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Nanocomposites are prepared from different carbon nanostructure scaffolds for magnetite and titania nanoparticle nucleation
and growth. Their performance surpasses the commercial reference in NanoHPLC-MS/MS analysis of cancer cell lysates
for phosphopeptide enrichment and detection.
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ABSTRACT

Protein and peptide phosphorylation regulate numerous pathological processes, however, their characterization
is challenging due to their low abundance and transient nature. Therefore, nanomaterials are being developed
to address this demanding task. In particular, carbon nanostructures are attracting interest as scaffolds for
functional nanocomposites, yet only isolated studies exist on the topic, and little is known on the effect of
nanocarbon morphology on templating nanocomposites. In this work, we compared oxidized carbon nanotubes,
graphene oxide, oxidized carbon nanohorns and oxidized graphitized carbon black, as scaffolds for magnetized
nanocomposites. The nanomaterials were extensively characterized with experimental and in silico techniques.
Next, they were applied to phosphopeptide enrichment from cancer cell lysates for NanoHPLC-MS/MS, with
selectivity as high as nearly 90% and several-thousand identification hits. Overall, new insights emerged for the
understanding and the design of nanocomposites for phosphoproteomics.



KEYWORDS

Nanocomposites, carbon nanotubes, graphene oxide, carbon nanohorns, carbon, titania, proteomics.

Introduction

Nanomaterials” high surface-to-volume ratio and easy functionalization are attractive features for diverse uses,
with carbon nanostructures being convenient scaffolds to obtain functional composites or hybrid materials [1, 2].
Their peculiar properties can be fine-tuned by derivatization, be it covalent and/or non-covalent, with
electrostatic and m-m interactions being widely adopted choices [3-6]. In particular, their interface with
nanostructured titania is the focus of numerous investigations, mainly within the area of catalysis [7-11]. What
is less known is that nanostructured titania can be advantageous for phosphoproteomics, thanks to its high
surface area and binding of phosphorylated peptides that allow their enrichment to facilitate their detection [12].
The characterization of proteins” and peptides’ phosphorylation state in a biological sample provides precious
information about physiological and pathological conditions, because this rapid modification is a universal
switch in a plethora of biological pathways. Addition and removal of phosphate groups offers the means to
regulate cellular functions, and it is altered in disease processes [13]. Unfortunately, phosphorylated forms of
biomolecules are transient, thus their characterization constitutes a key analytical challenge in shotgun
proteomics analysis, especially of complex samples [14-16].

Amongst the different strategies that have been devised to address this issue, effective approaches consist of
immobilized metal ion affinity chromatography (IMAC) and metal oxide affinity chromatography (MOAC) [17].
The use of TiO2 as material for phosphopeptide enrichment in phosphoproteomics analytical workflows belongs
to the MOAC strategy and it is based on the ability of TiO2 to create coordination complexes with the phosphate
groups [18]. Both methods nowadays yield excellent performances in shotgun phosphopeptide analysis, even
though a universal strategy to enrich biomolecules is still missing, for which new materials are continuously
being searched as useful phases [19]. In particular, nanostructures have attracted great attention, especially to
isolate the target analytes from the sample, and to enhance their relative abundance for mass spectrometric

detection [20-23].

In this regard, carbon-based (nano)composites coupled to a MOAC strategy avoid common pitfalls, such as
aggregation of MO nanoparticles (NPs), while adding the advantageous increased contact between the target
biomolecule and the affinity material. Carbon nanotubes (CNTs) [24] and graphene (G) or its derivatives [25, 26]
have been used in isolated reports , and it appears evident that research interest will encompass new carbon
nanomaterials as soon as they get discovered, and new morphological effects are described [27-29]. However, to
our knowledge, other carbon nanostructures, such as carbon nanohorns (CNHs), have not yet been investigated
for this application. CNHs consist of horn-shaped clusters of single-walled graphitic cones that display bud-like
or dahlia-like morphology and an overall diameter of 50-100 nm [5, 30]. There is ample scope for their use, for
instance it was shown they have an ideal porosity to surpass both CNTs and G in catalytic applications, thus
they are attractive candidates to be tested for functional composites [31]. Unfortunately, to date, there is no
comprehensive study on the morphological effects of different carbon nanostructures as they interface other
components in nanocomposites and on their performance for phosphoproteomics. Therefore, CNTs, GO and
CNHs were chosen for this study as models of graphitic templates for the nucleation and growth of metal oxides
to yield nanocomposites. GCB was also included because it is somewhat more applied in the analytical field as
it is known to be capable of exctracting neutral, basic, and acidic compounds [32, 33]. This property arises from
the graphitic structure that allows van der Waals interactions, as well as the surface functionalization produced
by the chemisorption of oxygen, and that favors anion-exchange [34]. Clearly, oxidized graphitic structures could



be suitable scaffolds for the preparation of nanocomposites for phosphopeptide enrichment, thus they were
chosen as the starting point for this study [35, 36].

