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ABSTRACT. Halloysite nanotubes (HNTs) represent a versatile core structure for the design of 26 

functional nanosystems of biomedical interest. However, the development of selective 27 

methodologies for the site-controlled functionalization of the nanotubes at specific sites is not an 28 
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easy task. This study aims to accomplish a procedure for the site-selective/specific, “pin-point”, 29 

functionalization of HNTs with polydopamine (HNTs@PDA). This goal was achieved, at pH 30 

6.5, by exploiting the basicity of ZnO nanoparticles anchored on the HNTs external surface 31 

(HNTs@ZnO) to induce a punctual polydopamine polymerization and coating. The morphology 32 

and the chemical composition of the nanomaterial was demonstrated by several techniques. 33 

Turbidimetric analysis showed that PDA coating affected the aqueous stability of HNTs@PDA 34 

compared to both HNTs@ZnO and HNTs. Notably, hyperthermia studies revealed that the 35 

nanomaterial induced a local thermic rise, up to 50 °C, under near-infrared (NIR) irradiation. 36 

Furthermore, secondary functionalization of HNTs@PDA by selective grafting of biotin onto the 37 

PDA coating followed by avidin binding was also accomplished.  38 

INTRODUCTION. Functionalization of nanomaterials is of critical relevance to a variety 39 

of biomedical applications, mainly including drug delivery in e.g., cancer therapy. The 40 

availability of versatile strategies to tailor and control the physical and chemical 41 

properties of nanomaterials and the nature of the functionalities introduced onto them is 42 

critical for obtaining highly multifunctional nanomaterials with additional properties 43 

compared to the pristine ones.[1] 44 

In this framework, halloysite nanotubes (HNTs), an aluminosilicate clay 45 

(Al2Si2O5(OH)4·nH2O) with a predominantly tubular structure, have attracted 46 

considerable attention for their ability to entrap, protect and provide sustained release of 47 

drugs.[2] In fact, halloysite has a positively charged lumen, mostly consisting of 48 

aluminum hydroxide, whereas the external surface, is negatively charged, consisting of 49 

silicon dioxide. Generally, HNTs have a length in the range of 0.2–1.5 µm, with inner and 50 

outer diameters in the ranges of 10–30 nm and 40–70 nm, respectively. Owing to the high 51 

mechanical strength and good biocompatibility, HNTs represent a versatile core structure 52 

for the design of functional nanosystems of potential technological and biomedical 53 

interest,[2, 3] including e.g. catalytic supports,[4-7] adsorbent nanomaterials[8, 9] and 54 

nanofillers.[10] Furthermore, due to the presence of an empty lumen they can be 55 

effectively used as nanocontainers for drugs, making them more attractive than other 56 

nanomaterials such as biodegradable porous nanosilica. In most cases, design of 57 

functional system relies on selective functionalization of the nanotubes at specific sites, 58 
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such as at the inner and/or the outer surface,[10-12] or on substructural patterning, which 59 

is not an easy task.  60 

To this aim, interesting perspectives toward a rational and controlled manipulation of the 61 

nanomaterials have been opened by the reliance on the substrate-independent underwater 62 

adhesion properties of mussel-inspired polydopamine (PDA) which allow to achieve 63 

HNTs functionalization and to provide an effective means of secondary functionalization. 64 

In addition, PDA possesses an intrinsic biocompatibility and a good absorption towards 65 

near-infrared light (NIR) around 808 nm, which makes it capable of converting photons 66 

into thermal energy adding further properties to the resulting nanomaterials.[13-16]  67 

A systematic investigation of the interaction between halloysite surfaces and dopamine 68 

as a function of pH[17] revealed a strong influence of the surface and reaction conditions 69 

on the chemical properties of the PDA coating. Key observations included: a) a different 70 

thickness of the coating layers on the external surface of halloysite (ca. 5 nm) versus the 71 

inner surface (thinner), which was attributed to the small dimension of the lumen (∼15 72 

nm); b) the occurrence of different structural and chemical properties of PDA coatings on 73 

halloysite vs free PDA, as apparent from the lower proportion of carbonyl and cyclized 74 

amine groups in the former case, which reflects a decreased tendency to oxidation of the 75 

halloysite-bound catechol groups; c) a prominent proportion of primary amine groups at 76 

acidic pH.[18] 77 

The coating of halloysite with PDA[17, 19-23] or the covalent functionalization of the 78 

alumina inner lumen with dopamine molecules was investigated in a number of 79 

studies.[24] Nanocomposites produced by functionalization of the external surface of 80 

HNTs with PDA were used for example to provide enhanced anti-fouling, bio-fouling and 81 

filtration properties to polyetherimide (PEI) membranes.[25]  82 

We, recently, reported the preparation of PDA/HNTs nanocomposites, synthesized 83 

under both acidic and alkaline oxidation conditions.[26] HNTs, used as fillers, were found 84 

to interact in different ways with PDA depending on the pH of the medium, producing 85 

various effects on nanocomposite morphology, including an increase in the thermal 86 

stability of PDA samples based on thermogravimetric analysis (TGA). The PDA/HNTs 87 

nanocomposites imparted morphologies to a glass surface similar to those of the bulk 88 

polymers and, affected transparency and wettability by enhancing surface roughness.  89 
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Although functionalization of HNTs has emerged as a very promising strategy to 90 

modify and tailor PDA-based surface functionalization, available protocols for PDA 91 

deposition on HNTs require alkaline conditions[27] or the use of oxidants, causing 92 

extensive precipitation of polymer in the reaction medium. The development of selective 93 

methodologies for the site-controlled functionalization of HNTs appears therefore to be 94 

an important goal for various technological and biomedical applications. 95 

Herein we report, the first procedure, to the best of our knowledge, for the site-96 

selective/specific, “pin-point”, nanofunctionalization of HNTs with PDA (HNTs@PDA), 97 

which exploits the basicity of ZnO nanoparticles decorating the external surface of HNTs 98 

