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Abstract

Carbon nanomaterials (CNMs), including carbon quantum dots (CQDs), have found widespread
use in biomedical research due to their low toxicity, chemical tunability, and tailored

applications. Yet, there exists a gap in our understanding of the molecular interactions between
biomacromolecules and these novel carbon-centered platforms. Using gelatin-derived CQDs as

a model CNM, we have examined the impact of this exemplar nanomaterial on apo-myoglobin
(apo-Mb), an oxygen-storage protein. Intrinsic fluorescence measurements revealed that the CQDs
induced conformational changes in the tertiary structure of native, partially unfolded, and unfolded
states of apo-Mb. Titration with CQDs also resulted in significant changes in the secondary
structural elements in both native (holo) and apo-Mb, as evidenced by the circular dichroism (CD)
analyses. These changes suggested a transition from isolated helices to coiled-coils during the

loss of the helical structure of the apo-protein. Infra-red spectroscopic data further underscored

the interactions between the CQDs and the amide backbone of apo-myoglobin. Importantly, the
CQDs-driven structural perturbations resulted in compromised heme binding to apo-myoglobin
and, therefore, potentially can attenuate oxygen storage and diffusion. However, a cytotoxicity
assay demonstrated the continued viability of neuroblastoma cells exposed to these carbon
nanomaterials. These results, for the first time, provide a molecular roadmap of the interplay
between carbon-based nanomaterial frameworks and biomacromolecules.
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Introduction

Nanoparticles (NPs), including carbon nanomaterials (CNMs) have found widespread

use in biological applications [1-3]. CNMs including fullerenes, carbon dots (CDs),

carbon quantum dots (CQDs), graphene quantum dots (GQDs), and carbon nano onions
(CNOs), have been used for diverse purposes, including theragnostics for biological and
environmental detection, sensing, and imaging [4-7]. They have also demonstrated potential
as antivirals in tissue engineering and cancer therapy, and even as nanofertilizers [8-13].

CQDs are of particular interest in the aforementioned areas of biomedicine given their

ease of synthesis, chemical tunability, ability to scavenge reactive oxygen species, imaging
ability, and high biocompatibility [14,15]. Recent work has demonstrated that CQDs
dissolve mature amyloid fibrils and also prevent the soluble-to-toxic transformation of
amyloid-fibril-forming proteins [16-18]. Data from our laboratory have revealed that they
are able to intervene across multiple targets in the trajectory of Parkinson’s [19-21].
Functionalized GQDs intervened in the soluble-to-toxic transformation of the Parkinsonian
amyloid a-synuclein [22,23]. Appropriately functionalized CQDs, GQDs, and other CNMs
are able to cross the blood-brain barrier (BBB), making them particularly attractive in
prophylaxis and therapy [24-29].

The impact of different types of NPs, including CNMs, on human health has not been
sufficiently underscored. Considering the rapid growth of nanobiotechnology and the
application of CNMs across the biome [30,31], it is critical to examine interactions between
CQDs and biomolecules such as proteins, DNA, lipids, and carbohydrates. Proteins, vital
macromolecules in living systems, can bind to ligands, even at the nano-scale level, giving
rise to complex interactions and triggering structural changes in the protein. When NPs enter
biological systems, they interact with proteins on their surfaces, leading to the formation

of NP-biomolecule complexes that govern their biological effects [32,33] (Fig. 1). Proteins
adhered to NPs can undergo conformational changes, impacting their structure and function
[34,35]. Various NPs have shown different interactions with biomolecules. As an illustration,
gold nanoparticles have a significant affinity for essential blood proteins such as albumin,
fibrinogen, a-globulin, histone, and insulin, resulting in conformational changes in these
proteins [36-38]. A recent study examining the interaction between vinegar carbon dots
(VCDs) with human plasma protein (HHB) using FTIR, atomic force microscopy, and
circular dichroism analysis showed alterations in HHB upon its binding with VCDs [39].
Understanding these changes is of utmost importance as it provides valuable insights

into the proteins’ role in different fields, including biochemistry, medicinal chemistry,

and nanobiotechnology. However, there continues to remain a gap in our comprehensive
understanding of these implications and the associated risks [40].

Here, we have examined the impact of CQDs on a model protein in an attempt to advance

a molecular level understanding of the interactions between CQDs and biomolecules. There
are a number of reasons that motivate this study: 1) As aforementioned, in addition to

their biological targets, CQDs are likely to interact with off-target molecules. Therefore, the
characterization of these interactions provides insight into the role of CQDs in modulating
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cellular homeostasis, attenuating pathways that “off-target” molecules may be involved in,
and influencing the biological activities of molecules that CQDs come in contact with.

2) It can provide information about biological safety regarding the use of CQDs. 3)
Understanding the impact of CQDs on protein structure facilitates understanding how CQDs
intervene in the soluble-to-toxic conversion of amyloid proteins, information critical to
transitioning CQDs into pre-clinical and clinical trials. 4) Lastly, understanding the CQDs’
interaction with biomolecules facilitates the design of 2nd generation CQDs that are not only
more biologically effective but also demonstrate enhanced target specificity.

Gelatin-derived CQDs were chosen as a representative CQD along with apo-myoglobin,

a small predominantly a-helical globular protein, as the model protein for studying

the interaction between CQDs and biomolecules. Gelatin, being a widely available,
biocompatible, and cost-effective biomaterial, presented an attractive starting point for CQD
synthesis which aligned with our study’s focus on exploring environmentally friendly and
sustainable materials for potential biomedical applications. Gelatin-derived CQDs possess
carbonyl, carboxylic, and hydroxyl surface-functional groups centered around a carbon core.
They attenuate pesticide-associated mortality in C. elegans while protecting the nematode
dopaminergic neurons from pesticide-induced ablation [19-21]. It is therefore germane to
this study given its prior use.