We figured that magnetization would allow convenient magnetic separation of the solid-phase for NanoHPLC-
MS/MS analysis [37], while titania NP nucleation and growth could be affected by the nanocarbon scaffold in
unexpected ways, constituting an interesting parameter for appropriate interaction with phosphopeptides. The
resulting composites were applied for the enrichment of these biomolecules in a complex real matrix (Scheme 1),
i.e.,, HeLa cancer cell lysates, and compared against a titania-based commercial product, to fully understand the
differences in enrichment capability. The enrichment protocol was embedded within a typical shotgun
proteomics workflow — a realistic application — and revealed a performance with phosphopeptide selectivity as
high as nearly 90% and several-thousand identification hits.
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Scheme 1 Nanocomposite preparation and application in phosphoproteomics. Each nanocarbon scaffold is used as template for magnetite
(1) and titania (2) nanoparticle (NP) nucleation and growth. Each nanocomposite is applied to cancer cell lysates (3) to enrich
phosphopeptides for NanoHPLC-MS/MS analysis.

1. Experimental Procedures

1.1 Materials and Methods

All chemicals, including GCB Supelclean ENVI-Carb, reagents, protein standards and solvents were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless stated otherwise. Promega (Madison, WI, USA) supplied
trypsin/lys-C Mix of Mass Spec Grade. MilliQ water was prepared using a Sartorius (Gottingen, Germany)
system consisting of arium 611 VF. Multi-walled CNTs and exfoliated G were kindly provided by Thomas Swan
Co. Ltd. (UK). Carbonium s.r.l. (Italy) kindly supplied CNHs. Transmission electron microscopy (TEM)
micrographs were acquired with a Philips EM 208 with a 100 keV acceleration voltage and using a standard loop
filament, and a Olimpus Morada 2K x 2K CCD camera. Samples were dispersed in methanol and dropcasted on
a 300-mesh carbon grid (copper). Prior to TEM analysis, residual solvent was evaporated in wvacuo.
Thermogravimetric analysis (TGA) was performed using a TA TGA Q500 either under air or nitrogen gas as
specified, with a flow of 90 ml min-, and with a temperature range of 100-800 °C and a heating ramp of 10 °C/min.
TGA experiments were performed in duplicates. Fourier transform infrared spectroscopy (FI-IR) spectra were
acquired from 4000 to 400 cm™! using a PerkinElmer 2000 instrument, and pellets that were obtained by pressing
a mixture of the corresponding sample with anhydrous KBr. Raman spectra were acquired on a Renishaw Invia
reflex spectrophotometer with 532 laser (22.5 W). Raman spectra were recorded on several points across each
samples, averaged, and then normalized relative to the G band. Porosimetry data was obtained using a 3Flex
Surface Characterization Analyzer (Micromeritics Instrument Corporation, Norcross, GA, U.S.A.). Zeta potential
was measured for dispersions of the composite materials at 1 mg mL- in milliQ water by using a Zetasizer Nano
ZS (Malvern, Herrenberg, Germany) equipped with a 633 nm He-Ne laser and operating at an angle of 173°. The
sample (10 uL) was placed in a ZEN0040 cuvette (Malvern, Herrenberg, Germany) and the measurements
performed at fixed position (4.65 mm) with an automatic attenuator and at a controlled temperature as reported
previously [38]. The zeta potential was calculated from the electrophoretic mobility by means of the Henry