(HNTs@ZnO) to induce surface-specific polymerization and deposition of dopamine 99 

coatings at relatively low pH (6.5) under conditions hindering polymer precipitation in the 100 

bulk mixture. Hyperthermia studies revealed that HNTs@PDA can induce a local thermic 101 

rise under NIR irradiation with good photothermal stability for at least four consecutive 102 

cycles of laser on/off operations. Furthermore, the nanomaterial displayed good properties 103 

as an anchoring point for the grafting of biotin and subsequent avidin interaction, to 104 

obtain a potential drug delivery system with therapeutic synergies. These results open the 105 

doorway to novel strategies for mussel-inspired nanofunctionalization and nanopatterning 106 

for development of multifunctional delivery systems. 107 

MATERIALS AND METHODS. Dopamine hydrochloride (≤ 100%), HNTs (nanopowder, 108 

MQ100), ZnO (nanopowder, 81%) and HABA/Avidin reagent (lyophilized powder, MQ200) 109 

were purchased from Merck (Darmstadt, Germany) and used without further purification. 110 

HNTs@ZnO nanomaterial and biotin 2’-aminoethylamide (1) were synthetized as reported in 111 

literature.[28, 29] 112 

UV–vis measurements were performed using a Beckmann DU 650 spectrometer.  113 

The morphologies of the nanocomposites were studied using an ESEM FEI QUANTA 200F 114 

microscope. Before each experiment, the surface of the sample was coated with gold in argon by 115 

means of an Edwards Sputter Coater S150A to avoid charging under electron beam treatment. 116 

The energy of the beam was 20 keV, and the working distance was 10 mm. Minimal electron 117 

dose conditions were employed to avoid damaging the sample.  118 
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Fourier Transform-Infrared Spectroscopy (FT-IR) analyses were recorded with an Agilent 119 

Technologies Cary 630 FT-IR spectrometer. Specimens for these measurements were prepared 120 

by mixing 5 mg of the sample powder with 100 mg of KBr.  121 

The thermogravimetric analysis (TGA) of the material was performed in a TGA/DSC1 STAR 122 

System from Mettler Toledo Inc. The sample (15 mg) was subjected to a pre-treatment in air 123 

flow (30 mL/min) from 25 °C to 100 °C with a heating rate of 10 °C/min and holding time at 100 124 

°C for 30 min, to remove any eventual physisorbed water. Then, the temperature was increased 125 

from 100 to 1000 °C under air flow (30 mL/min) and the weight loss occurring during this step 126 

was considered to calculate the organic weight content of the HNTs@ZnO nanomaterial. 127 

The Transmission Electron Microscopy acquired in Scanning mode (STEM) were performed 128 

with a FEI TECNAI F20 microscope operating at 200 keV. The instrument is also equipped with 129 

a dispersion micro-analysis of energy (EDS) and the STEM accessory. STEM pictures were 130 

recorded using a High Angle Annular Dark Field (HAADF) detector: in this imaging mode, the 131 

intensity I is proportional to Z1.7t, where Z is the mean atomic number and t is the thickness of 132 

the specimen. The powder was dispersed in isopropyl alcohol and sonicated for 10 min. The 133 

solution was then drop casted on an ultrathin carbon film supported by a gold grid. The 134 

preparation was then dried at 50 °C. 135 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectra 136 

have been acquired by using an FT-IR Bruker Lumos equipped with Platinum ATR. Spectra 137 

result from 60 scans in the wavenumber range 1400–400 cm-1, with resolution of 2 cm-1. The 138 

baseline correction has been performed by using the OPUS® software. 139 

The size analysis, -potential and polydispersity index of the samples were determined using a 140 

Malvern Zetasizer Nano ZS instrument, fitted with a 532-nm laser at a fixed scattering angle of 141 

173°. 142 

High Performance Liquid Chromatography (HPLC) analyses were performed on an Agilent 143 

1100 binary pump instrument equipped with an SPD-10AV VP UV-visible detector using a 144 

Synergi Hydro-RP80A column, 250 mm x 4.6 mm, 4 μm particle size at 0.7 mL/min. Detection 145 

wavelength was set at 254 and 280 nm. Eluant system: 1% formic acid taken to pH = 2.8 with 146 

sodium hydroxide/methanol 97:3 (v/v).  147 

Electron Paramagnetic Resonance (EPR) measurements were performed using an X-band (9 148 

