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Abstract 1 

Humic acids (HAs) provide an important bio-source for redox-active materials. Their functional 2 

chemical groups are responsible for several properties, such as metal ion chelating activity, adsorption 3 

ability towards small molecules and antibacterial activity, through reactive oxygen species (ROS) 4 

generation. However, the poor selectivity and instability of HAs in solution hinder their application. 5 

A promising strategy for overcoming these disadvantages is conjugation with an inorganic phase, 6 

which leads to more stable hybrid nanomaterials with tuneable functionalities. In this study, we 7 

demonstrate that hybrid humic acid/titanium dioxide nanostructured materials that are prepared via a 8 

versatile in situ hydrothermal strategy display promising antibacterial activity against various 9 

pathogens and behave as selective sequestering agents of amoxicillin and tetracycline antibiotics from 10 

wastewater. A physicochemical investigation in which a combination of techniques were utilized, 11 

which included TEM, BET, 13C-CPMAS-NMR, EPR, DLS and SANS, shed light on the structure-12 

property-function relationships of the nanohybrids. The proposed approach traces a technological 13 

path for the exploitation of organic biowaste in the design at the molecular scale of multifunctional 14 

nanomaterials, which is useful for addressing environmental and health problems that are related to 15 

water contamination by antibiotics and pathogens. 16 

 17 

Keywords: nanohybrids; biowaste valorisation; humic substances; titanium dioxide; reactive oxygen 18 

species (ROS); antibacterial; wastewater remediation. 19 
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1. Introduction 1 

The waste-to-wealth concept aims at encouraging a future sustainable lifestyle in which waste and 2 

biowaste valorisation is considered not only for its intrinsic environmental benefits but also to prompt 3 

the development of new technologies and jobs. To help rethink planetary well-being in terms of a 4 

circular economy, the main objective is to promote strategies for enhancing the economic and 5 

environmental value of biowaste through its recycling or conversion (Xu et al. 2019). Biowaste can 6 

be drastically transformed, either chemically, physically or biologically, into a plethora of end-use 7 

products and functional novel materials via several approaches. 8 

In this context, humic acids (HAs) are an alkali-soluble fraction of natural organic matter, which are 9 

usually found in water, soil and sediments. They play central roles in sustaining plant growth and 10 

controlling both the fate of environmental pollutants and the biogeochemistry of organic carbon in 11 

global ecosystems (Maccarthy, 2001; Piccolo et al., 2019; Stevenson et al., 1994). They can be 12 

obtained via biomass conversion through natural biological transformations and are unavoidable co-13 

products in biorefinery processes (Luo et al., 2019; Spaccini et al.,2019). Additionally, HAs are 14 

considered a promising and inexpensive source of novel materials for technological applications (de 15 

Melo et al., 2016; Dutta et al., 2019; Peña-Méndez et al., 2005; Perminova et al., 2019). HAs are 16 

attracting substantial interest as heterogeneous organic molecules due to their carbogenic diversity 17 

and tuneable redox properties, thereby providing an important source of inspiration for novel redox-18 

active materials (de Melo et al., 2016; Nuzzo et al., 2013). Indeed, HAs present various functional 19 

groups in their chemical structures, such as quinone, phenol, carboxyl and hydroxyl moieties, which 20 

are directly responsible for regenerable redox properties (de Melo et al., 2016; Klüpfel et al., 2014). 21 

These properties enable HAs to generate or scavenge reactive oxygen species (ROSs) (Aeschbacher 22 

et al. 2012; de Melo et al., 2016; Scott et al. 1998), thereby leading to various properties, such as 23 

antibacterial, antioxidant and anti-inflammatory activities (van Rensburg et al. 2000; de Melo et al., 24 

2016). Furthermore, they can easily act as metal chelating agents (Li et al., 2020) due to their 25 

amphiphilicity, which determines their self-assembly (Klavins et al., 2020; Nuzzo et al., 2013; 26 
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Piccolo, 2001), and they can interact with contaminants (Afzal et al., 2019; Du et al., 2020; Liu et al., 1 

2020). Considering these properties, HAs are expected to play a leading role in green chemistry as an 2 

accessible and inexpensive source for the design and development of multifunctional materials for 3 

potential bio-sustainable applications. HAs from North Dakota leonhardite (NDL) have attracted 4 

interest due to their low cost and marked amphiphilicity (Cozzolino et al., 2002; Nuzzo et al., 2016). 5 

The latter is due to the large amounts of both hydrophobic and hydrophilic functionalities within the 6 

humic components, such as fatty and phenolic residues (Drosos et al., 2017; Nebbioso et al., 2011). 7 

Despite the substantial potential that is offered by bioavailable HA-like materials, several challenges 8 

remain to be overcome, which are related mainly to their poor selectivity and high instability 9 

(browning) under aerated conditions (Allard et al., 1994). Although intense research has focused on 10 

the production of radicals and trapping reactions of low-molecular-weight natural phenol-like 11 

derivatives, much less attention has been given to their possible exploitation in materials science. 12 

Moreover, although many studies on interactions between HAs and pollutants have been proposed, 13 

the difficulty in distinguishing between soluble and insoluble HAs often hinders the assessment of 14 

their adsorption features (Afzal et al., 2019; Du et al., 2020). HAs have shown high solubility in 15 

aqueous media, thereby preventing the possibility of efficiently removing pollutants from aqueous 16 

environments. HAs are controversial moieties since their interactions with nanomaterials and organic 17 

pollutants can increase the solubility and bio-persistence of these species in aqueous solutions (de 18 

Melo et al., 2016). Consequently, the non-negligible chemical lability and heterogeneous self-19 

assembly behaviour of HAs strongly prevent the full exploitation of these intriguing 20 

biomacromolecules, which are often regarded as an environmental issue rather than a valuable 21 

resource due to their abundance and their function as carriers of pollutants. In this context, a promising 22 

strategy for overcoming these disadvantages was proposed based on the conjugation of HA organic 23 

moieties onto a foreign matrix that consisted of either organic or inorganic materials (de Oliveira et 24 

al., 2016). Inorganic nanoparticles have been highlighted as attractive bio-interfaces due to their 25 

biocompatibility and their tuneable size, shape and porosity with functional versatility and, therefore, 26 
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are valid candidates for the realization of multifunctional nanomaterials with modulable properties 1 

(de Oliveira et al., 2016; Heuer-Jungemann et al., 2019; Luchini et al., 2019). Recently, following a 2 

bioinspired approach, we proposed a novel synthetic strategy for producing hybrid nanostructures, 3 

whereby a titanium dioxide (TiO2) sol acts as a catalyst and templating agent for 5,6-dihydroxyindole-4 

2-carboxylic acid (DHICA) polymerization to eumelanin (Pezzella et al., 2013; Vitiello et al., 2015; 5 

Vitiello et al., 2016). The inorganic phase has a tuned eumelanin supramolecular structure, which 6 

leads to TiO2-eumelanin hybrids with unique antimicrobial properties that are sensibly better than the 7 

intrinsic melanin biocide activity (Vitiello et al., 2015; Vitiello et al., 2017; Vitiello et al., 2018). The 8 

combination of biomacromolecules and inorganic components into a hybrid nanostructure at the 9 

molecular scale has proven to be an extremely effective strategy for enhancing the intrinsic properties 10 

of the organic phase and selectively driving its function (Silvestri et al. 2019; Vitiello et al. 2019). On 11 

this basis, TiO2 can be proposed as a biomimetic templating agent for controlling and modulating the 12 

stability and reactivity of HAs, including the ROS production ability, the sequestering capability 13 

towards metal cations and organic pollutants and the size-selective absorption features (de Melo et 14 

al., 2016; Tang et al., 2014). Additionally, due to the amphiphilicity of their supramolecular structure 15 