Myoglobin is a 153 amino acid heme-containing protein associated with the storage of
oxygen. The protein exhibits >70 % helicity with negligible beta-sheet content, making it

a prototype model for examining the role of CQDs on the helical structures of proteins
[41-45]. However, the fluorescence of tryptophan in myoglobin is quenched due to the
proximity of the heme group. This is because the excited-state energy of tryptophan can be
transferred non-radiatively to the heme group, leading to a decrease in the fluorescence
intensity of tryptophan. Removing the heme group can eliminate this energy transfer
process and increase the fluorescence intensity of tryptophan. Apo-myoglobin, or heme-free
myoglobin, possesses ~55 % helical structure and <10 % beta-sheet content [46]. Therefore,
to evaluate CQDs’ impacts on conformational changes of protein through the intrinsic
fluorescence of tryptophan, we have selected apo-myoglobin. The binding of heme to apo-
myoglobin to form myoglobin provides the protein with oxygen storage capacity (Fig. 2).
Therefore, the selection of apo-myoglobin facilitates the underscoring of CQDs’ impact

on protein function. Furthermore, by examining the CQDs’ impact on apo-myoglobin
secondary structure, we are able to study the system in a relatively isolated condition
without interfering with confounding variables, such as the presence of beta-strands and
sheets.

The study aimed to investigate the impact of CQDs on diverse protein structures,
encompassing the native state as well as partially folded or unfolded states. Our hypothesis
involved assessing the effect of CQDs on proteins in semi-folded states, aiming to
understand these materials’ capability in either restoring the native protein structure or
worsening the condition by inducing further protein unfolding. To explore this hypothesis,
we utilized varying concentrations of urea to induce different degrees of protein unfolding.
This allowed us to examine whether CQDs could potentially mitigate or exacerbate these
unfolding processes.
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Lastly, to evaluate the safety of these carbon nanomaterials at the cellular level, we
investigated the gelatin-derived CQDs-induced toxicity against neuroblastoma cell lines
(SH-SY5Y) using a cytotoxicity assay. Neuroblastoma cell lines, which resemble neurons,
are extensively utilized in conducting cytotoxicity assays induced by nanoparticles [47,48].

Materials and methods

2.1. Chemicals and materials

All chemicals were obtained commercially including Tris-HCI (Millipore-Sigma, MO,
USA), myoglobin (from equine skeletal muscle- type A), Urea (Fisher Scientific, NJ,
USA), 2-butanone (Fisher Scientific, Waltham, MA, USA) Gelatin (from porcine skin)
(Sigma-Aldrich, MO, USA), Cell culture media DMEM/F-12 (Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12) (Millipore-Sigma, USA), Hoechst 33342 fluorescent stain
(Invitrogen, Carlsbad, CA, USA), Propidium iodide (PI) (Invitrogen, Eugene, OR, USA),
Fetal Bovine Serum (FBS) (Atlanta Biologicals, Atlanta, GA, USA). Dialysis bags (3
kDa) (Fisher Scientific, Waltham, MA, USA) and microfilters (0.22 uM) (Fisher Scientific,
Waltham, MA, USA). All the dilutions including gelatin-CQDs and apo-myoglobin, were
made with high purity de-ionized water (18 MQ cm™! resistivity) obtained from a Milli-Q
water purification system (Millipore, Bedford, MA, USA).

2.2. Synthesis of carbon quantum dots

2.2.1. Gelatin CQDs—To synthesize the gelatin CQDs, the procedures previously
described were followed [20]. Briefly, 0.8 g of gelatin (molecular weight: 100 kDa) was
dissolved in 40 mL of Milli-Q water and placed on a hot plate at 40 °C with stirring

until the gelatin powder completely dissolved and formed a clear, homogeneous solution.
This process took approximately 10 min. Subsequently, the mixture was transferred into a
hydrothermal bomb with a Teflon liner of 50 mL capacity and placed in the oven at 200 °C
for 3 h. The bomb was allowed to cool to room temperature. To remove large nanoparticles
and aggregates, the final yellowish solution was centrifuged at 16,000 rpm for 30 min, and
the light brown aqueous solution was filtered using 0.2 um microfilters. The final product
was lyophilized prior to storage.

2.3. Characterization of CQDs

Absorption spectra were recorded using a Genesys 10s UV-Vis spectrophotometer (Thermo
Scientific). Fluorescence spectra were recorded using a DM45 Olis spectrofluorometer
equipped with a water bath set at 24 °C. DLS measurements were performed with a Malvern
Zetasizer Nano ZS90 at room temperature. IR data were collected at room temperature using
a BRUKER spectrometer (TENSOR 27, USA). Transmission electron microscopy (TEM)
imaging of CQDs was performed with a high-resolution TEM (HR-TEM, JEOL 2010F) at
UNAM University.

2.4. Preparation of apo-myoglobin from myoglobin

The heme group was extracted from horse skeletal muscle myoglobin (Mb) by the 2-
butanone extraction method as previously described [49]. Briefly, the pH of myoglobin
solution (100 mg Mb in 40 mL Milli-Q water) was first adjusted to 2.5 in an ice-water
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bath using chilled 0.1 M HCI (aq). In a separation funnel, the myoglobin solution and an
equal volume of 2-butanone were gently shaken and allowed to stand for 10 min at 4 ° C.
Then, the colorless aqueous phase was separated and dialyzed using dialysis bags (molecular
weight cut-off 1000 Da) for 24 h at 4 °C against 5 L of Milli-Q water and a further 24

h against PBS buffer (pH 7.3). Next, the solution was filtered using a 0.22 um microfilter
and the final product was lyophilized for long-time storage. The concentration of prepared
apo-Mb was spectrophotometrically determined using its extinction coefficient of 15,700
M~1 cm=1 at 280 nm [50].

2.5. Fluorescence measurements

For protein folding-unfolding experiments, fluorescence spectra between 300 and 400 nm
at bandwidths of 0.5 nm with excitation at 280 nm were recorded at 25 °C on a DM45

Olis spectrofluorometer in the scan mode. Emission spectra were recorded by dissolving the
protein in a 100 mM Tris-HCI buffer (pH 7.0). For urea treatment, proteins were diluted in
various concentrations of urea. Urea solutions ranging from 1 to 5 M were prepared using
urea dissolved in a 100 mM Tris-HCI buffer. Apo-myoglobin (1 mg. mL™1) was incubated
with the different concentrations of gelatin CQDs (0, 0.1, 0.15, 0.2, 0.35, 0.5, and 1 mg.
mL~1) for 30 min prior to reading the emission spectra. The protein concentration remained
constant at 1 mg. mL~1 for all treatments. The tryptophan fluorescence intensities of the
CQDs-protein mixtures were corrected for the inner filter effect using the following formula
[51]:

F, = Fyx ¢"((abs.280 + abs . max emission) / 2)

where F, is corrected fluorescence, F, is maximum measured fluorescence, 280 is absorption
at 280 nm and abs. max emission is the absorbance in the maximum emitted wavelength.