correction to Smoluchowski’s equation. Data analysis was performed averaging three measurements by Malvern
Zetasizer software with Zetasizer Nano ZS (Malvern, Herrenberg, Germany). Magnetic properties were
determined at room temperature on a LakeShore 7400 Series vibrating-sample magnetometer (VSM). The XRD
measurements were performed with a Xeuss 2.0 Q-Xoom system (Xenocs SA, Sassenage, France), equipped with
a micro-focus Genix 3D X-ray Cu source (A = 0.1542 nm), a two-dimensional Pilatus3 R 300K detector placed at
a distance of 23.6 cm, and an additional Pilatus3 R 100K detector at fixed shorter distance from the sample (14
cm) and tilted at 36 degrees to access larger scattering angles (Dectris Ltd., Baden, Switzerland). Calibration of
the sample-detector distance was performed using silver behenate for the small-angle region and Al:0O:s for the
fixed-distance wide-angle detector. Sample powders were looaded into 0.5-mm thick washers used as spacers,
closed with sticky Kapton windows and placed in the instrument sample chamber at reduced pressure (~0.2
mbar). The beam size was defined to be 0.8 mm x 0.8 mm. The two-dimensional scattering patterns were
subtracted for the “dark” counts, and then masked, azimuthally averaged and normalized for transmitted beam
intensity, exposure time and subtended solid angle per pixel, by using the FoxTrot software developed at
SOLEIL. The one-dimensional I vs. 20 profiles were obtained merging data from the detectors (after subtraction
for the contributions of the empty polymeric windows) and then put in absolute scale units (cm™) by dividing
for the nominal sample thickness 0.05 cm.

1.2 Carbon nanostructure oxidation

For CNT oxidation, in a round-bottom flask, concentrated nitric acid (69 %, 4 ml) and sulfuric acid (95 %, 12 ml)
were mixed together and this was followed by the addition of pristine CNTs (100 mg), and sonication in a
Branson ultrasound sonic bath at room temperature for 5 h. The mixture was then cooled down and slowly added
to ice-cold water (200 mL). The reaction crude was filtered through Millipore membrane (JHWP, 0.45 um) and
washed with deionized water until the washings reached a neutral pH, then it was washed with methanol and
dried with diethyl ether to yield approximately 98 mg of oxidized CNTs.

For CNH oxidation, a round-bottom flask containing pristine CNHs (100 mg) and concentrated nitric acid (69 %,
100 ml) was placed in a Branson ultrasonic bath, and sonicated at 35 °C for 3 h. The mixture was then gently
added to ice-cold water (200 mL) and the crude was filtered through a Millipore membrane (JHWP, 0.45 um)
and washed first with deionized water until a neutral pH was reached, and then with methanol. The black
powder was neutralization of the washings. The black powder was dried with diethyl ether to afford
approximately 99 mg of CNHs.

To prepare GO, Graphene (G, 200 mg) was added to a 100-ml round-bottom flask that contained K25:0s (200 mg,
0.37 mmol), P20s (100 mg, 0.35 mmol) and sulfuric acid (10 ml). The reaction mixture was stirred for 4 hours at
80 °C. The reaction crude was then cooled down, and slowly added to ice-cold deionized water (50 ml). The
mixture was then filtered through a Millipore membrane (JHWP, 0.45 um). Washings were performed with
deionized water until a neutral pH was reached. The black powder was next transferred into a round-bottom
flask, whereby at 0 °C the addition of KMnOs (100 mg, 0.63 mmol) and H2SO4 (20 ml) was performed, followed
by stirring for 2 hours at 35 °C. This step was followed by the addition of deionized water (20 ml) and H20230 %
(2.4 ml) and further stirring for another 15 min. Next, the reaction mixture was filtered using a Millipore
membrane (JHWP, 0.45 um). Washings were performed first with HCI 1 M (100 ml), and then with deionized
water until a neutral pH was reached. Further washings were performed with methanol and the black powder
was dried with diethyl ether to yield 216 mg of GO.

For GCB oxidation, 6 ml of H2504 (95 %) and 2 ml of HNOs (69%) were mixed in a round-bottom flask. GCB (100
mg) was added on top and the mixture stirred at 80 °C for 7 h. Once the reaction cooled down, the mixture was
slowly added to ice-cold deionized water (200 mL). The crude was filtered through Millipore membrane JHWP,
0.45 um), washed with deionized water until the washings reached a neutral pH. A final wash was performed
with methanol and then the black powder was dried with diethyl ether to afford 63 mg of oxidized GCB. GCB
was also oxidized at 1% w/w as previously described [35].



1.3 Nanocomposite preparation

After the oxidation step, each carbon nanomaterial was used to prepare nanocomposites as previously described
for GCB [35]. Briefly, 150 mg of each material were reacted with FeCls-6H20 (810 mg), trisodium citrate (150 mg),
sodium acetate (3.6 g), and poly(ethylene glycol)-10k (1.0 g) in 40 ml of ethylene glycol solution. Sonication was
performed for 3 hours, then the mixture was sealed in a 125 mL autoclave at 200 °C for 10 hours. Next, after
cooling to room temperature, the product was washed first with deionized water and then with ethanol. Next,
sonication was performed for 30 minutes on 30 mg of the product in 50 mL of isopropyl alcohol, and 20 pL of
diethylamine were added to the mixture and stirring was performed for 5 min. Next, 1.5 mL of titanium
isopropoxide were added to the mixture, which was transferred to the autoclave for another 24 hours at 200 °C.
The final materials were washed first with deionized water and then with ethanol and dried. Finally, the
nanocomposites were calcined for 2 hours at 400 °C.

