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Abstract 15 
 16 
The considerable diversity and complexity of manufactured nanoparticles (NPs) have made their 17 
regulatory safety assessment challenging due to the need for excessive testing. Therefore, it is relevant 18 
to derive physicochemical and structural descriptors for in silico modelling that can help to develop 19 
strategies for “Safety by Design” (SbD) in the early stages of product development. This paper aims at 20 
informing such strategies by studying how surface modification by means of attaching organic ligands 21 
can affect the colloidal stability of nanoscale TiO2 in different environmental media with changing 22 
electrolyte concentrations and pH levels. The functionalization was performed by using four 23 
catecholate derivatives (catechol, 3,4-dihydroxybenzaldehyde, 3,4-dihydroxybenzoic acid, dopamine 24 
hydrochloride), salicylic acid and polyethylene glycol (PEG) polymer. Surface charge, hydrodynamic 25 
diameter and sedimentation velocity were measured to assess the colloidal stability of each of the 26 
dispersions. Then, statistical clustering techniques and Principal Component Analysis (PCA) were 27 
applied to the obtained experimental data in order to identify physicochemical descriptors and classes 28 
of stability, which were used to classify the investigated surface modifications. In conclusion, the 29 
proposed approach, combining experimental results from simple and fast techniques with multivariate 30 
statistical methods has proven to be useful for supporting nanomaterials categorization for the purpose 31 
of developing SbD strategies.  32 
 33 
Keywords: Titanium dioxide nanoparticles; Organic ligands; Colloidal stability, Categorization, pH; 34 
Ionic strength; Principal component analysis. 35 
 36 
1. Introduction 37 
 38 
Manufactured nanoparticles (NPs) are being used in a wide variety of industrial applications and 39 
consumer products.1 However, the high heterogeneity of novel nanoforms released on the market has 40 
made their safety assessment very demanding in terms of testing. To reduce this high regulatory 41 
burden of proof of the nanotechnology industry it has been suggested to employ in silico modelling as 42 
well as grouping and read-across approaches to enable safety by design (SbD) strategies that target the 43 
early stages of product innovation.2 This is challenging as the physicochemical identity of the 44 
nanomaterials can be easily affected upon contact with any biological, environmental or industrial 45 
dispersion media. The most frequently observed phenomena are aggregation and/or agglomeration of 46 
the NPs in the medium as a result of e.g. its chemical composition, pH, ionic strength, dissolved 47 
concentration of oxygen and sulphide, light, suspended particle matter, or content of natural organic 48 
matter. This leads to changes in the size distribution, shape, surface area and charge of the NPs, all of 49 
which are properties that directly determine their industrial functionality, exposure potential, and/or 50 
adverse (eco)toxicological effects. This poses challenges not only to the safety assessment of these 51 
materials, but also to the reproducibility of product performance, which are major barriers to 52 
nanotechnology innovation. 53 
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Therefore, understanding how the interactions between NPs and the surrounding medium can alter 54 
their colloidal dispersion stability is essential not only to predicting their risks, but also to developing 55 
SbD strategies3 that can prevent these risks early in the R&D process.4 Specifically, it can help to 56 
derive descriptors for in silico and materials modelling of both properties and effects and to design in 57 
vitro (eco)toxicological tests as part of Intelligent Testing Strategies that aim at reducing testing costs 58 
and the use of experimental animals. It can also help in the better interpretation of the 59 
modelling/testing results5 to derive criteria and guiding principles for grouping and/or read-across and 60 
for classification according to regulatory requirements and industrial product quality criteria. 61 
To contribute to the above priorities, the goal of this paper is to investigate the influence of surface 62 
modification on the extrinsic properties of the NPs, defined as the “characteristics that are linked to 63 
the material’s functionality in its environment”.6 Our case study is nanoscale titanium dioxide (TiO2), 64 
which was selected due to its widespread use in many consumer products, very low solubility, and 65 
surface which can be easily modified.7,8 Specifically, we used different modifying substances: 66 
catecholate derivatives (i.e. catechol, 3,4-dihydroxybenzaldehyde, 3,4-dihydroxybenzoic acid, 67 
dopamine hydrochloride), salicylic acid (SAL), and polyethylene glycol (PEG), exploiting the optimal 68 