Differences in maximum fluorescence intensity between the free protein and CQDs-protein
(excitation at 280 nm) were analyzed to observe any shift or change of intensity in the
maximum fluorescence wavelength.

2.6. Circular dichroism measurement

For analyzing the secondary structure of apo-myoglobin (1 mg. mL™1) as a function of
CQDs (0, 0.1, 0.15, 0.2, 0.35, 0.5, and 1 mg. mL™1), circular dichroism (CD) spectra were
recorded at 25 °C using a bandwidth of 1 nm, a step interval of 1 nm, and a scan rate of

50 nm. min~1, and a slit width of 0.02 mm (JASCO J-1500, USA). A quartz cell with a 0.1
mm path length was used for far-UV (range of 190-260 nm) measurements. Here, different
concentrations of gelatin-derived CQDs, ranging from 0 to 1 mg. mL~1 were mixed with 1
mg. mL~1 (6 uM) of protein in 5 mM Tris-HCI buffer for native proteins or in 1.5 M urea for
semi-folded proteins. The CQDs were added to the protein solution and incubated for 30 £ 5
min before recording spectra. Three scans of triplicate samples were measured and averaged.
Control buffer scans were run in triplicate, averaged, and then subtracted from the sample
spectra.
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2.7. Fourier transform infrared spectroscopy (FTIR)

Apo-myoglobin (6 um) was prepared in 5 mM Tris-HCI. FTIR spectra were recorded using
a BRUKER Tensor 27 FTIR spectrometer in absorbance mode. The protein was then titrated
with CQDs, and measurements were repeated (30 min after the addition of CQDs). The
spectra were measured for each sample with the buffer solution as the blank (background)
spectrum. The spectra of protein alone or protein-CQDs mixtures were separately corrected
by subtracting them from the background spectrum. The data obtained were the absorbance
spectra for the samples in the 4000-500 cm™! spectral wave numbers. The spectra of the
amide | region (1700-1600 cm™1) were analyzed using Gaussian deconvolution of FTIR
spectrum in OriginPro software.

2.8. Heme binding assay

The kinetics of apo-Mb-Heme interaction was measured using the absorbance changes

at 409 nm upon heme binding to apo-myoglobin as described elsewhere [52,53]. Apo-Mb-
Heme binding experiments were performed using a UV-visible spectrophotometer (Thermo
Scientific) by following the formation of myoglobin (from apo-myoglobin) at 409 nm.
Heme was first dissolved in a minimal volume of 0.1 M NaOH to solubilize it and then
diluted with Milli-Q water to about 1 mM. The apo-Mb-Heme complexes (1:5) were
prepared by mixing apo-myoglobin (final concentration of 10 uM), and hemin solutions
(final concentration of 50 uM) in phosphate buffer (100 mM, pH 7.6) supplemented

with 2.5 % glycerol. The apo-myoglobin solution was placed in the sample cell of the
spectrophotometer, and the apo-Mb-Heme complex (myoglobin) was generated upon the
addition of the heme solution. The apo-Mb-Heme-CQDs binding reaction was conducted
under the same conditions, except that the apo-myoglobin solution was pre-treated with 1
mg. mL~1 CQDs at room temperature for 5 min. Data were collected for 60 s and 2.5 h

for the fast and slow binding phases, respectively. Data were normalized by subtracting the
baseline at 409 nm (autozero prior to measurement), and the k constants were calculated by
fitting the data to the pseudo-first-order equation to model the kinetics of heme adsorption
onto the apo-myoglobin.

2.9. Cell culture

Human neuroblastoma cells (SH-SY5Y (ATCC, Manassas, VA)) were grown in a pre-
prepared cell-culture medium (DMEM/F-12, 398225 SIGMA) and supplemented with 10

% fetal bovine serum and 1 % penicillin [16,19-21]. Cells were maintained by incubation

at 37 °C with 5 % carbon dioxide in a T75 flask. Cells were seeded into a 96-well plate

and incubated until confluency was achieved. Once confluent, the cells were treated with the
synthesized CQDs (100 pg. mL~1 to 10 mg. mL™1) for 24 h. Alongside CQDs treatment,
untreated (negative control), vehicle (H,0), and hydrogen peroxide (H,0,) (positive control)
groups were incubated in the same plate for 24 h before microscopic analysis.

2.10. Measuring cytotoxicity

Cytotoxicity of gelatin CQDs was determined by seeding SHSY-5Y (10,000 cells/well) into
96-well plates as previously described [16,19-21]. After the cells reached 80 % to 90 %
confluency, CQDs were introduced to determine their possible cytotoxic effect. Treatments
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on the plate were divided as the control for nonspecific effects, H,O as the vehicle, and
hydrogen peroxide as an insult. To read the plate, a mixture of dyes, propidium iodide
(red-fluorescent, permeant only to dead cells, and commonly used to detect dead cells in a
population [54]), and Hoechst (33342) (blue fluorescent, cell-permeable, and used to stain
live cells in a population [55]) effective at a final concentration of 1 pg. mL~1 were added to
each well one hour before obtaining readings. Image acquisition was acquired in a live-cell
mode using a multi-well plate reader, the BD Pathway 855 confocal automated microscope
system (GE Healthcare) equipped with 10x objective, and a BD Pathway analyzer 2000
acquisition v4.0 software (GE Healthcare). Four contiguous fields with a montage of (3 x 3)
were acquired per well and per fluorescence channel. Image capture and data analysis were
translated into a BD Pathway analyzer workstation v3.7.2 software (GE Healthcare) which
was used for segmentation of the images to provide the region of interest and obtain the
cytotoxicity percentages of cell death per each well.

2.11. Statistical analysis

The results of all assays were expressed as mean + S.D. (Standard Deviation of Mean) and
processed by commercially available software IBM SPSS Statistics 22. One-way ANOVA
followed by post-hoc analysis was performed for the cytotoxicity test. Comparisons were
made at a significance level of 1 % (P< 0.01).