1.4 Molecular modelling

All models were computed with the GFN-xTB method (Geometry, Frequency, Non-covalent, eXtended Tight-
Binding), a semiempirical method developed by Grimme et al. that allows computing efficiently systems with
thousands of atoms [39]. This model has been reparameterized and enhanced with the recent, state of the art,
intermolecular interactions [40]. Geometries were initially optimized with the GFN1 model which has a longer
interaction range and refined with the GFN2 model that has improved electrostatics and dispersion.

1.5 Cancer cell lysate preparation

HeLa cells (100 * 10¢ cells) were resuspended in 10 mL of lysis buffer (8 mol L urea in 50 mmol L tris-HCl, pH
8, added with 1 tablet cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) and 1 tablet
PhosSTOP (Sigma-Aldrich). Cells were vortexed and kept on ice for 15 min. To complete the lysis process, the
sample was sonicated and kept on ice 10 times, then it was centrifuged at 20,000 x g at 4 °C for 15 min to sediment
cell debris. The supernatant was withdrawn and quantified by the Bradford assay. Nine hundred pg aliquots
were then prepared and digested as previously described [35].

1.6 Phosphopeptide enrichment protocol

Lyophilized samples were reconstituted in 150 pL of the loading buffer (28% lactic acid, 57% MeCN, 14% H:O,
0.2% TFA). The general enrichment procedure was as follows: after weighting an appropriate amount of suitable
magnetic carbon material, the phase was conditioned with 100 pL of washing buffer (MeCN/H20, 80:20 with
0.4% TFA) under gentle agitation for 2 min. After this and following steps, a 2 min centrifugation (2300 x g) was
performed to settle drops adhering to the vial and then the magnet was applied to retrieve the magnetic phase.
Time and speed were increased to 5 min and 20,000 x g in the case of CNT and CNH composites, to compact the
phase and avoid losses. The supernatant was removed and a second conditioning with the loading buffer was
performed. After this step, the peptide sample was added and gently shacked for 30 min. Then, the supernatant
was discarded and the phase washed once with the loading buffer and twice with the washing buffer (100 pL
each, 2 min shaking). Bound peptides were eluted twice with 100 pL of elution buffer 1 (1.5% NHs (aq)) and twice
with 100 uL of elution buffer 2 (5% pyrrolidine (aq)), each time gently shaking for 5 min. Combined eluates were
acidified with 2.5% TFA to pH 2.5, desalted, dried down in a Speed-Vac SC250 Express (Thermo Savant,
Holbrook, NY, USA) and dissolved with 100 uL 0.1% formic acid. Samples were stored at -80 °C until analysis.
For each experiment type, two experimental replicates were performed. For comparison purposes, enrichment
was performed on commercial Pierce™ TiO2 Phosphopeptide Enrichment and Clean-up Kit (ThermoFisher
Scientific) according to manufacturer’s instructions.

1.7 NanoHPLC-MS/MS analysis
For each sample, 20 uL were analyzed as described previously [35], with modifications on the MS method as
described [36]. Briefly, full scan and MS/MS analysis of eluting peptides were performed by a Orbitrap Elite



hybrid ion trap-Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) in the m/z range of 380-1400
Da and 30,000 (Full Width Half Maximum at m/z 400) resolution for the full scan and 15,000 resolution for MS/MS
in top 10 data dependent mode. For each sample, three technical replicates were performed and the experiments
were run twice.

1.8 Peptide identification

The acquired raw MS/MS data files from Xcalibur software (version 2.2 SP1.48, Thermo Fisher Scientific) were
searched against Uniprot database by Proteome Discoverer software (version 1.3, Thermo Scientific) and the
Mascot (v.2.3.2, Matrix Science) search engine, as previously described, using the human taxonomy (20284
entries).

2. Results and Discussion

2.1 Nanocomposite preparation
Nanocomposite preparation consisted of three steps: carbon nanostructure oxidation, magnetization, and growth
of anatase titania NPs. Each step was monitored by TGA, Raman and FT-IR spectroscopy, and TEM imaging.