GHz) Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Germany), equipped with a 149 
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superhigh sensitivity probe head. Samples (4.9−7.6 mg) were transferred to flame-sealed glass 150 

capillaries which were coaxially inserted in a standard 4 mm quartz sample tube, accurately 151 

positioned inside the cavity. Measurements were performed at room temperature. The 152 

instrumental settings were as follows: sweep width, 140 G; resolution, 1024 points; modulation 153 

frequency, 100 kHz; modulation amplitude, 1.0 G. The amplitude of the field modulation was 154 

preventively checked to be low enough to avoid detectable signal overmodulation. EPR spectra 155 

were measured with a microwave power of ∼0.25 mW to avoid microwave saturation of 156 

resonance absorption curve. A total of 128 scans were accumulated to improve the signal-to-157 

noise ratio. For power saturation experiments, the microwave power was gradually incremented 158 

from 0.008 to 127 mW. The g value and the spin density were evaluated by means of an internal 159 

standard, Mn2+-doped MgO, prepared as previously described.[30] 160 

2.1 Synthesis of HNTs@PDA nanomaterial 161 

HNTs@PDA nanomaterial was prepared by adding 0.4 g of HNTs@ZnO nanomaterial to a 20 162 

mL of dopamine hydrochloride solution (1.6 mM) in phosphate buffer (50 mM) at pH 6.5, under 163 

inert atmosphere by bubbling Ar into the solution. The mixture was stirred for 10 h or 24 h at 164 

room temperature. Afterwards, the dispersion was centrifuged, and the solid precipitate was 165 

washed several times with deionized water (ca. 200 mL). The grey powder obtained was dried at 166 

60 °C overnight.  167 

2.2 Chemical degradation of HNTs@PDA nanomaterial 168 

The appropriate sample (150 mg of HNTs@PDA and HNTs@ZnO or 5 mg of polydopamine 169 

samples) was suspended in 1 M NaOH (1 mL) and treated with 1.5% H2O2 at room temperature 170 

and under vigorous stirring. After 18 h, the mixture was acidified to pH = 2 with 0.2 M HCl, 171 

filtered through nylon membranes (0.45 µm) and analyzed by HPLC.[31] 172 

2.3 Evaluation of the hyperthermic effect of HNTs@PDA 173 

A dispersion of HNTs@PDA in water (20 mL, 10 mg mL−1 which correspond to PDA amount 174 

in the nanomaterial of 160 mg mL-1) was prepared and treated with an 810 nm diode laser (GBox 175 

15A/B by GIGA Laser) with the power fitted at either 0.5 or 0.7 W cm−3 as reported elsewhere. 176 

[32, 33] At fixed intervals, the temperature of the dispersion was recorded and reported as a 177 

function of the exposure time. The same experiment was carried out on pristine HNTs and 178 

HNTs@ZnO as control. 179 
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The 810 nm diode laser used for this study was chosen as it is normally recognized as safe for 180 

humans and used in various fields of clinical therapy. [34] 181 

2.4 Biotinylation of HNTs@PDA nanomaterial 182 

In a 10 mL round bottom flask were introduced 35 mg of HNTs@PDA and 5 mL of EtOH. 183 

Afterwards, 40 mg (0.14 mmol) of biotin 2’-aminoethylamide (1) were added and the dispersion 184 

was left to stir at reflux for 18 h. Then the solid was washed several times with water and dried at 185 

60 °C overnight.  186 

2.5 Interaction with HABA/Avidin and determination of biotin grafted onto HNTs@PDA 187 

nanomaterial 188 

To a 900 L of a stock solution of HABA/Avidin reagent in deionized water, 100 L of a 189 

biotinylated HNTs@PDA dispersion (0.6 or 6 mg mL-1) were added and the change in 190 

absorption intensity of HABA (max = 500 nm) was monitored. 191 

2.6 Statistical analysis 192 

In all the experiments, each sample was tested in independent analyses, each carried out in 193 

triplicate. The results are presented as the mean ± standard deviation (SD) values obtained. 194 

RESULTS AND DISCUSSION. The HNTs@ZnO nanomaterial was synthesized by a reported 195 

procedure.[28] In brief, to a suspension of ZnO nanoparticles in phosphate buffer solution (pH= 196 

8.0), pristine HNTs were added, to obtain HNTs@ZnO as a suspension, following the formation 197 

of covalent bonds between Zn2+ ions and HNTs outer surface. 198 

Selective coating of ZnO nanoparticles onto HNTs@ZnO to give HNTs@PDA was 199 

accomplished by addition of HNTs@ZnO to 20 mL of dopamine hydrochloride solution (1.6 200 

mM) in 50 mM phosphate buffer at pH 6.5 for 10 or 24 h (Scheme 1). Under these conditions, 201 

PDA deposition was immediately apparent from the fast color change from whitish to pale grey, 202 

whereas no color change was apparent with pristine HNTs in a control experiment. Under these 203 

conditions the dopamine solution was stable without visible polymerization and PDA 204 

precipitation even after 24 h.  205 

 206 
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 207 

Scheme 1. Schematic representation of the synthesis of HNTs@PDA. 208 
 209 

Dynamic light scattering (DLS) measurements gave clear indications of dopamine 210 

polymerization onto the HNTs@ZnO in phosphate buffer at pH 6.5. By this technique, indeed, it 211 

was possible to calculate the average translational diffusion coefficient (Figure S1) which is 212 

related to the dimension and shape of the diffusing particles, their hydration, solvent viscosity, 213 

and aggregation phenomena. HNTs are anisotropic objects with a high aspect ratio, which can 214 

change due to functionalization. Moreover, particles ability to interact and aggregate can also 215 

depend on surface decoration. Thus, a detailed quantitative analysis of the results was hampered. 216 