3. Results and discussion

The UV-Vis spectrum of myoglobin displays a characteristic Soret absorption maximum at
409 nm that corresponds to bound heme (Fig. S1, red graph) [50]. By contrast, the removal
of the heme results in the complete diminution (elimination) of the Soret band (Fig. S1,
green graph) with the concomitant formation of apo-myoglobin. Addition of the heme back
to the solution of apo-myoglobin results in the slow recovery of absorbance at 409 nm.

The slow increase in absorbance at 409 nm, indicating the recovery upon heme addition

to apo-myoglobin, is demonstrated in Fig. 11A and B, including graphs for the control
(apo-heme recovery without CQDs). These figures illustrate the rate of heme binding to
apo-myoglobin. This rise in absorbance correlates with the incorporation of heme molecules,
subsequently reflected in the UV-Vis spectra resembling the red graph depicted in Fig. S1,
representing the full myoglobin complex (heme bound to apo-myoglobin).

3.1. Gelatin CQDs characterization

CQDs were synthesized using gelatin as the carbon source [20]. There are several studies
which indicate that the size, surface chemistry, and charge of the CQDs can affect their
properties [56-59].

The CQDs displayed a relatively homogeneous size distribution as evidenced by HR-TEM
analysis (Fig. 3A). A lattice spacing of 0.33 nm was recorded (Inset to Fig. 3A). The XRD
analysis depicted a broad peak around 26 degrees (Fig. 3B), indicative of an amorphous

or less crystalline structure, in alignment with previous studies highlighting the disordered
nature of these nanomaterials [60]. However, the HR-TEM imaging revealed some areas
with faint lattice fringes (Inset to Fig. 3A), suggesting the presence of some ordered regions
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within the CQDs. These lattice spacings, although intermittent and less prevalent, appeared
as faint fringes in localized areas. As is typical of CQDs, the size range of the nanomaterials
resided between 1.5 and 5 nm. The analysis of the size distribution revealed a Gaussian
profile with ~30 % of the particles centered around 3.5 nm and >80 % of the CQDs of size
between 2 and 4 nm (Fig. 3C), in agreement with HR-TEM data and previously reported
values for CQDs from various carbon materials [61,62]. DLS measurements (Fig . 3D)
revealed an average size of ~4.8 nm with a dispersion between 2.8 and 7.5 nm. The obtained
zeta potential results revealed that the CQDs have potential of —=35mV (Fig. 3E), which
prevent the particles from agglomeration and suggest their relatively good stability. The
negative zeta potential can be assigned to carboxylic acid functional groups at the surface of
the CQDs (Fig. S2 in ESM).

The absorption spectrum of gelatin CQDs is shown in Fig. 4A. The CQDs exhibit a broad
peak between 250 and 290 nm which can typically be ascribed to the absorption of an
aromatic p system or the p-rt* transition of the carbonyl group [16]. Furthermore, the
lingering absorption of the nanomaterials up to 450 nm suggests the presence of an extensive
sp? hybridized network of carbon atoms. The inset to Fig. 4A shows that gelatin-derived
CQDs are colorless and clear when viewed by the naked eye under ambient light conditions.

The fluorescence emission spectrum displays a maximum peak at 430 nm when excited at
345 nm (Fig. 4B). An aqueous suspension of CQDs exhibits an intense blue emission under
UV light, which could be easily visualized with the naked eye (Inset to Fig. 4B).

The emission spectra also demonstrate an excitation-dependent shift in emission maximum,
as illustrated in Fig. 4C. The most intense emission peak occurs at 430 nm (Exc. 340

nm) and reduces in intensity as the maximum emission shifts to 535 nm as a function of

an increase in the excitation wavelength from 300 nm to 480 nm. The main fluorescence
mechanism observed in most CQDs is attributed to the surface-defect states induced by
diverse surface-functional groups. The presence of multiple functional group combinations
gives rise to intricate radiative relaxation processes, resulting in multicolor emissions and
excitation-dependent emission characteristics [63]. Defects in carbon dots, encompassing
surface defects and heteroatom doping, profoundly influence their fluorescence properties
by acting as capture canters for excitons. These defects impact the energy gap and contribute
to surface-state-related fluorescence [64,65]. The data indicate the presence of defect centers
in the CQDs and/or the presence of multiple fluorophores, as is typically observed in such
nanomaterials [16,19-21,66]. A contour plot of the fluorescence emission intensity was
measured as a function of the excitation wavelength ranging from 280 to 440 nm, and its
intensity was indicated as a “Z-scale” (Fig. 4D). The data confirms that emission occurs at
wavelengths higher than 400 nm even when excited at 300 nm, suggesting highly conjugated
systems comprising sp? hybridized frameworks in the gelatin CQDs.

An examination of the IR spectrum of the CQDs is in good agreement with previously
reported results (Fig. S2 in ESM) [67-70]. The broad peak of O—H at 3400-3500 cm™2,
the stretching vibration bond of C=0 at 1700 cm~1 and the stretching vibration bond of
C—O at 1100 cm~1 suggest the presence of carboxylic acid and other oxygen-containing
functional groups, which are responsible for the solubility of CQDs. The absorption peak
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at 3065 cm~1 corresponds to the N—H group, and the peak at 1450 cm™1 is assigned to

the vibration and deformation bonds of N—H, suggesting the existence of amino-functional
groups. Lastly, the absorption peaks at 2920, 1400, and 1320 cm™! are associated with

the stretching vibrations of C—H, C=C, and C—=C, reflecting alkyl and aryl groups,
respectively.

3.2. Impact of gelatin CQDs on the tertiary structure of apo-myoglobin

Conformational changes in the tertiary structure of proteins induced by interactions with
nanomaterials can be monitored and characterized using intrinsic protein fluorescence [71].
The absence of fluorescence emitted from CQDs upon excitation at 280 nm (Fig. 4D)
further supports the notion that shifts in emission solely rely on the intrinsic fluorescence

of the protein. Fig. 5 shows the steady-state fluorescence spectrum of apo-myoglobin and
apo-myoglobin titrated with gelatin-derived CQDs. A CQDs-dose-dependent increase in
emission intensity is observed in apo-myoglobin. Furthermore, a gradual red-shift is induced
by the nanomaterials. Over the course of the titration, the Amax Shifted from 334 nm (0.15
mg. mL~1 CQDs) to 336 nm (1 mg. mL™1 CQDs).