(Piccolo, 2001), HAs can favourably interact with an inorganic surface charged phase through 16 

electrostatic forces and can confer satisfactory colloidal stability in aqueous media (Pota et al., 2020; 17 

Zhang et al., 2020). 18 

In this paper, hybrid humic acid/titanium dioxide nanostructures were designed and prepared through 19 

an in situ method that was based on the hydrothermal wet chemistry approach. Then, the functionality 20 

of these novel nanohybrids was investigated, and two main applications for water remediation were 21 

considered: i. antibacterial activity against gram-negative and gram-positive pathogens of various 22 

strains and ii. sequestering action towards three antibiotics, namely, amoxicillin, tetracycline and 23 

metronidazole, in an aqueous solution. To shed light on the relationship between the structural and 24 

functional features of the nanohybrids, a wide physicochemical investigation was conducted via a 25 

combined approach of various techniques, such as transmission electron microscopy (TEM), X-ray 26 
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diffraction (XRD), thermogravimetry (TG), BET porosimetry, dynamic light scattering (DLS), small-1 

angle neutron scattering (SANS), Fourier-transform infrared (FT-IR) spectroscopy, solid-state cross-2 

polarization magic angle spinning carbon-13 nuclear magnetic resonance (13C-CPMAS-NMR) 3 

spectroscopy and electron paramagnetic resonance (EPR) spectroscopy. These analyses enable the 4 

investigation of the effects at the molecular scale of the combination of HA and TiO2 components in 5 

defining the structural, surface and paramagnetic properties of the final TiO2/HA-NDL nanohybrids 6 

and in modulating both ROS generation for killing bacteria and the removal of antibiotics from 7 

wastewater. 8 

Overall, this study defines a potential strategy for converting environmental challenges that are posed 9 

by the interaction of HAs with organic pollutants and inorganic nanoparticles into a technological 10 

opportunity through the design of hybrid multifunctional nanomaterials. This approach offers the 11 

opportunity to match the objectives of giving biowaste a new life and managing water quality through 12 

pharmaceutical removal and pathogen disinfection, thereby addressing current environmental and 13 

health concerns. 14 

2. Materials and Methods 15 

2.1 Materials 16 

Titanium(IV) isopropoxide (TTiP, purity > 99.9%), 2-propanol (purity > 99.5%), acetic acid (purity 17 

> 99.85%), triethylamine (TEA, purity > 99.5%), 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) spin-18 

trap and D2O solvent (99.9% purity) were purchased from Sigma-Aldrich (Milan, Italy). Humic acids 19 

that were obtained from North Dakota leonardite were made available by Mammoth International 20 

Chemical Corporation (Houston, TX, USA). Amoxicillin (potency: ≥ 900 µg·mg-1), tetracycline 21 

(potency:  ≥ 850 µg·mg-1) and metronidazole (potency: ≥ 0.21 µM) antibiotics were obtained from 22 

Mylan (Milan, Italy), Scharper (Milan, Italy) and Teofarma (Valle Salimbene, Pv, Italy), respectively. 23 

All reagents were used without further purification. 24 

 25 
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2.2 Synthesis of hybrid TiO2/HA-NDL nanostructures. 1 

TiO2 and hybrid TiO2 nanostructures were prepared in the absence and presence, respectively, of 2 

humic acid (HA). The HAs were extracted from North Dakota leonardite (HA-NDL) and purified via 3 

common procedures, as described elsewhere (Piccolo et al., 2005). The average molecular weight 4 

(Mwa) of the purified HA was 1470 ± 60 Da (Piccolo et al., 2005), and its elemental content and 5 

solid-state NMR spectrum were reported earlier (Piccolo et al., 2019). The synthesis was conducted 6 

via a hydrothermal process that was based on an experimental procedure that was previously 7 

developed by our group for producing antimicrobial hybrid melanin-based nanomaterials (Vitiello et 8 

al., 2015; Vitiello et al., 2017). Various molar ratios of the organic and inorganic components were 9 

used to evaluate the effects of the amount of the organic component on the structural and functional 10 

properties of the final hybrid nanostructures. First, a solution of the TiO2 precursor was prepared via 11 

dropwise addition of 6 mL of 1.69 M titanium(IV) isopropoxide (TTiP) in 2-propanol to 31.3 mL of 12 

an aqueous solution of acetic acid at pH=1.5. This mixture was stirred for two days, and a TiO2 13 

colloidal suspension was obtained. Then, suitable amounts of HA-NDL were added to the TiO2-sol 14 

suspension to produce four ratios: 0.1, 0.2, 1.0 and 2.0 mmol HA-NDL/mol TTiP (Table 1). 15 

Subsequently, triethylamine (TEA) was added dropwise to the mixtures until pH=7.0. Then, the 16 

obtained suspensions were sealed within Teflon recipients, in which the liquid volume corresponded 17 

to 75% of the total volume, and they were placed into a circulating oven and maintained at 120 °C 18 

for 18 hours. The final samples were obtained by centrifugation at 12500 rpm for 15 min and washing 19 

3 times with distilled water. 20 

 21 
Table 1. Molar ratios of the organic and inorganic precursors that were used for the synthesis of TiO2/HA-22 
NDL nanohybrids. 23 
 24 

 25 

 26 

 27 

nanohybrid sample nominal composition 
HA:Ti (mmol:mol) 

TiO2/HA-NDL_0.1 1:10 

TiO2/HA-NDL_0.2 1:5 

TiO2/HA-NDL_1 1:1 

TiO2/HA-NDL_2 2:1 
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The obtained precipitates were resuspended in doubly distilled water to obtain four stable 1 

suspensions, which were named TiO2/HA-NDL_0.1, TiO2/HA-NDL_0.2, TiO2/HA-NDL_1 and 2 

TiO2/HA-NDL_2. 3 

 4 

2.3 Physicochemical investigation 5 

A multi-perspective, physico-chemical investigation of the TiO2/HA-NDL nanostructures was 6 

conducted via a combined approach of complementary techniques to obtain detailed information on 7 

their chemical, morphological and surface properties and on their structural organization. 8 

X-ray diffraction (XRD) experiments were conducted with a Malvern PANalytical diffractometer 9 

(Malvern, United Kingdom) with a nickel filter and Cu Ka radiation to investigate the crystalline 10 

phases of the TiO2 component within the final hybrid nanostructures. 11 

The weight loss of the dried samples, along with the presence of HA-NDL in the hybrid samples, was 12 

evaluated using a TA Instrument simultaneous thermo-analyser (SDT Q600, New Castle, Delaware, 13 

USA) by following a previously described procedure (Melone et al., 2019; Pezzella et al., 2013). 14 

TG/DTA tests were conducted on 20 mg dried specimens in air (temperature range: from room 15 

temperature to 800 °C; heating rate: 10 °C min-1). 16 

An FT-IR investigation was conducted by using a Nicolet Instrument Nexus model (Thermo 17 

Scientific, Waltham, MA, USA) that was equipped with a DTGS KBr (deuterated triglycine sulfate 18 

with potassium bromide windows) detector. IR absorption spectra were recorded in the 4000-400 cm-19 