Valuable information was achieved by using the Stokes-Einstein equation to calculate the 217 

average diameter of the equivalent sphere, which can be considered as an index to follow the 218 

changes in particle dimensions and interparticle aggregation. 219 

Figure 1 shows that in the early stages of the process the average diameter was similar to 220 

that of HNTs@ZnO nanomaterial (Table 1), and then gradually increased. It is interesting 221 

to note that the Z-average sizes (i.e., the intensity weighted mean diameters) of pristine 222 

HNTs and HNTs@ZnO nanomaterials remain unaltered during time. Thus, the size 223 

increase is caused by the PDA formation onto the HNTs@ZnO nanomaterial. After 10 h 224 

the HNTs@PDA nanoparticles size was apparently very large (> 1000 nm) with a high 225 

polydispersity index (PI) as large as ca. 0.56. It is worth mentioning here that PI is a 226 

dimensionless number calculated from a simple two-parameter-based cumulant analysis 227 

of DLS data and it is a measure of the heterogeneity of a sample based on size. Values 228 

smaller than 0.05 are, indeed, attributed to monodisperse particle.[35] In our case, the 229 

results indicated a broad size distribution of diffusing objects. Noticeable, the Z-average 230 

size of HNTs@ZnO proved to be slightly larger than that of HNTs (Table 1), probably 231 

suggesting agglomeration in the aqueous medium. The significant increase in the average 232 

diameter following PDA coating was attributed to favorable supramolecular interactions 233 
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mediated by the PDA-coated sites on the HNTs external surface and, therefore, to a 234 

collective motion of nanoparticles.[36]  235 

The effect of the PDA coating on the surface charge of HNTs was investigated by 236 

−potential measurements in 50 mM phosphate buffer at pH 6.5 (Table 1). Whilst 237 

HNTs@ZnO displayed a surface charge similar to that of pristine HNTs, following PDA 238 

coating the surface charge became slightly more positive suggesting protonated amine 239 

groups in the HNTs@PDA structure at pH 6.5.  240 

 241 

Figure 1. Trend of the average diameter of the HNTs@PDA nanomaterial with time in phosphate buffer 242 
(50 mM) at pH 6.5. Reported are the mean ± SD values of three independent experiments run in triplicate.  243 

 244 
Table 1. Average diameter, polydispersivity index and −potential values for HNTs, HNTs@ZnO and 245 
HNTs@PDA nanomaterials. Reported are the mean ± SD values of three independent experiments run in 246 
triplicate. 247 
 248 

Sample Z-average size (nm) PI -potential (mV) 

HNTs 570 ± 70 0.60 -34 ± 4 

HNTs@ZnO 750 ± 160 0.36 -38 ± 8 

HNTs@PDA 1320 ± 110 0.57 -26 ± 6 

 249 

Scanning Electron Microscopy (SEM) images showed that HNTs@PDA (Figure 2b-c), in 250 

contrast with the HNTs@ZnO precursor (Figure 2a) and pristine HNTs (Figure S2), displays a 251 

compact structure keeping HNTs sticked together; however, the tubular shape of HNTs is still 252 

observable. The observed morphology could be reasonably ascribed to − interactions caused 253 

by the PDA coated nanoparticles onto the HNTs external surface.[37] 254 
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 255 

Figure 2. SEM images of (a) HNTs@ZnO and (b-c) HNTs@PDA. 256 
 257 

High Angle Annular Dark Field Scanning TEM (HAADF-STEM) imaging showed that 258 

the tubular structure of HNTs (Figure 3a) with an empty lumen was not significantly 259 

affected in HNTs@PDA. The ZnO nanoparticles were clearly visible because of their 260 

brighter intensity due to their higher atomic number and proved to be uniformly 261 

distributed on the HNTs support (Figure 3a-b).  262 

STEM Spectrum Imaging (SI) mode allowed to collect Energy Dispersive X-ray 263 

Spectroscopy (EDS) and Electron Energy Loss Spectroscopy (EELS) at each pixel 264 

position over a nanoparticle-containing region (yellow square in Figure 3b). The EDS 265 

spectrum was obtained by integration over the entire region and confirmed the presence 266 

of C and N atoms from the PDA coating onto HNTs@PDA nanomaterial besides the Zn, 267 

Al, Si and O atoms related to the inorganic support. Noteworthy, the EDS analysis 268 

performed on different regions of HNTs, where ZnO is not anchored, highlighted the 269 

absence of C and N elements, indicating a selectivity in the coating which occurred on a 270 

specific site (the basic ZnO) and not on the overall HNTs surface, in agreement with the 271 

experimental procedure adopted for the synthesis of HNTs@PDA. 272 

Furthermore, the pin-point functionalization was also confirmed by STEM SI EDX/EELS 273 

bidimensional elemental mapping results (Figure 3c). EELS spectroscopy is more 274 

sensitive with light element like C, and more localized than EDS techniques. Conversely, 275 

the latter one is most effective for the detection of heavier elements like Zn. Statistical 276 

analysis indicated the presence of small nanoparticles on HNTs@PDA with an average 277 

diameter of 3.3 ± 0.5 nm and narrow size distribution (Figure 3d). Compared to the ZnO 278 