Interaction of proteins with nanoparticles has shown to result in the perturbation of

their native conformation and subsequent dysfunction, particularly upon binding to

the nanoparticles’ hydrophaobic regions [72]. The data reflect a CQDs-dose-dependent
conformational change in the tertiary structure of apo-myoglobin. The red-shift observed
during the titration suggests that CQDs introduction causes a partial unfolding of the protein.
The CQDs-dependent increase in emission intensity may be attributed to the fact that in the
absence of CQDs, the fluorescence of tryptophan (Trp) in apo-myoglobin is quenched, this
is most likely because the Trp residue is deeply buried and shielded within the hydrophobic
core of the protein, protecting it from the surrounding solvent. [73,74]. The CQDs-driven
unfolding of the protein may lead to the exposure of Trp to the surrounding solvent and
increasing Trp quantum yield along with the aforementioned red-shift.

The results are recapitulated in Fig. S3A (in ESM), where a gradual red-shift in emission
maximum is observed as a function of CQDs dose. The significance of red shift in the
maximum wavelength (A max) can be correlated with the degree of denaturation or unfolding
within the protein structure. The more significant shift up to 0.2 mg mL~1 CQDs can be due
to higher degree of disruption in native structure of protein which enhance the interaction
frequency between the CQDs and the protein’s binding sites. In higher concentration of
CQDs (0.35 mg mL~1 and higher), there is still red shift in Amax which is less significant
and can be stem from less stable proteins available in the environment to interact with
CQDs.

Next, we examined the role of gelatin-derived CQDs on increasingly unfolded states of
apo-myoglobin. Apo-myoglobin unfolding was induced by incubation with increasing urea
concentrations ranging from 1 M to 5 M.

In the presence of 1 M urea, titration with CQDs (0.1-1 mg. mL™1) resulted in a slight
red-shift of 1 nm. The titration of apo-myoglobin in the presence of 2 M urea with CQDs
mimicked the red shift in fluorescence emission maximum observed in the absence of urea.
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A similar trend was observed when the titrations were performed under conditions with
apo-myoglobin in the presence of 3 M and 5 M urea. By contrast, the results under 4 M
conditions mimicked that seen in 1 M urea with only a 1 nm red-shift. Based on the results,
it appears that the CQDs act similarly to a denaturant, such as urea, for the protein. Between
1 and 3 M urea, the protein’s most native structure is denatured, as the apomyoglobin’s
midpoint concentration for unfolding is 2.6 M urea. Consequently, the unfolding induced by
CQDs (which exacerbate urea’s effect) in the range of 1-3 M urea is more pronounced than
in 4 M urea, where approximately half of the protein has already undergone unfolding. The
reason for a greater red-shift in CQDs + protein at 5 M urea (Fig. S3-F) compared to 4 M
urea (Fig. S3-E) may be attributed to the proteins’ increased instability, making them more
susceptible to further disruption by CQDs. Consequently, the significant red-shift observed
in 5 M urea with increasing CQDs concentrations signifies the instability of the protein
structure at higher urea concentrations (5 M), potentially leading to complete unfolding of
the protein.

An examination of the fluorescence intensity of apo-myoglobin as a function of CQDs

on its increasingly unfolded states exhibited trends consistent with the steady-state spectra
previously discussed (Fig. 6). In the absence of urea, the maximum fluorescence emission
intensity increases uniformly as a function of CQDs dose (0.1-1 mg. mL™1), which
recapitulates the “dissociation” of Trp residues from their previously quenched environment.
A similar trend is observed at higher stages of unfolding (1-3 M urea), where the addition
of increasing amounts of gelatin-derived CQDs correlates with an increase in apo-myoglobin
emission. In the presence of 4 M urea, an inversion in the CQDs-dependent fluorescence
intensity profile is observed. The shallow decrease in intensity as a function of increasing
CQDs concentration suggests that the Trp’s are somewhat already solvent-exposed and
amenable to quenching by the surface-charged CQDs. The data at 5 M urea validate this
explanation, as evidenced by the steep decrease in CQDs-dose-dependent fluorescence
intensity under unfolded (5 M urea) condition. The results of a study on the interactions
between carbonaceous CQDs and human transferrin (hTf) or bovine serum albumin (BSA)
proteins revealed that CQDs attach tightly to hTf and BSA (via hydrophobic forces) and
cause structural alterations to both plasma proteins [37].

3.3. Impact of gelatin CQDs on the secondary structure

In order to evaluate the impact of CQDs on the secondary structure of a protein, we
examined the CD spectra of apo-myoglobin as a function of CQDs dose (Fig. 7A) [75-78].

Visual inspection of CD spectra reveals distinct changes in secondary structure as a function
of CQD dose. A diminution in the minima at 208 nm and 222 nm are visible as the CQDs
dose increases from 0.1 mg. mL™1 to 1 mg. mL~L. This feature is accompanied by an
increase in the minima at 200 nm suggesting the gradual conversion of helical elements

to disordered structures. The ablation at 208 nm and 222 nm is almost complete in the
presence of 1 mg. mL~1 gelatin CQDs. Further quantitative analysis carried out using

in silico online tool, BestSel, permitted quantification of alpha-helices, beta-sheets, turns,
and unordered structures in apo-myoglobin +/— CQDs [78]. Fig. 7B is a graph of the
deconvoluted equilibrium CD spectra as a function of gelatin CQDs concentration. A decline
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in helix content (green) is observed with an increase in unordered structure. Factors that
cause helix destabilization include pH, high temperature, and denaturing agents. Disruption
in the helical structure of the apo-myoglobin can also occur due to unfavorable interactions
between charged groups and the helix macrodipole. A research study aimed at investigating
the interaction between carbonaceous dots and human transferrin (hTf) and albumin (BSA)
revealed similar findings. When carbon dots were titrated into the protein solutions of BSA
and hTf, a significant decrease in intensity was observed for the two negative peaks at 208
nm and 222 nm. This reduction in intensity indicates significant structural changes in both
proteins, which led to the loss of a-helix contents within the proteins [37].