2.1.1 Carbon nanostructure oxidation

Carbon nanomaterials are notoriously hydrophobic, thus their oxidation reduced their propensity to aggregate
to achieve dispersibility in water. To this end, oxidation procedures were optimized for each structure (i.e., CNT,
G, CNH, GCB), since their reactivity is strongly influenced by morphological parameters, such as number of
graphitic layers, curvature, and so on. In this manner, each carbon material was oxidized to the same level, as
assessed by thermogravimetric analysis (TGA) under nitrogen gas, corresponding to a weight loss of ca. 10 wt.%
at 600 °C, and 2.3 = 0.2 mmol COOH/g (see Fig. S1, ESM). In addition, oxidation served also to purify the
materials, which were characterized by Raman spectroscopy (Figs. 52, ESM) and TEM micrographs, confirming
preservation of their structure and loss of the amorphous carbon that was clearly visible on the surface of pristine
CNTs and G (see Fig. 1).



pristine oxidized

Figure 1 Transmission electron microscopy (TEM) micrographs of each carbon nanostructure in the prostine and oxidized state. A) carbon
nanotubes (CNTSs); B) graphene (G) and its oxide (GO); C) carbon nanohorns (CNHSs); D) graphitized carbon black (GCB).

2.1.2 Magnetization of each scaffold

The second step was the magnetization of the nanomaterials. TEM imaging revealed iron oxide NPs
homogeneous in size and spherical morphology, regardless of the carbon nanostructure used (Fig. 2A-D, Fig. S3
and Table S1, ESM). Importantly, magnetite NPs were observed only associated with the carbon nanostructures,
thus confirming successful anchorage onto the scaffold, as dictated by design. The characteristic magnetite FT-
IR signal at 600 cm and Raman-active band at 670 cm™ were
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Figure 2 Magnetization of the carbon nanostructure scaffolds. TEM micrographs reveal magnetite spherical NPs on CNTs (A), GO (B),
CNHs (C), and GCB (D). E) FT-IR spectra and (F) Raman spectra of each magnetized carbon nanostructure sample.

visible (Fig. 2E-F). A vibrating-sample magnetometer (VSM) determined magnetic properties (Fig.54, Table S2,
ESM), and efficient magnetic separation was visible by eye (Fig. S5, ESM). All samples were superparamagnetic
since neither residual magnetization nor coercivity were detected. Iron oxide particles with the average diameters
between 180 and 210 nm (Table 51, ESM) were composed of a large number of nanocrystallites under 20 nm in
diameter as revealed by high-resolution TEM images (Fig. S6, ESM). Relatively high saturation magnetizations
of all magnetic samples confirmed the capability to magnetically guide and separate magnetic nanocomposites
by exposure to an external permanent magnet (Fig. S5). TGA under air confirmed increase of inorganic residue
at 800 °C (Fig. S7 and Table S3, ESM).

2.1.3 Titania NP nucleation and growth
The last step consisted of titania NP growth onto the magnetized carbon nanomaterials. The nanocomposites
were characterized by TEM, FT-IR, Raman, XRD spectroscopy (Fig, 3 and Fig. S8, ESM), and Zeta potential (Table



54, ESM). Anatase presence was confirmed by XRD, FT-IR and Raman spectroscopies, with the characteristic FT-
IR broad signal at 500-600 cm™ and Raman bands at 147, 198, 396, 516, and 639 cm. Inorganic residue increased
up to 95-97 wt.% by TGA in air for the composites CNTs, CNHs, or GCB scaffolds, and to a minor 82 wt.% in the
case of GO (see Table S3). Titania NP morphology (Fig. 3A-D) was different across samples and was remarkably
affected by the scaffold structure, in contrast with what described above for magnetite NPs. In the case of CNHs,
titania NPs completely covered the CNH clusters surface and TEM imaging revealed a characteristic morphology
[35] with sharp elongated structures reminiscent of the morphology of the CNH scaffold underneath. In all the
other cases, titania formed in geometric NPs with a rather large size distribution for GCB and CNTs. By contrast,
in the case of GO, the scaffold was completely covered by very small and homogenous NPs with a narrow size
distribution, corresponding to NP shorter axis of 9.0 + 1.9 nm and longer axis of 17.3 + 3.2 nm (n = 100). These
results suggest GO played a special role in favoring anatase nucleation to produce NPs with enhanced surface

area, as already observed for zeolite nanocrystals
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Figure 3 Final nanocomposites with titania NPs. TEM micrographs reveal different NP size on CNTs (A), GO (B), CNHs (C), and GCB
(D). E) FT-IR spectra and (F) Raman spectra of each composite sample.



grown onto G [41]. Use of carbon nanostructures as scaffolds to achieve size- and shape-control over inorganic
nanocrystal growth into hybrid materials is particularly attractive for applications in photocatalysis, and thus
worth further investigations. To shed further light onto this interesting observation, in silico studies were
performed as described below.

