*'Na*™'N-CDs —43.7
C3Na* Chol'Na* + N-CDs — Cho~'Na**‘N-CDs -39.1
Chol + Na*~'N-CDs — Cho~'Na*N-CDs —41.2
D4Na* Chol'-"Na* + N-CDs — Cho-'Na*'N-CDs —48.0
Chol + Na*'N-CDs — Cho ~'Na™'N-CDs —42.2
E5Na* Chol'"Na* + DHB-CDs — Cho -'Na*-'‘DHB-CDs —-60.4
Chol + Na*- DHB-CDs — Cho-'Na*-'‘DHB-CDs -39.1

2 M05-2X(D3)/def2-SVPP.
b Geometries given in Figs. 6 and 7.
€ Two possible formation reactions are considered when Na* is included.

Interestingly, the presence of NaCl did not suppress the choles-
terol signals detectable with CDs and N-CDs. On the contrary, these
signals not only increased with the increasing NaCl concentration
but achieved higher intensities in the spectra acquired with N-
CDs compared to those with CDs. In addition, RSD is somewhat
lower when cholesterol spectra are acquired in the presence of
N-CDs and NaCl. This is a clear indicator of a good reproducibility
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of the results. It also shows a potential for using this approach
for the method optimization process to quantify cholesterol in bio-
logical samples, even without the laborious desalting, purification
of the analyte and other required and time-consuming processes.

The addition of CDs to the organic matrices recovered the
detectability of cholesterol in the presence of salts, whereas the
addition of N-CDs did not demonstrate the same trend (highlighted
cells in Table 1). The reason for the suppression of the analyte sig-
nals in the spectra acquired with the organic matrices in the pres-
ence of NaCl might be in the higher number of signals arising from
sDHB compared to those from DHB, which are enhanced by the
presence of salts, as discussed above. In addition to this, we cannot
exclude the possibility of the chemical interactions between car-
boxyl groups of the benzene ring of sDHB and DHB and amines
of N-CDs, which might affect the cholesterol detectability under
these conditions. In any case, this approach is promising, since
the detectable concentration of cholesterol was in the micromolar
range (umol/L), whereas the physiologically relevant concentra-
tions are 1000 times higher [60].

3.4. Interaction of N-CDs with cholesterol

3.4.1. Chemical model

Theoretical studies were performed with the aim to explain the
results obtained with MALDI TOF MS of cholesterol using the
organic matrices, CDs, and the binary systems (organic matrix/
CDs. Taking into consideration that CDs consist of a carbon core
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Scheme 3. Molecular representation of the interaction between cholesterol and CDs / N-CDs nanoparticles.

of a nanometer size, which is surrounded by amorphous carbon
frames decorated with different chemical substituents, e.g., amide
(0=C—NH,), amine (—CH,;NH,) or carboxylic (O=C-OH) groups,
the CDs and N-CDs models selected to study the cholesterol inter-
actions with such functionalized carbon nanoparticles consist of
various chemical moieties bound at one of the carbon atoms of a
central ring of anthracene, as shown in Scheme 2. The model cor-
responding to the non-doped CDs is also shown in this Scheme.
These structures agree with the models applied for the studies of
analogous types of materials such as other CDs or N-doped 3D-
graphene quantum dots [25,62-64].

3.4.2. Interaction of cholesterol with N-CDs

Following the structural models proposed in Scheme 2, the
types of interactions between cholesterol and CDs or N-CDs or
the binary systems (organic matrix/CDs were investigated with a
focus on the identification of the factors affecting the detectability
of cholesterol by MALDI-TOF MS. Fig. 7 shows the geometries of
target complexes with a minimum energy. The effect of Na* pres-
ence in the system was also investigated (optimized geometries
are given in Fig. 7). Three types of interactions were considered:
Type I as the bonding of cholesterol and pristine CDs throughout
dispersive forces

(Fig. 6, A1); Type II as hydrogen bonds, which leads to the for-
mation of cholesterol-CDs/N-CDs complexes (Fig. 6, [B2, C3, D4];
Type III (Fig. 7) as a sodium bridge wehre sodium links cholesterol
and N-CDs (Fig. 7, B2Na*, C3Na" and D4Na*) or cholesterol and bin-
ary systems (Fig. 8, E5Na*). These three types of interactions are
noncovalent and purely coulombic [65] and they are presented in
Scheme 2, The energies of complexe$ formation representing the
stability of the complexes (Figs. 7 and 8) are presented in Table 2.