geometry of these ligands to get covalently linked to the NPs’ surfaces. The catecholate-type ligands 69 
were chosen because of their versatile chemistry, which allowed easier attachment of different 70 
functional groups, leading to new optically active nanomaterials9 as well as to fundamental building 71 
blocks for the synthesis of more complex architectures.10–12 Salicylic acid was chosen for its similarity 72 
to catechols in terms of structure, functional groups, and way of binding to TiO2 surface. The surface 73 
modification with PEG was performed because polymeric coatings are considered one of the main 74 
approaches to effectively control physicochemical properties such as size, surface charge and 75 
solubility, all of which are parameters known to determine the toxicokinetics and toxicity of 76 
nanomaterials.13  77 
Once the surfaces of the materials were functionalized, their colloidal stability was assessed in 78 
different dispersion media (with different electrolyte concentrations and pH levels) by combining 79 
Electrophoretic Light Scattering (ELS), Dynamic Light Scattering (DLS) and Centrifugal Separation 80 
Analysis (CSA) techniques. The obtained data were analysed through statistical clustering methods 81 
and Principal Component Analysis (PCA),14 which had been previously applied for classification of 82 
nanomaterials15,16 as well as for quality assessment of nano-based dispersions.17 This led to 83 
understanding which combinations of intrinsic and extrinsic properties affected the obtained 84 
classification into high-, moderate- and low-stability dispersions. These descriptors can be used for in 85 
silico modelling of colloidal stability, while the classification methodology and results can be useful 86 
for developing SbD strategies.  87 
 88 
2. Materials and methods 89 
 90 
2.1 Case-study nanomaterial and other reagents 91 
 92 
The inorganic Aeroxide® P25 titanium dioxide nanopowder was purchased from Evonik Degussa 93 
(Germany). P25 powder (declared average particle size: 21 nm) is a mixture of approx. 80% anatase 94 
and 20% rutile, with 99.5% purity, 50 ± 15 m2/g as surface area, and a bulk density of 3.8 g/cm3. 95 
Catechol (CAT), 3,4-dihydroxybenzaldehyde (CHO), 3,4-dihydroxybenzoic acid (COOH), dopamine 96 
hydrochloride (DOP), salicylic acid (SAL), polyethylene glycol (PEG, Mv 100000) and all the other 97 
chemicals were of the highest purity available and were used without further purification (Sigma 98 
Aldrich, St. Louis, MI, USA). Ethanol (Romil Ltd, Cambridge, UK), deionized water (resistivity 18.2 99 
MΩ/cm), NaCl (1 and 10 mM) solutions, Artificial Fresh Water (AFW, 2 mM ionic strength) and 100 
Artificial Marine Water (AMW, 630 mM ionic strength) were used as dispersant media. AFW and 101 
AMW were prepared according to standardized protocols.18,19 102 
 103 
2.2 Synthesis of surface modified TiO2 nanoparticles 104 
 105 
According to different recommendations and guidelines for NPs dispersion procedures described in 106 
the literature20,21 an ethanolic suspension of P25 NPs (2 g/L) was sonicated with an ultrasonic probe 107 
(UP-200S Hielscher Ultrasonics GmbH, Germany) in an ice bath, delivering a power of 200 W for 15 108 
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min using a pulsed 80% mode. The surface modification of P25 NPs was achieved by the addition of 109 
each surface-active ligand up to concentrations highest than the theoretically required to cover all 110 
surface sites: catecholate type ligands (20 mM), salicylic acid (20 mM) and PEG (2 mM), all 111 
dissolved in EtOH. The formation of modified P25 NPs dispersions was obtained by mixing 25 mL of 112 
each ligand solution to 100 mL of P25 NPs suspension, which was sonicated in an ice bath by 113 
ultrasonic probe over 1h and then it was consequently let stirring overnight at room temperature. 114 
Afterwards, each suspension was centrifuged until the P25 NPs settled completely. The supernatant 115 
was removed, and the particles were washed three times by adding 10 mL of EtOH to remove the 116 
possible excess of unlinked ligand, followed by ultra-sonication and finally by centrifugation of the 117 
new suspension until the complete settling of the NPs. After the last washing step, the NPs were dried 118 
leading to powders with different colours, depending on the functionalization performed (S1). 119 
Schematics of the functionalized nanomaterials is reported in Figure 1.  120 
 121 

 122 
Figure 1. Schematics of P25 NPs surface functionalization with the selected organic ligands. 123 
 124 
2.3 Physico-chemical characterization 125 
 126 
The physico-chemical characterization on the dry powders was performed by means of Fourier-127 
Transformed Infrared spectroscopy (FTIR), Thermo-Gravimetric Analysis (TGA) and Differential 128 
Scanning Calorimetry (DSC).  129 