2.2 Insilico studies of titania growth onto GO

Recent experimental and in silico investigations have focussed on the interfaces of single-crystal titania, rutile
and anatase phases, with G and GO [42]. These studies revealed that the binding of flat monocrystalline TiO2
was four times stronger for G than for GO. In addition, charge transfer, which could enhance the interaction, was
computed and found to be very low in all cases. In contrast, the observed experimental morphology of TiO2 on
GO described above could be considered indication that moieties in GO could act as nucleation sites for the
formation of titania nanocrystals. To study this effect, the interaction was modelled of a (TiO2)2 system [43],
representing an early stage of the nucleation process, with different oxidized moieties on a GO flake.

A graphene hexagonal flake with a closed-shell ground state containing 222 carbon atoms and 2.8 nm diameter
was chosen as substrate. The use of flakes, as opposed to periodic systems, allows studying explicitly adsorption
edge effects and different side adsorption, as well as local deformations of curvature. Three different kinds of
oxidized groups were considered, namely: epoxide, carboxyl, and alcohol functional groups together with a 2-
Csp? defect as a very simplified model of generic chemical functionalization, Fig. 4. The number and positions of
these groups was chosen so

that the resulting system had no radicaloid character, i.e., it is chemically stable. Three different initial positions
for the (TiO2)2 adsorbates were considered: edge adsorption (near edge functional groups), on top of the flake
(co-facial with the central area functional groups) and on the opposite, bottom-side of the flake (anti-facial). These
positions were minimized and binding energies were computed. The results were consistent in terms of both
binding energies and geometries found: the binding far from functional groups, which represents TiO2-G
interactions, was in all cases around 3.5 eV (1.5 eV per TiO2 molecule). When interacting with functional groups,
the strongest binding was found at the edges, where most functional groups yielded bindings of 6.4 eV, which
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was almost double the value for pristine G. This enhanced stabilization was due to the transfer of a hydrogen
atom to one of the more basic, under-coordinated oxygen atoms from (TiOz2)2.

Interestingly, carboxylic functional groups in two different positions of the GO flake, Fig. 4C-D, yielded binding
energies differing by 0.9 eV, as shown in Fig. S9 of the ESM. This finding was due to the fact that, in one case, the
-COOH group could not adopt a linear conformation due to steric hindrance adding a penalty energy to the
binding.

When considering co-facial adsorption geometries, the three internal functionalizations (Fig. 5)

Figure 5 Co-facial binding of (TiO2)2 with either an epoxide (A), or two neighbouring alcohol groups, protonated (B) or not (C).

presented the highest binding energies. The strongest binding group was the epoxide group with 4.1 eV (Fig.
5A). The other two groups had very similar binding energies: 3.7 eV (2 -H) and 3.8 eV (2 -OH). Interestingly,
optimization with tighter optimization thresholds, induced the migration of both alcohol H atoms to under-
coordinated oxygen atoms of (TiO2)2 increasing the binding energy to the highest value found in this study, 8.3
eV, Fig. 5C.

Interestingly, the three internal functionalization models (Fig. 4B, 4G, and 4H) had also some of the highest
binding energies when (TiOz2)2 adsorption was anti-facial, that is, on the opposite side of G from the functional
groups. The lowest binding corresponded to the epoxide group with 3.7 eV. The other two groups had more
similar binding energies:

4.0 eV (2 -H) and 4.15 eV (2 -OH). Remarkably, this finding clearly shows that the binding on both sides of
graphene, co-facial to functionalization, and anti-facial to functionalization, have comparable binding strengths.
Summing up, in the strongest binding modes, one or two hydrogens atoms from the alcohol or carboxyl moieties
migrated to be bonded to under-coordinated oxygen atoms of (TiO2).. GO edge functional groups were
systematically found to be strong binding sites for TiO2. These findings might help rationalize the fact that GO,
being a 2D material, showed extensive coverage by titania. Importantly, it was found that in many cases, the
oxygen atoms from the functional group directly coordinated with Ti atoms. This, by adding these atoms into
the oxygen sub-lattice of TiO2 NPs, may make them work as chemical anchorages for tethering the NPs in fixed
positions. These binding modes might be related to the preferred nucleation, over growth, of numerous and
small titania NPs over the surface of GO, in contrast with all the other carbon nanomaterials tested. In addition,
the unexpected fact that opposite-side functional groups also showed improve binding with TiO2 could also
contribute to a fundamental feature of GO which may present double-side functionalization while other
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nanocarbons can only be functionalized on their external surfaces.