nanoparticles onto HNTs@ZnO (ca. 2.4 nm) (see Figure S3), we observed an increase in 279 

the average nanoparticle dimension caused by a coating as thick as of ca. 1 nm. However, 280 
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the thickness of the applied coating on the ZnO nanoparticles can hardly be estimated 281 

from TEM measurements. Based on the nature of the material investigated it could be 282 

useful calculate the coating thickness from the mass loss upon heating by TGA 283 

experiments as reported by Kuttner et al..[38, 39] 284 

 285 

Figure 3. HAADF-STEM images of (a) pristine HNTs (b) HNTs@PDA, the insert indicates the EDX 286 
spectrum of the selected area; (c) scanning TEM-energy dispersive X-ray and EELS spectroscope elemental 287 

mapping results of HNTs@ZnO@PDA, (d) nanoparticles size distribution (n=55). 288 

The TGA curves of the HNTs@PDA nanomaterial, obtained after 10 h and 24 h of 289 

reaction time, are shown in Figure 4, in comparison with that of the HNTs@ZnO 290 

precursor. 291 
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For all samples, the main weight loss occurs in the range 100-500 °C, then, at ~600 °C 292 

stable mass values were registered. The HNTs@ZnO gradually lost water due to the 293 

progressive dehydroxylation of structural Al−OH groups of HNTs[2] until the crystal 294 

structure was completely modified at around 500 °C. A similar shape of TGA curve was 295 

registered for both, HNTs@PDA nanomaterials, obtained after 10 h and 24 h of reaction 296 

time, with degradation at lower temperature with respect to the HNTs@ZnO precursor. 297 

Such finding agrees with the surface modification of the HNTs@ZnO by PDA which 298 

decomposition easily occurred under air atmosphere in the range of temperature between 299 

100-500 °C. Based on the overall weight loss of the HNTs@PDA, the estimated amount 300 

of PDA deposited onto HNTs@ZnO was ca. 1.6 wt% that well corresponds to the 301 

expected loading based on the concentration of dopamine hydrochloride solution used in 302 

the preparation. No differences were found after 10 and 24 h of reaction, suggesting that 303 

10 h are sufficient to deposit the maximum amount of PDA onto the HNTs and further 304 

increasing the reaction time up to 24 h does not have any effect in agreement with DLS 305 

data. 306 

By assuming the site-selective/specific functionalization of HNTs surface which exploits the 307 

basicity of ZnO nanoparticles anchored on it, inducing a “pin-point” polydopamine 308 

polymerization and coating, the calculation of the coating thickness t relies on the ZnO 309 

radius r, the densities ρi and the weight fractions wi (of HNTs@PDA or HNTs@ZnO) 310 

given by the mass loss as stated in the equation below: 311 

𝑡 = (√1 +
𝑤 𝐻𝑁𝑇𝑠@𝑃𝐷𝐴

𝑤𝐻𝑁𝑇𝑠@𝑍𝑛𝑂
∙

𝜌𝑍𝑛𝑂

𝜌𝑃𝐷𝐴
− 1) 𝑟  (Eq. 1) 312 

 313 

This estimation relies on the assumption that all PDA coating was removed in the 314 

heating process. The error of this estimation can be derived from Gaussian error 315 

propagation as reported elsewhere.[38] We assumed an error of 0.25 nm for the radius, 316 

0.1 g cm-3 for density and 0.1% for the mass loss. Density values were given by literature 317 

(PDA 1.52 g cm-3)[40] and manufacturer (ZnO 5.61 g cm-3). The calculated thickness of 318 

polymer layers (1.50 ± 0.5 nm) is in good agreement with TEM estimation.  319 

The FT-IR spectrum of HNTs@PDA showed, besides the characteristic bands of 320 

HNTs,[26] additional bands (Figure 4b) in the range 3500−3100 cm−1 attributable to the 321 
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stretching of −N−H and −O−H groups, a peak at ca. 3100 cm−1 related to the stretching of 322 

−C−H of aromatic rings, and a sharp peak at ca. 1680 cm-1 attributed to the −C=C− 323 

stretching vibration.[41] In addition, in the ATR-IR spectrum, bands in the range 580-620 324 

cm-1 were observed which could be due to the vibration of the aromatic skeleton of PDA 325 

such as aromatic −C−H out-of-plane bend or the out-of-plane bend of −O−H groups of 326 

catechol moieties (Figure S4).  327 

(a)   328 

(b)  329 

Figure 4. (a) Thermogravimetric curves of HNTs@ZnO and HNTs@PDA obtained after 10 h or 24 h of 330 
treatment vs temperature registered under air flow; (b) FT-IR spectra of HNTs@ZnO and HNTs@PDA 331 

nanomaterials. 332 

EPR spectroscopy indicated for HNTs@PDA a single, ill-resolved and slightly 333 

asymmetrical signal, consistent with the coexistence of O-centered semiquinone radicals 334 

and related carbon-centered radicals on the PDA-coated nanostructures.[42-44] The 335 

signal lineshape was found to be midway between gaussian and lorentzian. A similar 336 
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signal was observed on PDA-coated ZnO (ZnO@PDA) as a control, whereas HNTs and 337 

HNTs@ZnO were EPR silent (Figure 5a). 338 

Table 2 indicated nearly identical g-values and signal amplitudes (ΔB) for the 339 