In detail, FTIR analysis was performed with a Thermo Nicolet Nexus 670 FT-IR spectrophotometer 130 
equipped with a Smart Orbit Single Reflection Diamond ATR (Attenuated Total Reflection) 131 
accessory, from 4000 to 400 cm-1 for 64 scans with 4 cm-1 resolution. FTIR data were elaborated with 132 
Omnic 8.0 and Origin 8.0 softwares.  133 
TGA and DSC were performed simultaneously using a Netzsch 409/C apparatus. The temperature 134 
program used was set up experimentally from 30 °C, 10 °C min-1 to 600 °C. The TG-DSC analyses 135 
were performed in air and the instrument was purged with N2 at a flow rate of 40 mL/min. The 136 
samples masses ranged between 4 and 8 mg; samples were put in a platinum crucible and alumina was 137 
used for the internal calibration. Three replicates were performed for each sample. Data were 138 
collected with STA Netzsch software and then elaborated with Origin 8.0 software. 139 
The colloidal characterization was performed by means of Dynamic Light Scattering (DLS), 140 
Electrophoretic Light Scattering (ELS) and Centrifugal Separation Analysis (CSA), re-dispersing the 141 
NPs at 50 mg/L in the following media: NaCl solutions, deionized water, AFW and AMW. This 142 
concentration was selected to obtain the optimal signal-to-noise ratio during the analysis. Before 143 
performing the colloidal characterization, each suspension was probe sonicated in an ice bath at 200 144 
W for 15 min, pulsed 80% mode.  145 
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In detail, DLS and ELS were performed by means of the multi-angle Nicomp ZLS Z3000 (Particle 146 
Sizing System, Port Richey, FL, USA). The hydrodynamic diameter was measured with an optical 147 
fiber set at 90° scattering angle (W=25 mW and λ=639 nm) over at least 6 min at room temperature. 148 
Surface charge of the electric double layer of each sample was determined in two different electrolyte 149 
solutions (1 and 10 mM NaCl) in the pH 2-10 range, applying a 5 V electric field to obtain zeta-150 
potential (Z-pot) values and measurements were taken after pre-equilibration of each sample for 30 151 
min. NaCl was chosen as electrolyte for Z-pot measurements due to its inertia toward TiO2,22 which 152 
allowed to study the role of the different modifiers in the stabilization without altering the main 153 
structure of P25 NPs. Generally, Z-pot values of ±30 mV indicate a stable colloidal dispersion22,23 and 154 
the isoelectric point (IEP), defined as the pH of zero net charge, represents the point of maximum 155 
instability. However, in the evaluation of colloidal stability it is important to consider that Z-pot gives 156 
information only on the electrostatic repulsive forces, without providing any insights on the attractive 157 
Van der Waals forces.24–26 158 
Centrifugal Separation Analysis (CSA) was employed to assess dispersion stability of NPs in terms of 159 
sedimentation velocity. This method was already successfully applied to calculate the sedimentation 160 
kinetics of TiO2 NPs and multi-walled carbon nanotubes15,27 as well as to gather information on the 161 
sedimentation velocity distribution of CuO NPs in both environmental and biological media.4 In 162 
detail, sedimentation velocity was determined through Centrifugal Separation Analysis (CSA), by 163 
using the Multiwavelength Dispersion Analyzer LUMiSizer® 651. The transmission profiles obtained 164 
by CSA represent the transmittance values over the length of the cuvette containing the sample. 165 
Particles migration due to centrifugal force results in a variation of the local particle concentration 166 
and, correspondingly, local and temporal variations of transmission occur.28 The separation of 167 
different components in dispersion was achieved at 3000 Rotation Per Minute (RPM), which 168 
corresponds to a Relative Centrifugal Force (RCF) of 1207 at 120 mm far from the rotor of the 169 
centrifuge. Sedimentation velocity data were calculated from the transmittance values obtained setting 170 
the wavelength of the transmitted light at 470 nm and collecting the transmittance (%) over time at 171 
three different positions (115, 120 and 125 mm far from the rotor) over the length of the cuvette. The 172 
runtime of each analysis (i.e. 50 min) was chosen according to the lowest time needed to reach the 173 
plateau, i.e. the maximum transmittance values, indicating the complete sedimentation of NPs. The 174 
linear dependency between RCF and sedimentation velocity allowed to extrapolate sedimentation 175 
velocity data at gravity by dividing the results for the RCF applied.  176 
Hydrodynamic diameter, surface charge and sedimentation velocity were measured in triplicate and 177 
results are expressed as average for DLS/ELS and as median for CSA. 178 
 179 
2.3 Clustering and Principal Component Analysis (PCA) 180 
 181 
Statistical analysis was carried out using R language. Hierarchical Clustering (HC) was performed 182 