2.3 Phosphoproteomics studies
Each nanocomposite material was tested for enrichment of phosphopeptides extracted from cancer cells, whose
lysates provide a realistic and highly complex biological sample model [44]. Given that the ratio between loaded
sample and (nano)material amount strongly affects the performance of the system, two amounts were tested (i.e.,
3 mg and 5 mg). The enrichment was performed by directly loading the protein digest onto the nanocomposites
to keep the number of manual operations, hence experimental error, to a minimum. The results were compared
against a TiO2-based commercial product (i.e., spin column) and are reported in Fig. 6, 510, S11 (ESM). Important
parameters to assess the nanocomposite performance include: 1) selectivity of phosphopeptide binding (Fig. 6A);
2) total number of (phospho)peptides detected (Fig. 6B); 3) efficiency of analyte binding (i.e., log2 average intensity
of MS signal, Fig. 510 of ESM); 4) type of phosphopeptide enriched by each nanocomposite (Fig. 6C-D and Fig.
S11, ESM).
Selectivity was calculated based on the percent ratio of phosphorylated peptides relative to the total number of
detected peptides. The commercial product displayed a selectivity of 60%, which was enhanced to nearly 90% in
the case of the GO nanocomposite, followed by the CNH nanocomposite (71%), as shown in Fig. 6A. This result
can be rationalized based on the fact that these two materials displayed the smallest titania nanocrystals with a
narrow size distribution (see Fig. 3B-C), which corresponded to a relatively higher surface area for
phosphopeptide contact, as confirmed by BET analysis (see Table 1). However, high selectivity came at the
expense of total peptide identifications. In this regard, CNT and GCB scaffolds led to a performance overall
similar to the commercial product at their best condition.
Interestingly, reducing the oxidation level of GCB down to 1 wt.% significantly enhanced the number of total
peptide identifications, reaching consistently over 6,000 hits (Fig. 6B). Total peptide binding is an important
factor, especially for the proteomic profiling of biological samples towards advanced disease diagnostics.
In terms of efficiency of analyte binding (i.e., log: average intensity of MS signal, Fig. 510, ESM), the performance
of all nanocomposites was overall similar. Notably, also in this case the commercial
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product performance was surpassed by the GO nanocomposite (that also displayed the highest selectivity) and
the nanocomposite based on GCB with a low-oxidation level (that also displayed the highest number of peptide
identifications). The maximum at log: (average intensity) corresponded to 23 (GO) and 22 (GCB), versus 20 for
the reference (Fig. 510 of ESM).

To assess if any difference was present in terms of type of peptides isolated by the different materials, three
parameters were evaluated: the grand average of hydropathy (GRAVY) index (Figure S11, ESM), the isoelectric
point (pl, Fig. 6C), and the molecular weight (MW, Fig. 6D). Most of the identified peptides, regardless of the
phosphorylation state, were hydrophilic for any composite, with GRAVY values <0 for well over 90% of the
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recovered peptides (Fig. S11 of ESM). pl analysis revealed that most of the identified peptides were acidic (pl <
6), and only minor differences between nanocomposites were noted (Fig. 6C). Some difference could be
appreciated in MW distribution (Fig. 6D). Smaller peptides with a MW in the range of 1-3 kDa composed the
majority of analyte hits. However, the use of any nanocarbon as scaffold led to the over double the number of
recovered peptides with MW > 4 kDa relative to the commercial reference. This is a positive effect considering
that most phosphopeptides could be larger than common tryptic peptides, due to the higher possibility of missed
cleavages [45].

Porosimetry analysis was thus performed to gain further insights in the different performance of the
nanocomposites (Table 1). All of them were mesoporous, although to a different extent. The best results in terms
of total phosphopeptide identifications were obtained with the least oxidized

Surface Pore Pore
Sample area volume Porosity size
(m?g?l)  (cm*g? A

little

CNT 295+0.5 0.102 mesoporous | 20-500

GO 45.1+0.5 0.139 mesoporous | 20-300

mesoporous

CNH 376+05 0.178 10-500

little
GCB 53.2+05 0.210 mesoporous | 20-500

very little
GCB” 22.6+0.5 0.085 mesoporous | 20-40

Table 1 Porosimetry analysis of the nanocomposite materials. 2 GCB oxidized at 1 wt. %.

GCB composite, which also had the smallest pore volume and size. We inferred that the lack of extensive porosity
of the surface positively affected the interaction between the TiO: layer and the phosphopeptides, suggesting
that the process of phosphopeptide enrichment did not involve migration into and out of the pores and was thus
favored for the least porous materials.