1 range at a resolution of 2 cm-1 on pressed disks of powders that had been previously diluted in KBr 20 

(1 wt%). The IR spectrum of each sample was corrected based on a spectrum of blank KBr. 21 

The solid-state 13C-CPMAS-NMR spectra of pure HA-NDL and TiO2/HA-NDL nanohybrids were 22 

acquired with a 300 MHz Bruker Avance wide-bore magnet (Bruker Bio Spin GmbH, Rheinstetten, 23 

Germany) that was equipped with a CPMAS probe: Into 4 mm zirconia rotors, 90 mg of each sample 24 

was loaded. The rotors were closed with Kel-F caps and spun at a rate of 10000 ± 1 Hz, and 32000 25 

scans were acquired. Then, HA-NDL samples before and after hydrothermal treatment were dissolved 26 
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in deuterated H2O and analysed with a 400 MHz Bruker Avance magnet (Bruker BioSpin GmbH, 1 

Rheinstetten, Germany) that was equipped with a 1H-BBI probe; 128 scans were conducted. The 2 

spectra were processed by using both the Bruker Topspin software (v2.1, BrukerBiospin, 3 

Rheinstetten, Germany) and the MNOVA software (v.9.0, Mestrelab Research, Santiago de 4 

Compostela, Spain) (Mazzei et al., 2016). 5 

Morphological properties were investigated via TEM: Samples were prepared by placing a drop of 6 

the nanohybrid suspension on one side of a 200 mesh copper grid. TEM images were obtained using 7 

an FEI TECNAI G2 200 kV microscope (Thermo Fisher Scientific, Waltham, USA) that was 8 

equipped with a high-angle annular dark-field (HAADF) detector for high-resolution imaging. 9 

The surface properties were determined via N2 adsorption at -196 °C starting from P/P0=5×10–6 using 10 

a Quantachrome Autosorb 1-C instrument (Quantachrome, Anton Paar Italia, Rivoli, Italy). Before 11 

the analysis, the samples were degassed under high vacuum at 120 °C for 4 h. The BET method (P/P0 12 

range from 0.08 to 0.3) was adopted for the calculation of the specific surface area (SBET), while the 13 

total pore volume (VTOT) was computed using Gurvitsch’s rule (at P/P0=0.995). Finally, the pore size 14 

distribution was evaluated via application of the BJH model to the desorption branch of the isotherm. 15 

Electron paramagnetic resonance (EPR) experiments were conducted using an X-band (9 GHz) 16 

Bruker Elexys E-500 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) that was 17 

equipped with a super-high-sensitivity probe head. Solid samples were transferred to flame-sealed 18 

glass capillaries that, in turn, were coaxially inserted into a standard 4 mm quartz sample tube. 19 

Measurements were conducted at room temperature using the following instrumental settings: 100 G 20 

as the sweep width; 1024 points as the resolution; 100 kHz as the modulation frequency; and 1.0 G 21 

as the modulation amplitude. The amplitude of the field modulation was preventively determined to 22 

be sufficiently low to avoid detectable signal overmodulation. Two sets of EPR measurements were 23 

conducted: i. on nanohybrid powder to monitor the organic HA-NDL component and ii. in aqueous 24 

suspensions using the spin-trapping method to detect ROS production by TiO2/HA-NDL 25 

nanohybrids. EPR spectra of solid samples were registered with a microwave power of 0.06 mW to 26 
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avoid microwave saturation of the resonance absorption curve, and 16 scans were accumulated to 1 

improve the signal-to-noise ratio.	 Power saturation curves were also recorded by varying the 2 

microwave power from 0.004 mW to 128 mW. A quantitative analysis (g-factor and spin-density 3 

values) of the EPR spectra was conducted using an internal standard that was composed of a mixed 4 

Mn2+/MgO powder that was inserted in the quartz tube coaxially with the analysed samples. To detect 5 

the ROS production by TiO2/HA-NDL nanohybrids in aqueous dispersions, samples were prepared 6 

via the following procedure: A suitable amount of a stock aqueous solution of 5,5-dimethyl-1-7 

pyrroline-1-oxide (DMPO) spin-trap was added to 1 mL of each nanohybrid suspension (2 mg mL-1) 8 

to obtain a final spin-trap concentration of 20 mM. After 10 min of dispersion preparation, each 9 

suspension was centrifuged at 3000 rpm for 5 min with a mini-centrifuge, and the supernatants were 10 

analysed via EPR. The spectra were registered with an attenuation of 15 dB, and 128 scans were 11 

accumulated. 12 

DLS measurements were conducted to measure the size with a homemade instrument that was 13 

composed of a Photocor compact goniometer, an SMD 6000 Laser Quantum 50 mW light source that 14 

operated at 5325 Å, a photomultiplier (PMT-120-OP/B) and a correlator (Flex02-01D) from 15 

Correlator.com. The experiments were conducted at a constant temperature (25.0 ± 0.1) °C by using 16 

a thermostatic bath and at a scattering angle θ of 90°. The scattered intensity correlation function was 17 

analysed using a regularization algorithm (Lomakin et al., 2005). The diffusion coefficient of each 18 

population of diffusing particles was calculated as the z-average of the diffusion coefficients of the 19 

corresponding distributions (Zhang et al., 2008). 20 

SANS measurements were performed at 25 °C with a KWS-2 diffractometer that was operated by the 21 

Julich Centre for Neutron Science at the FRMII source at the Heinz-Maier Leibnitz Zentrum (MLZ, 22 

Garching, Germany). For all samples, neutrons with a wavelength of 5 Å and Δλ/λ ≤ 0.2 were used. 23 

A two-dimensional array detector at three wavelength (W)/collimation (C)/sample-to-detector (D) 24 

distance combinations (W 5Å/C 8 m/D 2 m, W 5Å/C 8 m/D 8 m, and W 5Å/C 20 m/D 20 m) was 25 

used to measure neutron scattering from the samples. The scattering intensity I(q) was measured in 26 
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the range of the modulus of the scattering vector q = 4πn sin(θ/2)/λ, between 0.002 Å−1 and 0.4 Å−1. 1 

Here, l and θ represent the wavelength of the neutron beam and the scattering angle, respectively. 2 

The raw experimental data were corrected for background and empty cell scattering after acquisition. 3 

Then, the experimental data were fitted with a suitable model by using the SASview program 4 

(SASview 4.0.1 software, https://www.sasview.org/) to obtain structural information from the form 5 

factor. 6 

2.3 Multifunctional activity of the TiO2/HA-NDL nanohybrids 7 

2.3.1. Antibacterial assay 8 

An antibacterial activity of the TiO2/HA-NDL nanohybrids was conducted on various gram-negative 9 

and gram-positive bacterial strains, which included Escherichia coli DH5a, Escherichia coli ATCC 10 

35218, Klebisella pneumoniae ATCC 700503, Pseudomonas aeruginosa ATCC 27355, 11 

Enterococcus faecalis ATCC 29212 and Staphylococcus aureus ATCC 5538P, which were kindly 12 

provided by the Department of Biology of the University of Naples Federico II. Antibacterial activity 13 

assays were conducted via the plate viable-count method (Vitiello et al., 2017; Zanfardino et al., 14 

2010). A single colony of each bacterial strain was suspended in 5 mL of Luria-Bertani (LB) broth 15 

medium (Becton, Dickinson) and incubated overnight at 37 °C. When the cell cultures reached an 16 