using hclust function, k-Means (KM) was performed using kmeans function, and Principal 183 
Component Analysis (PCA) was performed using prcomp function, all included in the stats built-in 184 
package.29 Fuzzy c-Means (FCM) was provided by the cmeans function from the e1071 package,30 185 
and Nearest Neighbor for class prediction was carried out by means of the knn function from the class 186 
package.31 187 
The experimental data obtained from the ELS, DLS and CSA techniques in NaCl solutions at 188 
different pH levels were statistically analysed to categorize the different dispersions into stability 189 
classes (i.e. high-, moderate- and low-stability classes). The identification of patterns without any a 190 
priori knowledge on data categorization was achieved by cluster analysis. Specifically, after data 191 
standardization (i.e. subtracting the mean and dividing by standard deviation of each descriptor), three 192 
different clustering algorithms (HC, KM and FCM) were applied to automatically derive three subsets 193 
of data sharing similarities among descriptors. More details on cluster analysis are reported in the SI. 194 
The resulting clusters were labelled according to CSA values: cluster containing the sample with the 195 
highest CSA values was labeled as "low stability", cluster containing the sample with the lowest CSA 196 
values was labeled as "high stability", and "moderate stability" was the third cluster in between. By 197 
using DLS or ELS values to label the clusters instead of CSA, the same labeling was obtained. In 198 
addition to these three algorithms, a voting-based consensus clustering (CONS) was employed32 to 199 
obtain a single classification method which included the information achieved from HC, KM and 200 
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FCM clustering techniques. Specifically, a voting system was applied as follows: for each clustering 201 
technique, 1 was assigned if the sample resulted in “low stability” class, 2 if sample was included in 202 
“moderate stability” class and 3 if it was in “high stability” class. Then, votes were averaged and the 203 
consensus clustering classified stability of each entry as "low" if average was lower than 1.5, "high" if 204 
it was higher than 2.5, and "moderate" in other cases. 205 
Afterwards, a comparison of the classifications provided by each clustering technique was performed 206 
using the Adjusted Rand Index (ARI),33 a widely used measure of agreement between two cluster 207 
results.34,35 ARI is equal to 0 in case of two random partitions, and 1 in case of perfect agreement. ARI 208 
can also be negative, meaning that agreement is worse than expected as random.  209 
In the case of samples dispersed in DW, AFW and AMW, in which ELS measurement were not 210 
reliable because of the lack or too high concentration of electrolytes in solution, another approach was 211 
used. The clustering algorithms previously described were used considering only DLS and CSA data, 212 
and the reliability of the procedure was confirmed by comparing the consensus clustering of these 213 
results with those obtained using the three techniques. Standardization of new data was performed by 214 
subtracting the same mean and dividing by the same standard deviation of each descriptor previously 215 
computed.  216 
Then, the stability classes of the different dispersions were predicted using a Nearest Neighbor 217 
classifier for each clustering technique. In the case of HC, each data was assigned to the stability class 218 
of the closest element of the previous dataset, while by applying KM and FCM algorithms, data were 219 
assigned considering the closest centroids. The outcomes were merged following the consensus 220 
clustering definition in each of the three stability classes.  221 
Finally, Principal Component Analysis (PCA) was used to reduce dimensionality of data space, 222 
highlighting data assignment from the results obtained by cluster analysis. 223 
 224 
3. Results and discussion 225 
 226 
3.1 Binding of organic ligands to P25 NPs surface 227 
 228 
The coating of P25 NPs by chemisorption of the ligands selected was investigated by ATR-FTIR and 229 
TGA-DSC analysis. 230 
The ATR-FTIR spectra of catechol free and adsorbed on P25 NPs are displayed in Fig. 2, as a zoom-231 
in image of the wavelength region between 1800-1000 cm-1. The main bands of free catechol (Fig. 2a) 232 
are the following: stretching vibration of the aromatic ring ν(C-C)/ν(C=C) at 1618, 1600, 1512, 1467 233 
cm-1 and stretching of phenolic group ν(C-OH) at 1278, 1254 and 1237 cm-1, while the bending 234 
vibrations of the phenolic group δ(C-OH) occur at 1360, 1183, 1163 and the bending δ(C-H) at 1093, 235 
1039 cm-1. The adsorption of catechol onto P25 NPs (Fig. 2b) led to relevant changes in ATR-FTIR 236 
spectrum: a loss of the hyperfine structure of bending δ(C-OH) vibration in the region below 1200 cm-237 