3. Conclusions

This study assessed the effects of the different nanomorphology of CNT, GO, CNH, and GCB on their templating
activity for the preparation of magnetized TiO: nanocomposites for phosphoproteomics. During the first
magnetization step, no significant difference was noted on the growth of magnetite NPs in terms of their size
and morphology. By contrast, growth of titania at the subsequent step was significantly affected by each scaffold,
resulting in heterogeneously shaped and sized anatase NPs. Importantly, only in the case of GO as scaffold,
highly homogenous and few-nm wide NPs were obtained, which covered completely the graphitic surface. In
silico investigations supported a role of the oxygen atoms of GO in favoring nucleation of TiO2 NPs through
direct coordination with the Ti atom. In other words, the oxygen-containing functional groups of GO acted as
chemical anchorages for tethering the NPs in fixed positions, thus favoring NP nucleation over growth. Being
GO the only carbon nanostructure tested that may have double-side functionalization, and having opposite-side
functional groups also binding TiO:, a fundamental difference arose between GO and the other scaffolds on the
NP growth. This finding could be interesting for a number of titania applications also beyond the scope of this
study, such as in the area of water remediation and catalysis.

Finally, the performance of the nanocomposites was assessed in shotgun phosphoproteomics in a complex
matrix. The reference commercial product was surpassed by all parameters evaluated, i.e., selectivity, total hits,
and intensity of MS signal. The highest selectivity was reached by the GO-based nanocomposites (nearly 90%),
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followed by the CNH-based materials (71%), although at the expense of total hits. On the other hand,
maximization of phosphopeptide identifications was achieved with the GCB nanocomposite with low oxidation
level. Such behavior could be ascribed to the nanostructure mesoporosity. Generally, the nanocarbon-based
composites with the lowest porosity were the ones providing the largest number of phosphopeptide
identifications, suggesting that analyte binding did not require migration into and out of the pores. An additional
advantage of the nanocarbon-based composites over the commercial product was the ability to recover larger
peptides, with MW > 3 kDa.

Overall this study provided the first thorough assessment of different carbon nanomaterial scaffolds for
functional composites in phosphoproteomics studies including their performance in realistic biological samples
with a high level of complexity. This data advanced the understanding not only of the nucleation and growth of
NPs onto the scaffolds towards high-quality functional composites, but it also revealed details of surface
properties that are beneficial for the design of innovative nanocomposites with improved performance.
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Fig. S2. Raman spectra of pristine and oxidized carbon nanostructures.

Oxidized CNTs | GO Oxidized CNHs | Oxidized GCB
210 +43 192 + 40 185 + 37 180 + 39

Table S1. Magnetite NP average diameter (hm) + stdev (n = 100).



Fig. S3. TEM images of magnetite NPs anchored onto oxidized carbon nanostructures; A) CNTs, B) GO, C) CNHs, and D)
GCB. Scale bar = 500 nm.

Sample Saturation
magnetization
(Am?/kg)
CNTs 44.5
GO 43.3
CNHs 40.2
GCB 52.2

Table S2. Saturation magnetization values obtained from VSM data for magnetized samples.
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Sample Pristine Oxidized Magnetized i} WIS
composite
CNTs 1 1 59 97
G 4 0 63 82
CNHs 1 1 54 95
GCB 0 4 75 96
Table S3. TGA data (wt.% residue at 800 °C) under air for carbon nanomaterials.
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Figure S4. Room-temperature measurements of the mass magnetization as a function of magnetic field for the magnetized
CNT (purple), GO (blue), CNHs (orange), and GCB (black).

Fig. S5. Efficient magnetic separation is possible for all the magnetized samples after exposure to a permanent magnet.
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Fig. S6. High-resolution TEM images show nanocrystal clusters from magnetite NPs on A) CNTs, B) GO, C) CNHs, and D)
GCB samples.
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Fig. S7. TGA under air after each sample modification step.

Sample Zeta(rr)r:)\t/e;ntlal
CNTs -35.3+2.35
G -27.6+7.30
CNHs -25.2+4.79
GCB -28.5+1.89

Table S4. Zeta potential data for the final nanocomposites.
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Fig. S8. XRD spectra of the final composites confirmed anatase presence.

Fig. S9. G-COOH and (TiOy), binding modes: more stable (top) and less stable (bottom).
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D) GCB, E) GCB with low-level of oxidation (GCB*). F) Box plot of the log. (average intensity).

100%

80%

60%

40%

20%

0%

Fig. S11. A negative GRAVY index was found for the vast majority of identified peptides.
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