OD600 nm of 1 unit, they were diluted with a ratio of 1:100 in 20 mM sodium phosphate buffer (NaP) 17 

with pH 7.0. Then, 40 µL of the diluted bacterial cell suspension was alternatively added to the 18 

nanoparticle suspensions at various concentrations (10, 25, 50, 100, 200 and 1000 µg·mL-1) to a final 19 

volume of 500 µL using 20 mM NaP buffer with pH 7.0. Cells that were incubated with the ampicillin 20 

antibiotic (0.05 mg mL-1) were used as a positive control, whereas cells that were incubated without 21 

any compound or with bovine serum albumin (BSA) at the same concentration of the nanoparticles 22 

were used as negative controls. The samples were incubated at 37 °C for 4 hours, and their dilutions 23 

(1:100 and 1:1000) were placed on an LB/agar medium and incubated overnight at 37 °C. This 24 

procedure was also conducted to analyse the antibacterial activity of bare HA-NDL, which was used 25 
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as a reference. The following day, the number of surviving cells was estimated by counting the 1 

colonies on each plate, and they were compared with the controls. All samples were tested in 2 

triplicate, and their means were compared by applying one-way analysis of variance (ANOVA) and 3 

Tukey´s HSD test. The statistical analysis was conducted by using XLSTAT software, and significant 4 

difference was set at 95% confidence. 5 

2.3.2 Antibiotic removal tests 6 

Amoxicillin, tetracycline and metronidazole were selected for removal tests by TiO2/HA-NDL 7 

nanohybrids due to their presence in wastewater as representatives of the most commonly used 8 

antibiotics (Fig. 1). Three independent aqueous antibiotic solutions were prepared at a concentration 9 

of 0.50 mg·mL-1. Then, 200 µL of each antibiotic solution was added to 800 µL of each TiO2/HA-10 

NDL suspension to obtain antibiotic and nanoparticle concentrations of 0.1 mg·mL-1 and 1 mg·mL-1, 11 

respectively, in the final mixture. 12 

 13 
Fig. 1. Molecular structures of the antibiotics that were utilized (by ChemDraw Ultra, version 12.0.2.1076). 14 

 15 

After mixing, each obtained suspension was gently stirred on a Roller Mixer SRT2 (Stuart Scientific) 16 

for 24 h at 33 rpm and subsequently centrifuged for 20 min at 12000 rpm to induce the precipitation 17 

of TiO2/HA-NDL. All supernatants were recuperated and analysed using a 1100 Agilent (Shimadzu 18 

Corp., Japan) high-performance liquid chromatography (HPLC) system that was equipped with a 19 

Gemini C18 110A column. The mobile phase was composed of 90% aqueous buffer (MeOH 5% v/v, 20 

H3PO4 1% v/v) and 10% acetonitrile that was flowing at 1.0 mL·min−1. Signals were acquired at 220 21 

amoxicillin tetracycline metronidazole 
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and 230 nm for amoxicillin, at 270 and 280 nm for tetracycline and at 320 nm for metronidazole. The 1 

retention times were 3.39 and 6.50 min for amoxicillin and tetracycline, respectively. Finally, the 2 

chromatograms were integrated using the LC Solution software (Shimadzu Corp., Japan). 3 

3. Results and Discussion 4 

3.1. Physicochemical features of the TiO2/HA-NDL nanohybrids 5 

The formation of hybrid nanomaterials was verified by evaluating the presence of both inorganic and 6 

organic components. XRD patterns of the TiO2/HA-NDL nanohybrids primarily provided 7 

information about the properties of titanium dioxide. For all nanohybrids, the diffraction patterns 8 

showed the typical profile of a standard anatase lattice (JCPDS 84-1286) in terms of both peak 9 

positions (diffraction angles 2q) and relative intensities, as demonstrated by comparison with the pure 10 

anatase TiO2 XRD pattern (Fig. 2A) (JCPDS, International Centre for Diffraction Data, 1998). In 11 

contrast, HA-NDL was amorphous, and its partial contribution was detected by the presence of a 12 

broad halo around the most intense peak in the XRD profile of each TiO2/HA-NDL nanohybrid. 13 

These results demonstrated the formation of crystallized TiO2 with a mean crystalline size of 14 

approximately 6 nm in all samples, as determined by the Scherrer equation; thus, during the 15 

hydrothermal treatment, the growth of TiO2 was not hindered by the addition of HAs. Subsequently, 16 

a TG analysis was conducted to assess the organic component amount within the samples. The TG 17 

curves of the nanohybrids showed a weight loss in the range of 250-400 °C, which corresponded to 18 

the main decomposition of HA according to the TG curve of bare HA (as reported in Fig. S1A). This 19 

supported the presence of HAs, and their final content in the samples was measured in the range of 20 

3.5 to 6.0 wt.% and depended on the HA amount that was used during the synthesis. These small 21 

changes among the samples could be due both to the presence of a saturated amount of HA that was 22 

conjugated with TiO2 (TiO2/HA-NDL2 sample) and to the simultaneous presence of triethylamine, 23 

which was used as a capping agent, on the TiO2 surface during hydrothermal synthesis, as 24 

demonstrated by the weight loss in the TG curve of the bare TiO2 nanostructures. 25 
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 1 

Fig. 2. XRD spectra (Panel A) and 13C-cross polarization magic angle spinning NMR spectra (Panel B) of 2 
pure HA-NDL (a), bare TiO2 (b), and TiO2/HA-NDL_0.1 (c), TiO2/HA-NDL_0.2 (d), TiO2/HA-NDL_1 (e), 3 
and TiO2/HA-NDL_2 (f) nanohybrids. 4 

The conjugation of HA-NDL with TiO2 within the hybrid materials is also supported by FTIR and 5 

solid-state NMR analyses. The FTIR spectra of TiO2/HA-NDL showed a typical band in the 3700-6 

3000 cm-1 region, which is typical of -OH stretching vibrations. The bands in the range of 2800 to 7 

3000 cm-1 were attributed to C-H symmetric and asymmetric stretching vibrations of alkyl groups. 8 

The bands in the region 1580-1760 cm-1 could be related to C=C bonds in aromatics and olefins, to 9 
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carboxyl C=O bonds, and to ketone and quinone moieties (Fig. S1B, Table S1). A band at 1 

approximately 1400 cm-1 was attributed to phenol -OH, COO- and CH3 bending vibration modes 2 

(Fig. S1 and Table S1) according to previous results (Pota et al., 2020). Another band can be 3 

distinguished in the range of 1280-1020 cm-1, which corresponds to the stretching vibration modes of 4 

phenolic C-O and aliphatic OH. Indeed, stretching of phosphate groups (PO4) could contribute to this 5 

band; this is supported by the presence of a sharp band at 620 cm-1, which was assigned to PO4 6 

bending. Typical bands of HAs were distinguished in the FTIR spectra of hybrid TiO2/HA-NDL 7 

nanostructures (Fig. S1), which were similar to the bands in the FTIR spectrum of bare HA-NDL, 8 

thereby supporting the presence of HAs in the samples. These bands appear at higher frequency in 9 

comparison to the FTIR spectrum of bare HA, which may be due to the increase in the force constant 10 

that was caused by complexation with Ti(IV) ions (Guan et al., 2007). Moreover, the FTIR spectra 11 

of both bare TiO2 and the TiO2/HA-NDL nanostructures showed a clear band at 1621 cm-1, which 12 

can be assigned to the N–H bending vibration of the primary amine, thereby suggesting the presence 13 