1 was observed, the bands at 1360 and 1183 cm-1 disappeared and a very weak feature centred at 1327 238 
cm-1 appeared. The band of stretching ν(C-OH) vibrations merged to one broad band centred at 1263 239 
cm-1. Such signals are assigned to stretching and bending vibrations of phenolic groups which 240 
participated in the complex formation with Ti surface atoms. Moreover, the stretching of the aromatic 241 
ring in the region above 1400 cm-1 was also affected by the binding to P25 NPs, showing a single 242 
band at 1484 cm-1. According to the literature,9 the observed signals suggested that catechol is bound 243 
at the P25 NPs surface. Moreover, ATR-FTIR spectrum of P25 NPs did not show any bands in 1800-244 
1000 cm-1 region, but only the typical absorption band below 700 cm-1 due to the stretching of anatase 245 
and rutile TiO2 (Ti–O–Ti) (Fig. S2).36 246 
 247 



6 
 

 248 
 249 
Figure 2. ATR-FTIR spectra of (a) free catechol and (b) P25-CAT NPs in the region between 1800 250 
and 1000 cm-1. 251 
 252 
The ATR-FTIR spectra of 3,4-dihydroxybenzaldehyde (CHO), 3,4-dihydroxybenzoic acid (COOH) 253 
and dopamine hydrochloride (DOP) adsorbed on P25 NPs surface are reported in Fig. S3-S5. 254 
According to the literature, they showed the same way of ligand binding observed for catechol.9 255 
Moreover, the characteristic signals corresponding to the carboxyl group still appeared in the ATR-256 
FTIR spectra of P25-COOH (stretching absorptions at 1695 and 1606 cm-1) and P25-CHO (stretching 257 
band at 1674 cm-1), indicating that these groups are not involved in the formation of the complexes. In 258 
the same way, a strong band corresponding to the amine of P25-DOP was observed at 1630 cm-1. As 259 
far as salicylic acid, according to Jankovic et al.,37 both phenolic and carboxylic groups are involved 260 
in the chelation of titanium atoms (Fig. S6) since the bands in the region between 1700 and 1560 cm-1 261 
merged to one broad band centred at around 1600 cm-1. Finally, ATR-FTIR spectra of P25 NPs 262 
functionalized with PEG polymer (Fig. S7) showed a strong absorption at around 1100 cm-1 263 
corresponding to ether linkage (C-O-C bonds),38,39 while the signals corresponding to -OH groups 264 
appeared very broad, indicating as these groups participated to the bonds formation. The overall 265 
results indicated the formation of the desired complexes and proved, for catecholate and salicylate 266 
ligands, the most likely formation of bidentate bridging complexes.  267 
Thermal analysis of pristine and modified P25 NPs, carried out in the 30-600°C temperature range, 268 
was performed to estimate the NPs surface coverage rate for each ligand (Figure 3 and S8-10). TGA 269 
of pristine did not show any mass loss in the temperature range investigated, confirming the purity of 270 
the starting material already observed by FT-IR analysis. In detail, no organic components or water 271 
were adsorbed on pristine NPs surface which resulted to be composed only by anatase and rutile. As 272 
far as functionalized P25 NPs, a mass loss of around 3% was observed for NPs functionalized with 273 
CAT, COOH and DOP ligands, around 6% for CHO and SAL ligands up to 8% for P25-PEG. DSC 274 
analysis finally confirmed the chemisorption of the ligands, showing the exo-thermal processes 275 
occurring approximatively between 200 and 400 °C, related to the decomposition of the attached 276 
organic fraction.  277 
 278 
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 279 
Figure 3. TG-DSC curves of a) P25 NPs, b) P25-CAT, c) P25-SAL, d) P25-PEG in the range of 30-280 
600 °C. TG curve (solid line), DSC curve (dash line).  281 
 282 
 283 
3.2 Colloidal stability assessment as a function of electrolyte concentration and pH  284 
 285 
The colloidal stability of pristine and functionalized P25 NPs was initially investigated as a function 286 
of 2-10 pH range at 1 and 10 mM NaCl electrolyte concentrations, by combining ELS, DLS and CSA 287 
techniques. The overall results concerning zeta-potential, hydrodynamic diameter and sedimentation 288 
velocity of the different NPs were reported in Tables S1-S3 and graphically represented in Fig. 4.  289 
 290 
3.2.1 Electrophoretic Light Scattering (ELS)  291 
 292 
A titration curve of Z-pot vs pH was obtained to determine the IEP for each NPs dispersion (Fig. 4). 293 
According to the literature, the IEP of pristine P25 NPs was calculated around pH 6.40,41 P25-DOP 294 
showed an IEP very close to that calculated for pristine while, for the other TiO2 NPs functionalized 295 
with catecholate-type ligands and for P25-PEG, the IEP was around pH 5. Finally, the IEP of P25-296 
SAL was determined at pH 7. In general, Z-pot moved from positive values in the acid pH region 297 
before the IEP, to negative values in the region after the IEP, regardless of the surface 298 