HNTs@PDA and ZnO@PDA samples, supporting a common origin of the signals. 340 

However, a higher spin density was observed in the case of HNTs@PDA, suggesting an 341 

intriguing effect of the halloysite support on the ZnO@PDA radical content. The power 342 

saturation curves (Figure 5b) showed a plateau at high microwave power, indicating a 343 

high degree of inhomogeneity in both the molecular nature and spatial distribution of the 344 

paramagnetic centers. Noteworthy, despite an apparent similarity with the typical EPR 345 

spectra of PDA reported in the literature,[43-45] the g-value measured in the case of 346 

HNTs@PDA was slightly lower, suggesting that the balance of the O-centered versus 347 

carbon-centered radicals was tipped toward the latter, with a more inhomogeneous 348 

saturation profile. These differences will be the subject of separate investigation, as they 349 

can yield interesting insights into the effect of the different polymerization conditions and 350 

sample hydration.  351 

(a)  (b) 
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Figure 5. (a) EPR spectra and (b) Power saturation profiles (amplitude vs. power intensity) of ZnO@PDA 353 

and HNTs@PDA samples. 354 

Table 2. EPR parameters of the investigated samples. Experimental uncertainties are ± 0.0003 on g-factor, 355 
± 0.2 G on B, ± 5% on line shape analysis, ± 10% on spin-density values.  356 

 g-factor  ΔB 

/G 

Gaussian lineshape 

Fraction 

Spin density ×10-16 

/spin g-1 

ZnO@PDA 2.0031  5.8 0.44 0.65 

HNTs@PDA 2.0035  5.0 0.43 2.5 

 357 
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The optical properties of the HNTs@PDA nanomaterial were investigated by UV–vis 358 

diffuse reflectance spectra (DRS) (Figure 6) in which the absorbance spectra were 359 

obtained by applying the Kubelka–Munk function, F(R∞).[46] The UV-vis spectrum of 360 

HNTs@PDA proved likewise different from that of the HNTs@ZnO precursor. As shown 361 

in Figure 6 and S5, HNTs@PDA exhibited broad absorption ranging from ultraviolet at 362 

ca. 400 nm, attributed to the oxidation of dopamine into dopachrome and dopaindole, to 363 

visible and NIR wavelengths following dopamine self-polymerization process,[47-49]. 364 

The untreated inorganic precursor exhibited instead a sharp absorption maximum of at ca. 365 

370 nm due to the main electronic transition of ZnO nanoparticles.[28] Of course this 366 

absorption could derived  367 

 368 

 369 

Figure 6. Absorbance spectra by applying the Kubelka e Munk function to DRS of HNTs@ZnO and 370 

HNTs@PDA nanomaterials. 371 

Turbidimetric analyses (Figure 7) showed that PDA coating affected the aqueous stability 372 

of HNTs@PDA compared to both HNTs@ZnO and HNTs. It was concluded that the 373 

PDA coating partly counteracted the destabilizing effect of ZnO nanoparticles on HNTs 374 

suspensions which occurs after 700 min.  375 
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 376 

Figure 7. Normalized transmittance as a function of time for HNTs, HNTs@ZnO, HNTs@PDA and 377 

HNTs@PDA after degradation dispersions in water. The nanomaterial concentration is 1 mg mL -1 in all 378 

cases. 379 

In further experiments, the PDA component in HNTs@PDA was investigated by a 380 

chemical degradation procedure commonly used for the characterization and quantitation 381 

of melanins in biological systems.[50] The method is based on degradation of the sample 382 

with alkaline hydrogen peroxide followed by HPLC determination of two typical 383 

degradation markers of indolic units, namely pyrrole-2,3-dicarboxylic acid (PDCA) and 384 

pyrrole-2,3,5-tricarboxylic acid (PTCA) (Figure S6).[31, 51, 52] Whereas PTCA may 385 

originate from both inner and terminal 2-linked units of 5,6-dihydroxyindole (DHI) 386 

derived from the oxidative cyclization of dopamine, PDCA can be taken as a specific 387 

marker of terminal DHI-indole units unsubstituted at the 2-position. Comparative analysis 388 

of PTCA and PDCA yields from HNTs@PDA and from reference PDA samples prepared 389 

by air oxidation of 1 mM and 10 mM dopamine in carbonate buffer at pH 8.5, suggested 390 

for the hybrid material a prevalence of dopamine dimerization, rather than intramolecular 391 

cyclization pathways (Table S1). After chemical degradation of the PDA component, the 392 

resulting dispersion showed the similar aqueous behavior of HNTs (Figure 6), suggesting 393 

removal of both PDA and ZnO by the alkaline hydrogen peroxide treatment.  394 

3.1 Hyperthermia studies 395 
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Compared with other widely used photothermal agents, such as carbon-based 396 

nanomaterials, Cu-based semiconductor nanoparticles, organic polymers,[53] and metals 397 

nanoparticles (e.g. Au, Ag, and Pd),[54] PDA exhibit better biocompatibility due to its 398 

excellent biodegradability. Moreover, it possesses an excellent photothermal conversion 399 

efficiency of ∼40%, which is much higher than that of other photothermal therapy 400 

species. PDA can effectively absorb and transfer NIR optical energy into heat at low laser 401 

power density and short irradiation time without damaging healthy tissues, enabling it to 402 

be a desirable photothermal therapeutic agent for tumor treatment and bacteria killing.[52, 403 