of residual triethylamine (Fig. S1B). 14 

13C-CPMAS spectra that were acquired for TiO2/HA-NDL samples were compared with spectra for 15 

the bare HA-NDL and TiO2. As shown in Fig. 2B, the HA-NDL NMR spectrum was principally 16 

characterized by three resonance regions (spectrum a) that were centred at i. ~170 ppm, which is 17 

typical of the carboxyl groups; ii. ~130 ppm, which was attributed to aromatic moieties, and iii. ~30 18 

ppm, which was attributed to alkyl carbons. In the TiO2/HA-NDL spectra (Fig. 2B, c-f), the presence 19 

of humic acid was mainly proven by the appearance of the carboxyl group signal and, to a lesser 20 

extent, by aromatic carbon resonance. The additional signal in the 10-30 ppm range was ascribed to 21 

triethylamine that remained partially adsorbed on the surface of the hybrid nanostructures, which was 22 

also observed in the bare TiO2 spectrum b of Fig. 2B. In contrast, the 13C-CPMAS and 1H BBI spectra 23 

revealed that no significant change in the HA fraction by the hydrothermal treatment (Fig. S2). 24 

Therefore, NMR spectroscopy indicated the conjugation of titanium dioxide with humic acid. 25 
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A morphological analysis of the TiO2/HA-NDL samples was conducted via TEM. As shown in Fig. 1 

3A-B, the TEM images indicated the formation of small nanoparticles of ~20 nm in size with a rod-2 

like structure. These TiO2/HA-NDL nanoparticles appeared slightly smaller than the bare TiO2 3 

nanoparticles (~30-35 nm), which were prepared via the same synthesis route in the absence of HAs, 4 

as shown in Fig. 3C-D, and according to our previous studies (Vitiello et al., 2015; Vitiello et al., 5 

2017). However, the presence of HA-NDL during TiO2 growth seems to modulate the hierarchical 6 

organization of the TiO2/HA-NDL nanoparticles. This led to disordered hybrid clusters with an 7 

average size of ~200 nm (Fig. 3A) in comparison to the larger irregular aggregates that were obtained 8 

for the bare TiO2 sample (Fig. 3C). This difference can be ascribed to the close interconnection at the 9 

molecular scale between the two components, in which TiO2 nanoclusters/primary particles were 10 

likely held together by the HA-NDL molecules. 11 

 12 
Fig. 3. TEM images of hybrid TiO2/HA-NDL (A, B) in comparison with bare TiO2 (C,D) nanostructures. 13 
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 1 
 2 

Subsequently, the surface properties of the TiO2/HA-NDL hybrids were investigated by obtaining N2 3 

adsorption isotherms, as shown in Fig. 4A. They were classified as Type IVb, which is typical of 4 

mesoporous materials that show capillary condensation that is accompanied by hysteresis on the 5 

desorption branch (Venezia et al., 2020). The values of the specific surface area (BET method) and 6 

total pore volume for each sample are reported in Table 2. The specific surface area of the reference 7 

TiO2 sample was 169 m2 g-1 according to previous evidence (Vitiello et al., 2015; Vitiello et al., 2017), 8 

while all samples that were prepared via HA-NDL addition showed larger values, which reached a 9 

maximum of approximately 240 m2 g-1 for samples with intermediate HA-NDL contents (TiO2/HA-10 

NDL_0.2 and TiO2/HA-NDL_1). The slight decrease in the surface area of the TiO2/HA-NDL_2 11 

sample with respect to the others could be explained by the addition of a larger amount of organic 12 

matter in the reaction solution, which created a larger fraction of HA moieties on the surfaces of the 13 

primary colloidal TiO2 nanoparticles. This caused an increase in the number of negative surface 14 

charges, thereby limiting the particle assembly and influencing the growth of hybrid materials, which 15 

were therefore characterized by a smaller surface area (Pota et al., 2020). In addition, as presented in 16 

Table 2, the changes in the surface areas of the hybrid materials with respect to that of bare TiO2 17 

nanoparticles were accompanied by a slight decrease in the total pore volume of the samples. The 18 

HA-NDL organic component on its own was characterized by a small specific surface area and a 19 

small pore volume. The pore size distribution analysis in Fig. 4B clearly shows that HA-NDL addition 20 

caused a significant decrease (~20 Å) in the average diameter of the mesopores. 21 

A narrow, monomodal pore size distribution that extended from 20 to 60 Å with a sharp maximum 22 

centred at ~45 Å was exhibited by all TiO2/HA-NDL samples, in contrast to the broader distribution 23 

of the reference TiO2 sample, which extended from 20 Å up to 100 Å and had a smaller peak at ~70 24 

Å. This result seems to support the key role of HAs in modulating the growth and the consequent 25 

structural organization of TiO2-based hybrid nanostructures by modifying their final surface area and 26 

porosity. 27 
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 1 

Fig. 4. N2 adsorption isotherms at 77 K (panel A) that correspond to TiO2 (a), TiO2/HA-NDL_0.1 (b), 2 
TiO2/HA-NDL_0.2 (c), TiO2/HA-NDL_1 (d) and TiO2/HA-NDL_2 (e) and BJH pore distribution curves 3 
(panel B) for bare TiO2 and TiO2/HA-NDL nanohybrids at various compositions. 4 
 5 

Table 2 - Surface area and pore properties of HA-NDL, TiO2 and hybrid TiO2/HA-NDL nanostructures. 6 

 7 

Exploiting the intrinsic paramagnetic properties of HA components, EPR measurements were also 8 

conducted on the TiO2/HA-NDL samples by following an experimental approach that was already 9 

tested for the characterization of polyphenols and/or melanin-like materials (Cesareo et al., 2012; 10 

Panzella et al., 2018; Vitiello et al., 2015; Vitiello et al., 2017). The analysis of the EPR signal 11 

provides significant information regarding the characteristics of the paramagnetic centres and the 12 

supramolecular properties of the organic moieties that constitute the TiO2/HA-NDL nanohybrids. 13 

A similar line shape was observed for all EPR spectra in Fig. 5A, namely, a single, roughly symmetric 14 

signal at a g value of 2.0031 ± 0.0003, which is typical of carbon-centred radicals of HAs and similar 15 
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polyaromatic molecules (Jezierski et al., 2000; Panzella et al., 2018), with a spin-density 1 

concentration that depends on the amount of HA-NDL that was used during the synthesis (Table 3). 2 

Upon closer inspection of the spectra, no differences in the spectral line shape among the TiO2/HA-3 

NDL samples were observed, and the line shape was highly similar to that of pure HA-NDL. This 4 

finding was supported by the quantitative determination of the signal amplitude, ΔB, which is related 5 

to the linewidth of the EPR peak, as detected from the experimental spectra (as shown in Fig. 5A). 6 