functionalization. Both pristine P25 and all the functionalized NPs led to Z-pot values between ± 30 299 
mV. The titration curves displayed in Fig. 4 showed, for each compound, very similar values of Z-pot 300 
vs pH at the two NaCl concentration studied. The independence between IS and surface charge is 301 
consistent with data reported in literature22 and can be ascribed to the electrolyte nature of the salt 302 
investigated. As commented before, NaCl is inert for TiO2 and no specific adsorption of Na+ and Cl- 303 
by titania NPs occurred. However, while considering only Z-pot results the ionic strength had no 304 
influence on the colloidal stability, a different behaviour was observed from DLS and CSA results. 305 
  306 



8 
 

3.2.2 Dynamic Light Scattering (DLS) 307 
 308 
Dynamic Light Scattering (DLS) was employed as one of the most common and easy-to-use light 309 
scattering techniques to determine the hydrodynamic diameter of NPs dispersions. According to the 310 
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, to an increase of the ionic strength 311 
corresponds a raise of the hydrodynamic particles size of NPs (i.e. aggregation), inducing a 312 
destabilization of the colloidal suspension.42 This phenomenon, differently from the trend observed 313 
for ELS results, was confirmed for all the dispersions tested along the entire pH range investigated, 314 
increasing up to four times the hydrodynamic size from 1 to 10 mM NaCl (Fig. 4). Concerning the 315 
effect of pH, P25 pristine dispersions within the acid pH range (from 2 to 4) displayed hydrodynamic 316 
particles size < 700 nm. An increase of the hydrodynamic diameter from 800 to 1320 nm was 317 
observed at pH 6, which corresponds to the IEP, and at basic pH (8-10), reaching 1470 nm size. 318 
Concerning the functionalized NPs, different behaviours were observed depending on the functional 319 
group attached on the NPs surface. As depicted in Fig. 4, hydrodynamic diameters of P25-CAT and 320 
P25-DOP were more affected by electrolyte concentration than by pH (increasing approximatively 321 
from 500 nm at 1 mM NaCl to 1000 nm at 10 mM NaCl). As far as P25-CHO and P25-SAL, the main 322 
parameter affecting hydrodynamic particles size was pH, showing an opposite trend between the two 323 
samples. The lowest hydrodynamic particles size values (< 550 nm) were measured at pH ≥ 6 for P25-324 
CHO while an increment of size around 1000 nm was observed under acid conditions. On the other 325 
hand, P25-SAL reached the highest size values around 1400 nm at pH ≥ 6 and lowest hydrodynamic 326 
size at around 500 nm in the acid pH range (2-4). As expected, the coating of P25 with PEG polymer 327 
led to NP dispersions not significantly influenced by the two parameters investigated (electrolyte 328 
concentration and pH), showing an average of hydrodynamic particles size always around 1000 nm. 329 
Finally, P25-COOH showed a hydrodynamic diameter slightly influenced by electrolyte concentration 330 
and even less by pH, showing values < 500 nm at 1mM NaCl and < 900 nm at the highest electrolyte 331 
concentration.  332 
 333 
3.2.3 Centrifugal Separation Analysis (CSA) 334 
 335 
CSA technique allows to compare different colloidal dispersions and to establish a relative stability 336 
ranking under specific experimental conditions. In general, at increasing sedimentation velocity 337 
corresponds a decrease of dispersion stability. As far as pristine P25 NPs, the sedimentation velocity 338 
of NPs dispersions was mainly affected by pH values rather than by electrolyte concentration (Fig. 4). 339 
Low sedimentation velocity values < 0.10 μm/s were collected in the acid pH range from 2 to 4, while 340 
values increased up to 0.30 μm/s at pH ≥ 6. On the contrary, as already observed from DLS results, 341 
sedimentation velocity values of P25-CAT and P25-DOP were mainly driven by electrolyte 342 
concentration, in fact they increased from 0.03 μm/s to 0.22 μm/s. According to DLS data, a strong 343 
effect of pH on sedimentation velocity values was clearly observed for P25-CHO and P25-SAL. P25-344 
CHO showed the lowest values at basic pH, especially at 1 mM NaCl (< 0.04 μm/s), while P25-SAL 345 
displayed analogous sedimentation velocity values in the acid pH range (2-4). Similar to the trend 346 
observed from DLS results, P25-PEG sedimentation velocities were quite constant along the whole 347 
pH range investigated (0.15-0.23 μm/s) and P25-COOH presented very low values (all < 0.15 μm/s) at 348 
each pH examined, also at the highest electrolyte concentration. As a result, the overall CSA and DLS 349 
data were in good agreement to assess colloidal stability for almost all the samples analysed. 350 
Nevertheless, although to an increase of the sedimentation velocity corresponded an increase of the 351 
hydrodynamic particles size and vice versa, a direct proportionality between the results obtained by 352 