Both beta-sheet contents and turns are relatively unchanged and may fall within the
measurement/fitting error.

An examination of the minima at 222 nm and 208 nm suggests a slight increase in the
222/208 ratio as a function of the CQDs (Table S1), suggesting a mechanism by which
helices may eventually unwind to disordered structures. The 222/208 ratio indicates whether
an isolated helix exists or several helices form a coiled-coil (bundle; Fig. S4 in ESM). In

an isolated state, helices have a ratio of ~0.8, whereas coiled coils have a ratio >1 [79-81].
Therefore, the data are indicative of a mechanism in which gelatin-derived CQDs initiate a
bundling of isolated helices into coiled coils prior to their dismantling to form unordered
structures (Fig. 8). Coiled coils are maintained stable by a series of hydrophobic knobs-
into-holes packing interactions along with inter-and intrastrand electrostatic interactions.
Although the 8222/6208 ratio in the native apo-Mb of the control group is also close to

1, the increase of coiled-coil conformation in apo-Mb treated with CQDs can be explained
by many possible intramolecular complimentary charge-charge interaction between protein
and CQDs. The presence of CQDs in the environment and their hydrophobic intramolecular
interactions with native apo-Mb cab be a factor in favoring coiled-coil formation.

Table S1 summarizes these findings and includes RMSD and NRMSD values which indicate
the goodness-of-fit between the experimental CD data (over the wavelength range of the
measurement) and the theoretical CD spectra [73,75-78].

We also measured the impact of gelatin-derived CQDs on the CD spectra of partially-
unfolded apo-myoglobin introduced into 1.5 M urea (Fig. 9A). The data revealed a
diminution in helical content due to the presence of the denaturant (1.5 M urea, 0 mg.
mL-1~ CQDs). The addition of CQDs resulted in further attrition of the helical fraction

of apo-myoglobin, as previously observed in the absence of urea (Fig. 7B). However, in
the presence of urea (1.5 M), the CQDs titration resulted in a concomitant increase in the
beta-sheet content of apo-myoglobin at the expense of the helix (Fig. 9B). The disordered
region remained somewhat unperturbed. These results indicate that in the presence of mildly
denaturing conditions, the CQDs facilitated the conversion of helices to sheets. A study on
the interaction between carbon dots and proteins reported a shift from helix contents to B
structures in the secondary structure of the protein after the binding of carbon dots to the
enzyme proteins [82].
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The trend in the ©222/6208 ratio upon titration of apo-myoglobin with CQDs differed from
that observed in the absence of the denaturing agent (Fig. S5 in ESM). The ratio throughout
the course of the CQDs titration remained below 1 (~0.8), suggesting the absence of coiled-
coil structures as intermediates in the CQDs-driven transitioning of helices to sheets.

Table S2 summarizes these findings and includes RMSD and NRMSD values which indicate
the goodness-of-fit between the experimental CD data (over the wavelength range of the
measurement) and the theoretical CD spectra.

To obtain chemical insight into the nature of interactions between CQDs and protein, FTIR
spectra were obtained. The IR spectra and deconvolution analysis of the amide I region

in native apo-myoglobin and apo-myoglobin treated with 0.5 and 1 mg. mL~1 gelatin
CQDs are shown in Fig. 10. No obvious changes in this region were observed at CQDs
concentrations lower than 0.5 mg. mL™L. The recorded data in apo-myoglobin, both in the
absence and presence of 0.5 and 1 mg. mL™1 gelatin CQDs, was in agreement with CD
measurements. The deconvolution analysis of the amide | region in the absence of gelatin
CQDs revealed a Gaussian component (25 % of the total peak areas) centered at 1654
cm™1, which is typical of an a-helical conformation [83]. Gelatin CQDs attenuated this
component by 10 and 20 % at doses of 0.5 and 1 mg. mL~1, respectively. The maximum
peak areas in apo-myoglobin treated with 0.5 mg. mL~1 CQDs were centered at 1645
cm™1, which is typically assigned to unordered confirmation. These results suggest that in
the presence of gelatin CQDs, apo-myoglobin’s native, alpha-helical structure undergoes
conformational changes. Recently, an investigation into niobium pentoxide nanoparticles
(Nb,O5 NPs) interaction with BSA and human serum albumin (HSA) demonstrated the
structural perturbations of the protein molecules after interaction with NPs [71].

3.4. Impact of CQDs on myoglobin function

We determined the heme-binding kinetics of apo-myoglobin in +/- gelatin-derived CQDs
[84-86]. Upon the introduction of heme to a solution of apo-myoglobin, two phases were
observed: a fast phase (Fig. 11A) corresponding to heme binding to apo-myoglobin and a
slower phase (Fig. 11B), which may reflect the reorganization of the formed myoglobin.

A comparison of the fast phase data for the binding of heme in +/— CQDs revealed

clear differences in the trajectory to saturation. The presence of the CQDs resulted in a
slower binding of heme to apo-myoglobin. The rate constant for the binding of heme to
apo-myoglobin in the presence of CQDs was determined to be 0.12 s™ pM~1 which was
lower than that for the binding of heme to apo-myoglobin alone (0.56 s~ uM~1). The slow
reorganization of bound heme was also impacted by the presence of CQDs. An examination
of the slopes of the slow phase revealed that the rearrangement of the heme group was
modulated by the presence of the CQDs, resulting in a slower increase in absorbance (0.34
units/h) over the course of the rearrangement vs. 0.54 units/h in its absence. In another study
monitoring the dynamics of heme binding to the human transferrin protein, UV-Vis spectra
showed a decrease in the characteristic peak (Amax = 475 nm) intensity due to the interaction
with carbon dots. This reduction in peak intensity during carbon dot titration suggests a
change in the iron chemical environment of hTf and indicates the release of Fe*3 from hTf
[37].
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The interaction of nanoparticles with heme-containing proteins exhibited similar disruptive
effects of these materials on heme binding or activity [87]. A study on metal-based
nanoparticles demonstrated their potential to hinder the activity of heme-dependent
enzymes, such as CAT and cytochrome P450s [88], and interfere with heme production
itself. Another study on the interaction between zero valent iron (ZVFe) nanoparticles and
human hemoglobin (Hb) resulted in the displacement and breakdown of heme, thereby
triggering protein carbonylation; an indicator of protein damage caused by reactive oxygen
species (ROS) [89]. Morover, the interaction of nanoparticles with heme-containing proteins,
such as cytochrome c, induced significant conformational changes in the structure of these
proteins, affecting their active sites and overall structural stability [90].