Typically, the linewidth of an EPR peak depends on the relaxation time of spinning electrons and is 7 

affected mainly by the unresolved hyperfine interactions between unpaired electrons and 8 

neighbouring atoms (Buszman et al., 2006). A broad line shape is due to the superposition of multiple 9 

signals that are associated with the presence of various carbon-based paramagnetic species. The 10 

narrowing of the line shape is related to the presence of stronger electron-electron interactions and 11 

can be associated with a more locally ordered organization of the polyaromatic structures that host 12 

the unpaired electrons. Hence, this parameter is usually considered indicative of the mean distance 13 

between the radical centres. 14 

 15 
Fig. 5. EPR spectra (panel A) and power saturation curves that were obtained by plotting the normalized 16 
amplitude (A/A0) values versus the square roots of microwave power intensities (P) of free radicals (panel B) 17 
in HA-NDL powder (a and ●) and TiO2/HA-NDL_0.1 (b, ▲), TiO2/HA-NDL_0.2 (c, ■), TiO2/HA-NDL_1 18 
(d, ►) and TiO2/HA-NDL_2 (e, ♦) nanostructures. The flat EPR spectrum of bare TiO2 is reported for 19 
reference (f). 20 
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As reported in Table 3, the determined ΔB values are 5.6 ± 0.2 G for all samples; thus, the structural 1 

organization of the organic moiety was not perturbed in the nanohybrids. This value was also obtained 2 

for bare HA-NDL after hydrothermal treatment in the absence of an inorganic phase, as reported in 3 

Fig. S3. Then, EPR spectra of each sample were recorded by increasing the incident microwave 4 

power. The power saturation curves were obtained by plotting the normalized peak amplitude (A/A0) 5 

as a function of the square root of the microwave power (P), as shown in Fig. 5B. A non-monotonic 6 

trend with a decrease in amplitude for microwave powers, P1/2, of higher than 4 mW was observed 7 

for bare HA-NDL; thus, free radicals presented long relaxation times and were homogeneously 8 

located in the sample. In contrast, a monotonic increase was observed for TiO2/HA-NDL systems; 9 

hence, all free radical spins did not exhibit the same relaxation behaviour and saturated independently. 10 

This result demonstrates that the radical centres present a chemically inhomogeneous distribution, 11 

which is likely associated with the presence of aromatic moieties that were conjugated with Ti(IV) 12 

ions on which the unpaired electrons were stabilized. This suggests possible chemical changes due to 13 

the combination with the inorganic component during nanohybrid synthesis. The occurrence of this 14 

phenomenon was also supported by the Lorentzian (and Gaussian) contribution in the line shape of 15 

the recorded spectra, which was estimated by determining the best fitting curves of each EPR signal 16 

and using them to analytically discriminate the relative contributions. An increase in the Gaussian 17 

character of the EPR signals for all TiO2/HA-NDL nanohybrids was observed, which supports the 18 

presence of more radical centres than in HA-NDL with relaxation behaviours that differ from that in 19 

HA-NDL (Table 3). 20 

In consideration of these paramagnetic properties of the TiO2/HA-NDL hybrid nanostructures, their 21 

ability to generate ROSs in aqueous environments was investigated via the EPR spin-trapping 22 

method. This is a useful method for detecting the formation of radical species with extremely high 23 

chemical reactivity, which typically have lifespans that are too short for direct detection (Davies et 24 

al., 2016; Villamena et al., 2004). These reactive free radicals are put in contact with a suitable amount 25 

of a DMPO spin-trap to extend the lifetimes of their spin-adducts, which can be monitored via EPR 26 
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spectroscopy at room temperature. Following this approach, an initial analysis was conducted to 1 

preventively verify that DMPO in an aqueous environment did not produce any interfering signal 2 

(Fig. 6a). Then, an EPR signal that was constituted by a quartet with a 1:2:2:1 intensity ratio (Fig. 6b) 3 

was detected for the supernatants of all nanohybrid suspensions, which corresponded to the DMPO-4 

OH adduct that formed from the trapping of •OH radicals by the DMPO molecule. This finding was 5 

supported by the quantitative analysis results of the spectrum, according to which the hyperfine 6 

coupling constants for the nitroxide nitrogen and for the b-proton were aN = abH = 14.8 ± 0.2 G. These 7 

values are consistent with those reported in the literature for the DMPO-OH adducts (Dvoranová et 8 

al., 2014; Pirozzi et al., 2020), thereby supporting the formation of •OH radical species. No significant 9 

differences were detected in the EPR spectra that corresponded to the TiO2/HA-NDL nanohybrids, 10 

and no signal of DMPO- adducts was appreciated in the spectra of neat TiO2 or HA-NDL. This result 11 

suggests that the synergistic combination of HA-NDL and TiO2 within hybrid nanostructures plays a 12 

key role in the ROS-generating ability of the final nanohybrids. HAs undergo reversible redox 13 

reactions, and under aerated conditions, semiquinone moieties are further oxidized, which causes 14 

electron transfer to O2 and, ultimately, the formation of •OH radicals (Pirozzi et al., 2020; Vitiello G. 15 

et al., 2018). This process could be more significant in TiO2/HA-NDL nanostructures, which have 16 

larger exposed surface areas than bare HA-NDL. In addition, it can be assumed that catechol moieties 17 

within the HA backbone can act as ligands for Ti4+ ions, thereby forming a ligand-to-metal charge 18 

transfer complex (LMCTC), which could cause ROS production by the TiO2 component in hybrid 19 

nanostructures, even upon visible light irradiation (Vitiello G. et al., 2016). This evidence underlines 20 

the key role of the molecular combination of the organic and inorganic components in improving the 21 

capability of the hybrid nanomaterials to generate radical species, in contrast to the behaviour that is 22 

exhibited by the commonly designed humic acid-coated TiO2 nanoparticles (Lin D. et al. 2012; He 23 

X. et al. 2016), which showed a drastic decrease in the ability of TiO2 to produce •OH or •O2- radicals, 24 

thereby limiting their use in ROS-mediated applications (antimicrobial agents). 25 
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 1 

Fig. 6. EPR spectra of a DMPO aqueous solution (a) and in the presence of TiO2/HA-NDL hybrid 2 
nanostructures (b) without light irradiation. 3 
 4 

Table 3 – EPR spectral parameters and structural values that were obtained from the best fits of SANS curves 5 
for the obtained TiO2/HA-NDL hybrid nanostructures. The estimated experimental uncertainties are ± 0.0003 6 
for the g-factor, ± 0.2 G for DB and ± 10% for the spin-density. 7 

 8 

DLS and SANS experiments were conducted to evaluate the colloidal stability and the self-assembly 9 

behaviour of the TiO2/HA-NDL nanohybrids in aqueous environments. DLS measurements provide 10 

information about the sizes of the hybrid nanostructures. Since all suspensions were dilute, the 11 

Stokes–Einstein equation was used to evaluate the hydrodynamic radius, RH, of the aggregates from 12 

their translation diffusion coefficient, D: 13 

       (1) 14 
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HA-NDL 2.0031 5.6 35% 5.80 - - 

TiO2/HA-NDL_0.1 2.0032 5.6 15% 0.19 - - 

TiO2/HA-NDL_0.2 2.0031 5.5 20% 0.50 21 ± 1 115 ± 2 
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23 
 

where k is the Boltzmann constant, T is the absolute temperature and h0=0.89 cP is the solvent 1 

viscosity. For non-spherical particles,  represents the radius of a spherical aggregate with the same 2 

diffusion coefficient (Benoit, 1997; Pecora, 2003; Roscigno et al., 2001; Luchini et al., 2016). As 3 

shown in Fig. 7A, a monomodal distribution curves for all samples were obtained via DLS analysis, 4 

which suggest the presence of a single population of hybrid nanostructures in an aqueous environment 5 

with a mean  of between 80-85 ± 5 nm and a polydispersity index of approximately 0.5. In contrast, 6 

a larger average hydrodynamic radius (150 ± 5 nm) was observed for the sample that was prepared 7 

in the presence of the lowest HA-NDL amount, namely, TiO2/HA-NDL_0.1, which suggests that the 8 

use of a small amount of the organic component during the synthesis favoured the formation of larger 9 

nanostructures. Moreover, this sample was not highly stable in the aqueous medium, and it exhibited 10 

fast aggregation and precipitation. These results demonstrate the key role of HAs in modulating the 11 

agglomeration process of TiO2 nanostructures, which is directly related to the presence of aromatic 12 

moieties in the HA matrix, thereby leading to a stronger stabilization effect (Zhao et al., 2019). 13 