the two techniques was not observed. This finding was expected since the two techniques are based on 353 
different forces driving particle-migration: diffusion for DLS and centrifugal forces for CSA. 354 
Moreover, DLS is more sensitive to the scattering signal of larger particles size and often masks the 355 
signal of the smaller counter parts.17 356 
  357 
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 358 
 359 
Figure 4. Zeta-potential (Z-pot), hydrodynamic diameter (dz-ave) and sedimentation velocity (Sed V) 360 
data of pristine and functionalized P25 NPs dispersed in 1 and 10 mM NaCl solution in the pH range 361 
from 2 to 10.  362 

363 
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3.2.4 Stability categorization by statistical analysis  364 
 365 
The experimental data from ELS, DLS and CSA techniques (Tables S1-S3) were statistically analysed 366 
by clustering and PCA to categorize the different dispersions into relative stability classes as a 367 
function of the investigated intrinsic and extrinsic physicochemical parameters. NPs were clustered 368 
into three main categories, which were labelled as high, moderate, and low stability classes. The three 369 
clusters algorithms applied (i.e. Hierarchical clustering (HC), K-means (KM) and Fuzzy c-Means 370 
(FCM)), agreed in arranging data as follows: samples with high CSA and DLS values and low ELS 371 
absolute values were grouped together, as well as samples with high ELS absolute values and low 372 
CSA and DLS values.  373 
The obtained results are reported in Table S4, together with data from the voting-based Consensus 374 
clustering (CONS) performed to merge all the information achieved by the three clustering 375 
techniques. In addition, the Adjusted Rand Index (ARI) was used to assess the similarity among the 376 
four different clustering algorithms and the results are reported in Table S5, showing a good 377 
agreement among the statistical techniques.  378 
The categorization obtained by Consensus clustering is displayed by PCA in S11 and it was split for 379 
clarity into three different PCA plots with respect to pH: (I) acid pH range between 2 and 4 (Fig. 5a); 380 
(II) around the isoelectric point, i.e. pH 6 (Fig. 5b); (III) basic pH range between 8 and 10 (Fig. 5c). 381 
The ellipses depicted in each stability region represented the 68% confidence interval of data, under 382 
the reasonable assumption of normal distribution. In general, almost the same direction for the arrows 383 
corresponding to DLS and CSA data was observed (Fig. 5 and S11), showing a high correlation 384 
between these two techniques. Both hydrodynamic particles size and sedimentation velocity values 385 
increased along with the direction of the arrows, indicating a decrease of the dispersion stability. On 386 
the contrary, zeta-potential data considered as absolute values, showed an increase of the stability. A 387 
change of ELS arrow orientation along the pH scale was observed moving from the acid to the basic 388 
pH. In fact, the ELS arrow became practically orthogonal to DLS and CSA arrows, indicating an 389 
increased contribution of zeta-potential to PC2 at basic pH. In detail, as far as strong acid pH (2-4), 390 
the first principal component PC1 accounted for 80.8% of the whole variance while PC2 accounted 391 
for 13.9% of the total variability (Fig. 5a). This translates in a quite good agreement among the three 392 
analytical techniques under strong acid conditions. On the other hand, PC1 of pH 6 plot (Fig. 5b) 393 
accounted for 63.9% of the total variance and the second accounted for 27.7%. Finally, PC1 from the 394 
basic pH (8-10) plot (Fig. 5c) accounted for slightly more than half, i.e. 57.7%, and the second for 395 
roughly one third, i.e. 32.3%, indicating the same contribution from each technique to the total 396 
variability. The increment in the contribution of PC2 from acid to basic pH was mainly ascribed to 397 
ELS.  398 
An increase of surface functionalized NPs colloidal stability with respect to pristine was observed in 399 
PCA plots from pH 6 to 10 (i.e. Fig. 5b-5c). As expected from literature,43 pristine dispersions already 400 
resulted highly stable under acid conditions (Fig. 5a), along with all the P25-COOH and P25-SAL 401 
dispersions tested. A possible explanation of the high stability of these two functionalized NPs can be 402 
ascribed to the carboxylic group. In fact, as far as P25-COOH, -COOH group was not involved in the 403 
modification of P25 surface, as highlighted by FTIR spectrum (Fig. S4). Moreover, in the case of 404 
P25-SAL, the protonation of the carboxylic group attached on titanium might occur under strong acid 405 
conditions, leading to a monodentate conformation and to the free COOH group. On the other hand, 406 
P25-CAT and P25-PEG were mainly located in the moderate stability class while the less stable 407 