3.5. Cytotoxicity of gelatin CQDs

Cytotoxicity of gelatin CQDs was evaluated using a neuroblastoma-derived cell line (SH-
SY5Y) [20]. The results, shown in Fig. 12A, revealed no significant change in cell viability
upon the addition of gelatin CQDs up to a concentration of 5 mg. mL~1 compared with the
untreated and vehicle groups. Hydrogen peroxide (H,0, 10 uM) was used as the positive
control. These results revealed that gelatin CQDs are biocompatible up to a concentration of
5mg. mL™1 (Fig. 12A).

Fig. 12 shows the images of the control, CQDs-treated (10 mg. mL™1), and H,O, groups

in panels B, C, and D, respectively. Propidium iodide dyes (staining the nuclei of necrotic

or dead cells due to lack of membrane integrity), and Hoechst dyes (staining the nuclei

of normal cells, as Hoechst 33342 is significantly cell-permeable due to the addition of a
lipophilic ethyl group and is usually preferred for living cell staining) at a final concentration
of 1 pg. mL~1 each, were added to each well 1 h prior to obtaining readings. As shown in
Fig. 12C, the CQDs-treated cells’ viability is similar to the control group (Fig. 12B) and

is another fact of secured cells upon the addition of CQDs. As previously demonstrated,
carbon quantom dots cause minimal toxicity towards most cell lines, with only slight
residual toxicity observed at higher nanoparticle concentrations [91,92].

3.6. Conclusion

Using a biologically essential protein as a model, this work examines the molecular impact
of CQDs on its structure and function.

Gelatin-derived CQDs were synthesized and characterized to address their impact on apo-
myoglobin structure and function. The tertiary structures of apo-myoglobin (and myoglobin)
are key to heme-binding, which regulates myoglobin’s role as an oxygen-storage protein.

A CQDs dose-dependent red-shift in the intrinsic fluorescence emission of apo-myoglobin
suggested that the nanomaterials cause the protein to unfold (Fig. S3). An increase in
emission intensity was also concomitantly observed, suggesting that the Trp residue, whose
fluorescence is quenched by histidine and amide moieties, was becoming uncoupled by

the addition of CQDs [73,74]. The process continued until high denaturant concentrations
resulted in the unfolding of apo-myoglobin and the direct quenching of fluorescence by the
CQDs (Fig. 6).
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Next, we addressed the role of CQDs on the secondary structure of apo-myoglobin. Apo-
myoglobin was chosen to limit CQDs’ impact on helices structure. An increase in the

CQDs concentration led to shifts in ellipticity at 208 and 222 nm towards less negative
values, indicative of decreasing the alpha-helical content of the protein. Therefore, the CQDs
dose-dependent diminution in the helix content of apo-myoglobin is likely induced by the
highly negatively charged CQDs surfaces interacting with the helices of apo-myoglobin
[93-97]. Under native experimental conditions (absence of denaturing agent; Table S1),

the ©222/6208 ratio, reflecting the transition between the single helices and coiled-coil
(superhelical confirmation), increased as a result of increasing the CQDs concentration [98]
(Fig. 8). The interaction of functional groups on the surface of carbon quantum dots with the
N or C domain of protein may also lead to changes in the domain arrangement of the protein
and eventually affect its secondary structure [79,98-100]. By contrast, in semi-folded protein
(in the presence of limited denaturant), this ratio was not affected significantly by CQDs
treatment (Table S2) and was less than the native state, indicating that partial unfolding of
apo-myoglobin leads to a reduction in its inter-helical interactions [98]. Importantly, in this
scenario, the loss of helices leads to the formation of beta structures.

The IR data centered around the amide | region corroborated the CD findings. Importantly,
an examination of the heme-binding ability of myoglobin, a key feature required for
oxygen storage, was disrupted by the presence of gelatin-derived CQDs, suggesting that
the CQDs disrupt myoglobin function. It is likely that structural compromise, as evidenced
by fluorescence, CD, and IR readouts is the underlying cause for perturbed heme binding to
apo-myoglobin.

Lastly, consistent with previous findings [1,16,19-22,29], the CQDs showed low cytotoxicity
to the cells. Also, in agreement with other reports, the data revealed a concentration-
dependent cytotoxic response of carbon quantum dots, demonstrating that the concentration
of CQDs is one of the main factors affecting their cytotoxicity against cells.

In this study, by using tertiary and secondary structural outputs coupled with protein
functional group signatures, we were able to advance a molecular understanding of the
impact of CQDs on a model protein structure. Importantly, the structural perturbations
induced by the gelatin-derived CQDs resulted in functional compromises and important
findings.

Limitations of the study

1. While the study elucidated the molecular impact of CQDs on the protein
structure and function, further studies need to be extended in other types
of protein structures, including beta-sheets, molten-globule states, intrinsically
disordered proteins, and intermediates that populate folding trajectories other
biomolecules like DNA, carbohydrates, or lipids. Understanding the broader
implications of CQDs on diverse cellular components would provide a more
comprehensive insight into their atomic and molecular effects within biological
systems.
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2. Although the study successfully correlated structural alterations induced by
CQDs with functional compromises in myoglobin, the exploration was confined
to a specific protein’s heme-binding ability. Investigating a wider range of
functional aspects of various proteins affected by CQDs could provide deeper
insights into their impact on cellular functions.

3. While the study emphasized the low cytotoxicity of CQDs, future studies should
delve deeper into the environmental and health impacts of CQDs and similar
carbon nanomaterials, evaluating their effects on diverse cellular components and
ecological systems to better define their implications.

4, The impact of physicochemical parameters such as pH, different buffers, metal
ions, etc., is indeed crucial within physiological systems and has specific effects
on the interaction between CQDs and the protein structure. These effects could
potentially play critical roles in modulating the behavior of biomolecules. These
factors may influence the stability and conformational changes of proteins,
thereby warranting careful examination in subsequent studies.