 14 
Fig. 7. Panel A: Hydrodynamic radius distribution functions that were obtained at 25 °C and 90° via DLS 15 
measurements for hybrid TiO2/HA-NDL nanostructures that were prepared with various HA-NDL/titanium 16 
isopropoxide molar ratios: TiO2/HA-NDL_0.1 (a), TiO2/HA-NDL_0.2 (b), TiO2/HA-NDL_1 (c) and 17 
TiO2/HA-NDL_2 (d). Panel B: SANS profiles and the corresponding best fitting curves of hybrid TiO2/HA-18 
NDL_0.2 (a), TiO2/HA-NDL_1 (b) and TiO2/HA-NDL_2 (c) suspensions in D2O. Profiles (a) and (b) are 19 
offset for clarity. 20 
 21 
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SANS measurements were conducted to investigate the structural properties of the TiO2/HA-NDL 1 

nanostructures and their hierarchical organization at 25 °C. All suspensions were prepared in D2O to 2 

exploit the difference in scattering length density, r, between the solvent ( = 6.34 ×10-6 Å-2) and 3 

the nanostructures ( = 2.44×10-6 Å-2; 1.4×10-6 Å-2 < < 2.2×10-6 Å-2) (Jarvie et al., 2007; 4 

Wenk, 2018). The collected experimental data are reported in Fig. 7B, together with the 5 

corresponding fitting curves for all systems except the TiO2/HA-NDL_0.1 sample, for which a SANS 6 

measurement was not acquired due to the instability and fast precipitation of these nanoparticles. The 7 

quantitative analysis of SANS data required the identification of a suitable model to describe the 8 

scattered intensity vs q for the extraction of structural information about the sample. The scattering 9 

intensity values, I(q), vs q for all aqueous dispersions of hybrid TiO2/HA-NDL nanostructures are 10 

presented in Fig. 7B. 11 

Accordingly, due to the similar scattering length densities of the inorganic and organic components, 12 

all hybrid samples were modelled as collections of ellipsoids with an inner core and an outer shell 13 

that have the same scattering length densities. The theoretical expression of I(q) for oriented ellipsoids 14 

was defined by Feigin, in which the form factor for an ellipsoid with uniform scattering length density 15 

is normalized by the particle volume (Feigin et al., 1987): 16 

       (2) 17 

where: 18 

        (3) 19 

and 20 

       (4) 21 

in which k denotes the volume fraction of the particles, VP is the volume of the ellipsoid, Ra is the 22 

radius along the rotational axis of the ellipsoid, Rb is the radius perpendicular to the rotational axis of 23 

the ellipsoid and Δρ is the difference in scattering length density between the scatterer systems and 24 
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the solvent. The optimal values of these parameters were obtained via data fitting and are collected 1 

in Table 4. The SANS analysis results demonstrated the formation of ellipsoid nanostructures in 2 

which small TiO2 nanoparticles were randomly assembled with the organic component, which is 3 

supported by the experimental ρ value (~2.0×10-6 Å-2) of the nanostructures that was determined via 4 

the fitting procedure, which is between the calculated ρ values of TiO2 and Has, as expected. The fit 5 

also indicated that no significant changes in Ra and Rb were induced by increasing the amount of HA 6 

during synthesis (Table 3), thereby demonstrating a similar structural organization of all nanohybrids, 7 

which is in agreement with the DLS and TEM results. However, for TEM, the solvent evaporation 8 

that was required for sample preparation was expected to promote the clustering of hybrid 9 

nanoparticles. This could lead to changes in the morphology of the hybrid clusters with respect to the 10 

morphology that was observed in solution. 11 

 12 

3.2. Multifunctional activity of the TiO2/HA-NDL nanohybrids 13 

3.2.1 Antibacterial properties 14 

The antibacterial activity of the TiO2/HA-NDL nanostructures was evaluated using four strains of 15 

gram-negative bacteria (E. coli DH5a, E. coli ATCC35218, K. pneumonia and P. aeruginosa) and 16 

two strains of gram-positive bacteria (E. faecalis and S. aureus). These strains were chosen due to 17 

their high diffusion in water and healthcare environments and their ability to develop strong resistance 18 

to common antibiotics. The experimental results are reported in Fig. 8. First, the bare TiO2 19 

nanostructures are not active against all the bacterial strains (as reported in Fig. S4). 20 

The TiO2/HA-NDL nanostructures were tested at various concentrations that ranged from 10 to 1000 21 

µg·mL-1 to evaluate the possible influence of the concentration of the nanosystem on the survival of 22 

bacterial strains without irradiation. As shown in Fig. 8, an increasing trend of the antimicrobial 23 

activity with the nanoparticle concentration was observed against both Escherichia coli DH5a and 24 

Escherichia coli ATCC 35218. The observed biocide activity as a function of the HA-NDL content 25 

differed among the nanohybrids: the TiO2/HA-NDL_0.1 sample showed satisfactory activity up to 26 
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50 µg·mL-1, while the samples (0.2, 1 and 2) that were prepared with higher HA-NDL contents 1 

exhibited moderate activity already at the lowest concentration of 10 µg·mL-1 up to the maximum of 2 

1000 µg·mL-1. 3 

 4 

Moreover, our results demonstrate that the best antibacterial performance was realized by the 5 

TiO2/HA-NDL_2 sample, which was prepared with the highest content of HAs at all tested 6 

concentrations, except for the 200 and 1000 µg·mL-1 samples, for which no significant differences 7 
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Fig. 8. Antibacterial activities of the TiO2/HA-
NDL_0.1 (red columns, ■), TiO2/HA-NDL_0.2 
(blue columns, ●), TiO2/HA-NDL_1 (purple 
columns, ▲) and TiO2/HA-NDL_2 (green columns, 
♦) hybrid nanostructures at increasing 
concentrations against gram-negative bacterial 
strains Escherichia coli DH5a, Escherichia coli 
ATCC 35218, Klebisella pneumoniae ATCC 
700503, and Pseudomonas aeruginosa ATCC 
27355 and against gram-positive Staphylococcus 
aureus ATCC 5538P. The error bars indicate the 
standard error (n=3); the standard deviation was less 
than 5%. 
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were identified between TiO2/HA-NDL_1 and TiO2/HA-NDL_2. As also shown in Fig. 8, 1 

pronounced activity was observed for the TiO2/HA-NDL samples against the Pseudomonas 2 

aeruginosa ATCC 27355 and Klebisella pneumoniae ATCC700503 strains of gram-negative bacteria. 3 

For these strains, the hybrid nanostructures showed a marked biocidal activity from 50 µg·mL-1, and 4 

in these cases, the biocide activity of the TiO2/HA-NDL samples increased as a function of the HA-5 

NDL content. Finally, antibacterial activity tests were conducted against the Staphylococcus aureus 6 