55] Indeed, photothermal ability of a PDA based system could be crucial for regulating 404 

the drug release kinetics and coordinating the therapeutic activity of individual 405 

components.[16] To this aim, we investigated the NIR induced heat generation efficiency 406 

of the HNTs@PDA nanomaterial (10 mg mL-1 which correspond to PDA amount of 160 407 

g mL-1) after irradiation in aqueous dispersion with an 810 nm diode laser beam. As 408 

illustrated in Figure 8a, the aqueous dispersion of the material induced a local thermic 409 

rise, generating a hyperthermia effect as a function of the irradiation time at an energy 410 

density of 0.5 W cm-3. By increasing the laser power to 0.7 W cm-3 we observed an 411 

increase in the recorded temperature values reaching up to 50 °C. Conversely, the 412 

temperature of the aqueous dispersion of pristine HNTs and HNTs@ZnO, chosen as 413 

controls, exhibited only negligible change under NIR irradiation. 414 

In further experiments, the photothermal conversion efficiency (η) of HNTs@PDA was 415 

determined. The η value was calculated by following a procedure reported elsewhere 416 

[49]: 417 

𝜂 =
ℎ𝐴Δ𝑇𝑚𝑎𝑥−𝑄𝑠

𝐼(1−10−𝐴𝜆)
   (Eq. 2) 418 

where h is the heat transfer coefficient, A is the surface area of the container, ΔTmax is the 419 

temperature change of the HNTs@PDA dispersion at the maximum steady-state 420 

temperature, I is the laser power, Aλ is the absorbance of the HNTs@PDA dispersion at 421 

810 nm, Qs is the heat associated with the light absorbance of the solvent. Qs was 422 

calculated from 𝑄𝑠 = ℎ𝐴Δ𝑇𝑠𝑜𝑙𝑣𝑒𝑛𝑡, where Tsolvent is the maximum temperature change of 423 

water irradiated by the same light source at the same power intensity. The parameter set 424 

hA was determined by fitting temperature vs. time data to the equation (Figure 7b): 425 
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𝑡 = −
∑ 𝑚𝑖𝐶𝑝𝑖𝑖

ℎ𝐴
ln (𝜃)  (Eq. 3) 426 

where, mi is the mass of component i, Cpi is the specific heat capacity of component i, t is 427 

time, and  is defined as the ratio of T to Tmax). The summation ∑ 𝑚𝑖𝐶𝑝𝑖𝑖  was 428 

approximated by the mass and specific heat capacity of the solvent (water: 4.2 J g-1 °C-1). 429 

According to Equation 2, the η value of HNTs@PDA was determined to be 55%, 430 

comparable to the reported values of the other eumelanin base system envisaged for this 431 

purpose [13, 49, 56, 57].  432 

(a)  (b)  433 

(c)  434 

Figure 8. (a) Temperature change over time of aqueous dispersion of HNTs@PDA (10 mg mL-1 which 435 

correspond to PDA amount of 160 g mL-1) upon irradiation by an 810 nm source at different energy 436 

density. Reported are the mean ± SD values of three independent experiments run in triplicate. (b) Time vs -437 

y= a + bx

Intercept -89 ± 12

Slope 548 ± 12

R2 0.9956
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ln() for cooling phase data; (c) cyclic photothermal behavior of HNTs@PDA dispersion (10 mg mL -1 438 

which correspond to PDA amount in the nanomaterial of 160 g mL-1), sample irradiated for 300 s by an 439 

810 nm sources at 0.7 W cm-3 followed by no irradiation until dispersion cooled to ambient temperature (ca. 440 

600 s).  441 

 442 

Finally, in order to assess the photothermal stability, four cycles of laser on/off operation 443 

were performed (laser irradiation for 300 s and then cooling for 600 s) on the water 444 

dispersion of HNTs@PDA (10 mg mL-1) at an energy density of 0.7 W cm-3 with 810 nm 445 

wavelength light. As shown in Figure 6c, no temperature change was detected during this 446 

period, demonstrating the good photothermal stability of the prepared HNTs@PDA 447 

nanomaterial.  448 

3.2. Secondary functionalization of HNTs@PDA  449 

The pin-point strategy adopted in our study could also provide a useful tool to achieve 450 

site-specific functionalization of the outer surface of HNTs aimed e.g. at more effective 451 

drug delivery systems. Accordingly, in preliminary experiments HNTs @PDA was 452 

functionalized with biotin 2’-aminoethylamide [29] (1) in refluxing EtOH for 18 h 453 

(Scheme 2). 454 

Covalent linking of 1 to HNTs@PDA via imine bond formation was confirmed by FT-IR 455 

spectroscopy (Figure 9a) showing the typical vibration bands of biotin [58] at ca. 2930, 456 

2845, 1414 and 1260 cm-1 along with signals at ca. 1590 and 1470 cm-1 which could be 457 

attributed to the stretching bands of a Schiff base.  458 

 459 

Scheme 2. Schematic representation of the synthesis of biotinylated HNTs@PDA nanomaterial. 460 