Overall, these findings demonstrate the importance for more extensive studies to understand
how these nanomaterials interact at the molecular level, ensuring their safe and effective
application across various domains.
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Fig. 1.
The schematic of possible interactions between helices structures and CQDs.
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Myoglobin Apomyoglobin

HEM 154

Fig. 2.
Myoglobin, heme, and apo-myoglobin with the individual helices (Produced using the

Maestro software).
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Fig. 3.

(A) HR-TEM images of gelatin CQDs, Inset shows lattice space image, (B) The XRD
pattern of the as-synthesized CQDs, (C) DLS profile of gelatin CQDs, (D) Gaussian
distribution of particles prepared using HR-TEM images with an average of around 3.5

nm. The distribution of particle sizes is observed around 4.8 nm., and (E) Zeta potential
curve of the as-synthesized CQDs. The CQDs showed a negative surface charge of =35 mV.
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Fig. 4.

(A) UV-Vis absorption spectrum and the digital image of colorless CQDs solution as the
inset, (B) The PL emission and excitation spectrum and UV-light image as the inset, (C) The
PL spectra of the CQDs excited at different excitation wavelengths, and the inset shows the
corresponding normalized PL emission, (D) The fluorescent contour map of gelatin CQDs.
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Fig. 5.
Steady-state fluorescence spectra for apo-myoglobin (A ex = 280 nm) titrated with different

concentrations of gelatin CQDs.

Int J Biol Macromol. Author manuscript; available in PMC 2024 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Asil and Narayan

>

Normalized Intensity (a.u.)

Normalized Intensity (a.u.) 9!

Normalized Intensity (a.u.) I

Page 27
1.1 B 11
¢
0.9 ‘ L E 09
3 o z o
2
0.7 ’ ’ g 0.7 i ’ . ® ‘
|
3
0.5 S 05
=
B
s
0.3 v v v o v v " Z 03
0 0.1 0.15 0.2 0.35 0.5 1 0 0.1 0.15 0.2 0.35 0.5
CQDs concentrations (mg.mL") CQDs concentrations (mg.mL™)
11 5 D 14
s *
<
0.9 1 L] T 09 &
s * i e ¢ & 0
0.7 1 ‘ i z 0.7
3
@
0.5 1 2 05
:
0.3 Z 03 = - > = 7
0 01 015 02 035 05 1 0 0.1 0.15 0.2 0.35 0.5
CQDs concentrations (mg.mL™") CQDs concentrations (mg.mL™)
1.1 » F 11
¢ p 9 é 3
0.9 » o £ 09
8 ¢ PR ¢
»n
=
0.7 1 i 0.7 2] o
3
0.5 4 S 05 &
=]
0.3 Z 03 v v v T =
0 0.1 0.15 0.2 0.35 0.5 1 0 0.1 0.15 0.2 0.35 0.5
CQDs concentrations (mg.mL™?) CQDs concentrations (mg.mL™?)
Fig. 6.

The normalized maximum intensity of urea-treated apo-myoglobin with gelatin CQDs (A)
native state (B) 1 M urea (C) 2 M urea (D) 3 M urea (E) 4 M urea (F) 5 M urea.
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Fig. 7.
(A) CD Spectra of apo-myoglobin treated with different concentrations of gelatin CQDs

(B) The secondary structure and composition of native apo-myoglobin treated with different
gelatin CQDs concentrations.
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Fig. 8.
The transition between the isolated helix and coiled coils helices as a response to increasing

concentrations of CQDs.
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(A) CD Spectra of semi-folded apo-myoglobin treated with different concentrations of
gelatin CQDs, (B) The secondary structure and composition of semi-folded apo-myoglobin
treated with different gelatin CQDs concentrations.

Int J Biol Macromol. Author manuscript; available in PMC 2024 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Asil and Narayan

A
1000 2000 3000 4000
— Apo-Mb '
g
3 i i i
o [ Apo-Mb+ 0.5 mg/ml gelatin CQDs
g
=
-
2
=
<
:Apo-Mb+ 1 nl1g/ml gelatinlCQDs
1000 2000 3000 4000
Wavenumber (cm™)
Fig. 10.

Page 31

3
E
g
=
=
=
2
=
<
1600 1620 1640 1660 1680 1700 1720
Wavenumber (cm-1)
C
E
E
g
=
3
=
=
=3
2
<
1600 1620 1640 1660 1680 1700 1720
‘Wavenumber (cm )
£}
2
@
£
<
=
-
2
2
<

1600 1625 1650 1675 1700 1725

‘Wavenumber (cm 1)

Deconvoluted IR spectrum of amid | region in (A) Whole IR spectra of (B) apo-myoglobin
in the absence and (C) apo-myoglobin in the presence of 0.5 mg. mL~ gelatin CQDs, and
(D) apo-myoglobin in the presence of 1 mg. mL1 gelatin CQDs.

Int J Biol Macromol. Author manuscript; available in PMC 2024 July 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Asil and Narayan

Absorbance (a.u.)

1.5 1

=
=]
!

S
n
1

—=— Control (Apo-Heme)
—— Apo-Heme-CQD

K =0.56 s".uM!

(control) —

o K (Apo-teme-cony= 0-12 sluM!

0.0

0 10 20 30 40 50 60

Time (sec.)

Fig. 11.

Absorbance (a.u.)

N
n

N~

I
wn

o

S
n

Page 32

A Control (Apo-Heme)
®Apo-Heme-CQD .
A
| b
Leetd
csAAA
G ke o
1 y=0.5405x+0.8495 ...-;'A A 29
R2=09555 .ok * ***
gead s L A
parad .
daans’ : "ct“'
el
y=0.3424x+0.7001
- R?=0.9905
0 0.5 1 1.5 2 2.5
Time (hrs)

(A) The binding of heme to apo-myoglobin, evidenced by the increase in absorbance at
409 nm is seen in a fast phase. (B) The complex, now myoglobin, reorganizes over a much

longer time scale.
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Fig. 12.
(A) Impact of gelatin CQDs (100 pg-10 mg. mL™1) on the SHSY-5Y cell line viability. **

The mean difference is significant at the 0.01 level (P< 0.01). Hoechst-PI dual staining
images of SHSY-5Y cells in B) untreated cells (negative control), C) cells treated with
gelatin CQDs, and D) cells exposed to hydrogen peroxide (H,0,) (positive control).
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