ATCC 5538P and Enterococcus faecalis ATCC 29212 strains of gram-positive bacteria. A low 7 

activity against Staphylococcus aureus ATCC 5538P was observed since the biocide effect of the 8 

nanohybrids became observable at a concentration of 100 µg·mL-1 (Fig. 8). No activity was detected 9 

against Enterococcus faecalis (data not shown). According to these results, the TiO2/HA-NDL 10 

nanohybrids exhibited lower biocide efficacy against gram-positive bacteria. 11 

The antibacterial results are in accordance with the EPR results, according to which the spin-density 12 

values increase with the HA content. This finding supports the hypothesis that the large amount of 13 

free electrons that were stabilized in the organic structures that were combined with TiO2 at the 14 

molecular scale were responsible for the generation of •OH in the bacterial cell environment, which 15 

is also supported by the results of EPR spin-trapping experiments, thereby producing biocidal activity 16 

through ROS-mediated cell damage (Nain et al., 2020; Vitiello et al., 2018). Indeed, HAs have been 17 

proven to interact with aquatic bacteria (Tikhonov et al., 2010) to promote ROS action against 18 

pathogens. 19 

The antibacterial results that were obtained in vitro seem to suggest that the biocidal efficacy of the 20 

TiO2/HA-NDL nanohybrids depended strongly on the HA content (Huang et al., 2020; Rainer et al., 21 

1978; van Rensburg et al., 2000), which directly contributed to the increase in the relative amount of 22 

generated •OH species, and on the concentration of nanohybrids that were in contact with the various 23 

bacterial cultures. However, the differences in behaviour between the gram-negative and gram-24 

positive strains towards nanostructured materials are most likely due to the differences in composition 25 

and structural organization of the external bacterial membranes. This experimental evidence supports 26 
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the hypothesis of a synergistic role of the inorganic and organic components in determining the 1 

antibacterial activity of humic acid-based materials, even under visible light irradiation. Indeed, it is 2 

demonstrated that humic substances can promote bacterial growth (Tikhonov et al., 2010), and other 3 

studies have demonstrated high efficacies of humic materials, such as oxifulvic and humic acids, 4 

against microbial pathogens (van Rensburg et al., 2000), for example, by hindering the growth of 5 

Staphylococcus aureus and Candida albicans or decreasing the number of colonies in Escherichia 6 

coli and Salmonella enteritidis (Yarkova et al., 2011). Consequently, the antibacterial activity of HAs 7 

is related to the extraction method and to the molecular composition of the humic acid, which depends 8 

on the natural source from which it was obtained (Nebbioso and Piccolo, 2013). Therefore, the 9 

combination of these highly reactive substances with an inorganic phase provides a chemical strategy 10 

for modulating their chemical functionalities to obtain alternative bioinspired materials with 11 

enhanced biocide activity. 12 

3.2.2. Antibiotic sequestering activity 13 

The capability of TiO2/HA-NDL hybrid nanostructures to sequester the three antibiotics, namely, 14 

amoxicillin, tetracycline and metronidazole, was investigated by conducting HPLC analysis on the 15 

supernatants. These supernatants were separated via centrifugation from suspensions that contained 16 

a mixture of each antibiotic with TiO2/HA-NDL nanohybrids, as previously described for the 17 

adsorption of biomolecules by porous nanomaterials (Califano et al., 2018; Stan et al., 2017). The 18 

behaviour of the nanohybrids was also compared with that of bare TiO2 nanoparticles. It was not 19 

possible to monitor the performance of neat HA-NDL in sequestering the three antibiotics because 20 

HA-NDL showed a high solubility in the aqueous medium and a very low tendency to precipitate via 21 

centrifugation, thereby preventing antibiotic separation from the supernatant. The HPLC analysis 22 

showed that metronidazole was not sequestered by the TiO2/HA-NDL nanohybrids since the 23 

antibiotic concentration remained unaffected, which suggests a possible selectivity of these hybrid 24 

nanomaterials in antibiotic removal. A similar behaviour was also observed for bare TiO2. The HPLC 25 
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results demonstrate satisfactory sequestering by all nanohybrids of both amoxicillin and tetracycline 1 

molecules, and these nanohybrids outperform TiO2 in sequestering these antibiotics. Small residual 2 

amounts were detected in aqueous environments, as reported in Table 4. Increased selectivity towards 3 

tetracycline was observed for all TiO2/HA-NDL nanohybrids, while the best performance in 4 

sequestering both antibiotics was detected for the TiO2/HA-NDL_1 system. Antibiotic removal 5 

occurs essentially through an adsorption mechanism that is based on electrostatic interactions and on 6 

complex formation with discrete sites in humic acid (Sibley et al., 2008). 7 

 8 
Table 4 - Residual percentages of amoxicillin and tetracycline antibiotics that were determined after their 9 
contact with TiO2/HA-NDL hybrid nanostructures in aqueous environments. 10 
 11 

 12 

 13 

 14 

 15 

Thus, the high activities of the TiO2/HA-NDL samples towards the removal of antibiotics could be 16 

due to the larger surface areas of the nanohybrids compared to that of bare TiO2 and, concurrently, to 17 

the presence of pores in the hydrated hybrid nanostructures with sizes that are compatible with the 18 

molecular dimensions of the investigated antibiotics (Fig. 1). Water uptake of HA moieties could play 19 

a key role in influencing the organization of their supramolecular structures, which undergo swelling 20 

(Kučerík et al., 2011). This phenomenon is expected to produce larger pore sizes that can host organic 21 

molecules. Both of these surface features, which are due to the presence of HAs and their combination 22 

with the inorganic phase at the molecular scale, induced increased sequestration behaviour in the final 23 

hybrid nanosystems. Ultimately, the obtained results agree with recent reports on the application of 24 

humic acid-based nanomaterials in the removal of pesticides and antibiotics (Mahmoud et al., 2020; 25 

Song et al., 2019; Xu et al., 2019). This opens new opportunities for the development of hybrid 26 

Sample Amoxicillin wt% residue 

(±5%) 

Tetracycline wt% residue 

(±5%) 

TiO2 28.2 9.6 

TiO2/HA-NDL_0.2 25.4 10.2 

TiO2/HA-NDL_1 8.50 < 5.0 

TiO2/HA-NDL_2 12.7 13.5 
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biomass-derived nanomaterials for pharmaceutical removal (Phoon et al., 2020) and, thus, contributes 1 

to solving one of the most prominent environmental problems that is faced in public health. 2 

 3 

 4 

4. Conclusions 5 

This study establishes a synthetic approach that transforms environmental issues that are linked to the 6 

interactions of HAs with organic pollutants and inorganic nanoparticles into a technological tool. 7 

Hybrid multifunctional humic acid/titanium dioxide nanomaterials have been designed and prepared 8 

via solvothermal synthesis, which show substantial promise for environmental applications. The 9 

combination at the molecular scale of humic acids from North Dakota leonardite, HA-NDL and the 10 

inorganic TiO2 phase confers high sequestering efficiency towards amoxicillin and tetracycline 11 

antibiotics and enhances significant ROS-mediated biocide properties against many pathogenic gram-12 

negative bacteria. Our findings demonstrate the feasibility of the proposed strategy for the design of 13 

hybrid nanomaterials with improved and tuneable properties. Moreover, the multiple applications of 14 

these nanomaterials offer a versatile approach for usefully employing molecules from either 15 

geochemical deposits or recycled biomasses. This strategy provides a technological route to biowaste 16 

valorisation and concurrently addresses environmental and health problems that are linked to 17 

antibiotic and pathogen water contamination in the furrow of a circular economy to enhance the 18 

quality of life. 19 
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