 461 
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Biotinylated HNTs@PDA was finally investigated for its receptor-binding capacity 462 

toward the 4-hydroxyazobenzene-2-carboxylic acid (HABA)/Avidin complex by means 463 

of UV-vis spectroscopy. As shown in Figure 9b, a decrease in the absorption maximum 464 

band of HABA/Avidin complex was observed following addition of biotinylated 465 

HNTs@PDA, consistent with displacement of HABA molecules from the avidin 466 

complex. This assay allowed to estimate the amount of biotin grafted on HNTs@PDA in 467 

the order of 5 wt%, corresponding to a degree of functionalization of the PDA layer of ca. 468 

0.21 mmol g-1) (see SI for details). 469 

(a)  470 
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(b)  471 

Figure 9. (a) FT-IR spectra of HNTs@PDA nanomaterial before and after biotinylation; (b) UV-vis spectra 472 
of: (1) HABA/Avidin complex (black line), (2) HABA/Avidin complex in the presence of HNTs@PDA 473 
(red line), (3) HABA/Avidin complex in the presence of biotinylated HNTs@PDA (0.6 mg mL-1) (blue 474 

line), (4) HABA/Avidin complex in the presence of biotinylated HNTs@PDA (6 mg mL -1) (purple line). 475 
 476 

DLS analysis after biotinylation and interaction with avidin indicated a decrease in the Z-477 

average size and polydispersity index of the HNTs@PDA (940 ± 110 nm and 0.44 for 478 

biotinylated HNTs@PDA; 970 ± 110 nm and 0.28 after interaction with avidin, 479 

respectively) because of the introduction of hydrophilic groups reducing aggregation in 480 

aqueous media. -potential measurements revealed an almost neutral surface both after 481 

the biotinylation reaction and avidin interaction (0 ± 2 mV, in both cases), corroborating 482 

the secondary modification. 483 

HAADF-STEM images of biotinylated HNTs@PDA (Figure 10a-b) showed that the 484 

morphology of the tubes was unaffected by the biotinylation reaction. The nanomaterial 485 

exhibited the characteristic hollow tubular structure of halloysite with some aggregates 486 

(Figure 10a) which could be due to the interactions between the grafted organic units. The 487 
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EDS spectrum obtained by integration over the entire region confirmed the presence of 488 

organic C along with the Zn, Al, Si and O atoms related to the inorganic support. 489 

(a)  490 

(b)  491 

Figure 10. (a-b) HAADF-STEM images of HNTs@PDA, the insert indicates the EDX spectrum of the 492 
selected area. 493 

CONCLUSIONS 494 

HNTs represent a versatile core structure for the design of functional nanosystems of biomedical 495 

interest. However, the development of selective methodologies for the site-controlled 496 

functionalization of the nanotubes at specific sites is not an easy task. This study disclosed an 497 

effective strategy for the clean and selective, site-specific, “pin-point” functionalization of the 498 

outer surface of halloysite nanotubes by PDA. The site-specific deposition of dopamine to 499 

produce PDA nanocoating was achieved with high precision by exposing HNTs@ZnO, endowed 500 

with basic site through the anchoring of ZnO nanoparticles, to a dopamine solution at neutral pH 501 

under conditions in which no PDA precipitation was observed. The rapid surface-induced solid-502 

state polymerization process ensured both the desired confinement of the coating to the basic 503 

nanosurfaces and thickness control to ca. 1 nm without contamination of the hybrid architecture 504 

by PDA particles precipitating in the medium. Up to now, relevant publications on HNTs 505 

reported the PDA coating on the overall HNTs external surface under basic conditions without 506 
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polymeration control.[20, 59] Furthermore, the proposed strategy is different from the classical 507 

PDA dip-coating technology because it introduces a rationale for: 1) high site-selective 508 

functionalization; 2) no need for an alkaline medium, which is an advantage regarding material 509 

stability or processing issues, 3) a clean protocol, avoiding waste of material by uncontrolled 510 

precipitation, as with the dip-coating protocol, which may often contaminate delicate or high 511 

value-added systems.[60, 61] 512 

The PDA coating of halloysite allowed to introduce additional properties to HNTs such as the 513 

possibility to achieve a local thermic rise under NIR irradiation which could be crucial to 514 

selectively kill cancer cells. In light of the NIR absorption capacity and good photothermal 515 

conversion efficiency of HNTs@PDA as well as the easy of PDA surface decoration with other 516 

functional molecules, for the existence of functional groups of catechol and amine, as herein 517 

demonstrated with the secondary modification of HNTs@PDA nanomaterial, this work open the 518 

doorway to novel strategies for selective nanofunctionalization and nanopatterning of halloysite 519 

for development of multifunctional delivery systems thus expanding the current toolbox of 520 

mussel-inspired coating technologies. Future work will be devoted to assessing the feasibility of 521 

the nanomaterial obtained as carrier system for biologically active molecules and/or fluorescent 522 

molecules for further developments in theranostics and bioimaging for cancer treatment. 523 

 524 

Supporting Information. Calculation of biotin loading, diffusion coefficient of HNTs coating 525 

by PDA as a function of time, SEM images of pristine HNTs and HNTs@ZnO, and STEM 526 

image of HNTs@ZnO. ATR and UV-vis spectra of HNTs@ZnO and HNTs@PDA 527 

nanomaterials, PTCA and PDCA structures, yields of PTCA and PDCA produced by oxidative 528 

degradation of HNTs@PDA and polydopamine. 529 
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