The calculations showed that the inclusion of the sodium cation
or DHB into the geometries of the complexes increases the stabi-
lization energy, which agrees with the experimental results show-
ing that in the presence of NaCl the cholesterol signals are
suppressed in the binary system. Thus, the more stable complexes
are generated, the lower yield of cholesterol-related ions is gener-
ated and thus its detection is inhibited. On the other hand, with
only CDs and Na* in the system, the complexes formed are less
stable, and thus the cholesterol is more easily dehydrated and ion-
ized (detectable in the spectra). Without NaCl cholesterol readily
reacts with CDs that contains more of the ~-COOH groups on the
surface and it contributes to the dehydration of cholesterol and
thus to the higher ion yield.

The calculated ionization potentials, vertical excitations, emis-
sion energies and dipole moments of the species represented in
Figs. 7 and 8 are summarized Table SI1 of the Supplementary Infor-
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mation. The potential energy surfaces that led to the formation of
the molecular complexes between cholesterol and N-CDs are rep-
resented in Figure SI7. They were obtained using a full linear inter-
polation method in internal coordinates. The results clearly show
the smaller ionization potentials of the complexes formed with
CDs and cholesterol in the presence of Na*, compared to those of
the binary systems (with DHB).

While the B2 and C3 complexes are barrierless (Figure SI6) the
D4 complex needs to overcome a small barrier and this barrier is
CDs acting as attractors. The estimated reaction enthalpies (AH)
and Gibbs free energies (A,G) of such complexes at 298.15 K indi-
cate that the only stable complex with the negative Gibbs free
energy is A1, that involves —COOH group on the CDs particle sur-
face (Table SI2). This confirms a good suitability of CDs for the
detection of cholesterol in the presence of Na" and in a binary sys-
tem with matrices.

Based on the experimental and theoretical data, it is proposed
(Scheme 3) that the interactions of cholesterol with the —COOH
groups of CDs on the MALDI target lead, upon laser illumination,
to the electron transfer reactions and promote dehydration, des-
orption, and ionization of cholesterol. The results suggest that
the clusters generated on the sample plate contains more than
one molecule of cholesterol interacting with the single CDs
nanoparticle, thus increasing the yield of cholesterol-derived ions.
The absence of Na*- adducts with cholesterol in the spectra indi-
cates that this inorganic ion is mostly bounded to CDs. In the case
of N-CDs, the amount of cholesterol bound to —COOH is smaller,
due to the smaller amount of these groups on the surface of N-
CDs, thus resulting in the somewhat lower signal intensity, com-
pared to that in the presence of CDs.

4. Conclusions

The results presented support our hypothesis that presence of
functional groups, such as amine groups or carboxyl groups on
the CDs surface, which affect the electron density of the carbon
matrix, will advance charge-transfer reactions, and thus will make
CDs a potentially suitable substrate for the detection of small
molecules by MALDI-TOF MS. Specifically, we have shown that
the high content of the COOH groups on the surface of CDs helps
to recover cholesterol signals in MALDI TOF mass spectra when
acquired with DHB in the presence of inorganic salts. On the other
hand, the addition of N-CDs with a small amount of COOH, did not
advance the cholesterol signals acquired with the organic matrices.
Nevertheless, without the organic matrix and only with the assis-
tance of N-CDs cholesterol signals were not suppressed in the pres-
ence of NaCl. Additionally, N-CDs led to the higher homogeneity of
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the analyte/substrate distribution on the sample plate than did
CDs, which is reflected in the low RSD values. This is explained
by both the positive and negative charge on the N-CDs surface.
Thus, because of its specific chemistry, N-CDs has a potential to
quantify cholesterol in samples of biological origin by the MALDI
TOF mass spectrometry. Theoretical data supported the
experimental results obtained with CDs/N-CDs, in terms of the sen-
sitivity of cholesterol detection in our specific binary system. The
low Gibbs energy of the complex formation and, subsequently
the high complex stability, led to an advanced detectability of
cholesterol by MALDI TOF MS. In addition, the small dipole
moment and low excitation energy of the complex between
cholesterol and CDs resulted in an increased cholesterol detectabil-
ity upon addition of Na*, which is important for the cholesterol/
and other small molecules detection in physiological solutions.
The results of this study can open a new research path of function-
alization of carbons dots to advance MALDI TOF MS of various
molecules.
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