dispersions were represented by P25-CHO. P25-DOP was an exception, resulting highly stable at pH 408 
4, but varying its stability class at pH 2 depending on the electrolyte concentration. Taking into 409 
account the results at pH 6 (Fig. 5b), P25-COOH, P25-CHO and P25-CAT were categorized within 410 
the high-stability class. However, while P25-COOH was highly stable regardless the NaCl 411 
concentration, P25-CHO and P25-CAT moved respectively to the low- and moderate-stability classes 412 
at 10 mM NaCl solutions. The sensitivity to the salt concentrations was also observed for P25-SAL, 413 
which moved from moderate- to low-stability class at increasing NaCl concentration. As far as P25-414 
DOP and P25-PEG, they were always located within the moderate-stability class. Finally, at pH ≥ 8 415 
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(Fig. 5c), the functionalized P25-NPs dispersed in 1 mM NaCl were almost all classified as highly 416 
stable, except for the P25-PEG dispersions, again categorized as moderate stable.  417 
In summary, at strong acid pH (2-4) the colloidal stability of the P25-NPs dispersions appeared to be 418 
functional group-dependent, while from pH 6 to 10 the colloidal stability seemed to be electrolyte 419 
concentration-dependent. A comparison among the different functional groups revealed that P25-420 
COOH and P25-PEG dispersions were always located in the high- and moderate-stability class 421 
respectively, regardless of the pH and NaCl concentrations. 422 
 423 

 424 

a) 
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Figure 5. PCA plots of the P25 NPs dispersed in 1 and 10 mM NaCl at different pH: a) 2 and 4, b) pH 427 
6, c) 8 and 10. The ellipses represent a 68% confidence interval for experimental data, highlighting 428 
the regions corresponding to high, moderate, and low stability. For clarity, only the functional group 429 
of P25 functionalized NPs was reported in PCA labels. 430 
 431 
3.3. Colloidal stability assessment as a function of dispersion media 432 
 433 
The results obtained so far have highlighted the role of the different organic ligands in the colloidal 434 
stabilization of functionalized NPs dispersed in simple electrolyte solutions. The study was further 435 
extended to deionized water and ecotoxicological media i.e. AFW and AMW, to investigate how 436 
media characteristics (such as ionic strength and ionic composition) can affect the colloidal stability 437 
of the NPs dispersions, with respect to pristine P25. The results from DLS and CSA techniques are 438 
summarized in Table S6, showing a decrease of hydrodynamic diameter and sedimentation velocity in 439 
AFW and AMW for almost all the functionalized P25 NPs with respect to pristine. ELS data were not 440 
reported because of the difficulty to measure zeta-potential values in DW and ecotoxicological media 441 
(measurements prevented by the lack or too high concentration of electrolytes in solution).   442 
For this reason, before applying the same statistical approach to the new dataset, consensus clustering 443 
analysis was applied only to DLS and CSA data and the results from the statistical analysis 444 
considering 3 vs 2 techniques were compared and summarized in Table S7. The comparison 445 
highlighted that >88% of samples (62 out of 70, which corresponds to an ARI of 0.67) were included 446 
in the same stability class, suggesting the possibility of using the same statistical approach, 447 
considering only two descriptors (DLS and CSA results). As a result, the stability classes of data 448 
obtained by dispersing P25 NPs in DW, AFW and AMW, were predicted starting from NaCl data, 449 
using a Nearest Neighbour classifier. Categorization of samples dispersed in DW at original pH as 450 
well as in 1 mM NaCl, 10 mM NaCl, AFW and AMW at pH 8 was graphically represented by PCA 451 
(Fig. 6). As expected, PCA in Fig. 6 highlighted that NPs dispersed in DW were all located in the 452 
highest stability class (very low agglomeration and sedimentation of NPs due to the absence of salts) 453 
while the ecotoxicological media composition (high salt concentration and presence of divalent 454 
cations) increased the destabilization of the dispersions, regardless the functional group on the NPs 455 
surface, locating all the data into the low stability class. However, as shown by the position of pristine 456 
in AFW and AMW from the PCA plot (i.e. outside from the ellipses), an increase of the colloidal 457 
stability of P25 NPs has been obtained because of the surface functionalization performed.  458 
 459 

 460 
 461 
Figure 6. Hydrodynamic diameter (dz-ave) and sedimentation velocity (Sed V) of pristine and 462 
functionalized NPs dispersed in Deionized Water (DW) at pH 6 and in 1 and 10 mM NaCl solutions, 463 
Artificial Fresh Water (AFW) and Artificial Marine Water (AMW), all at pH 8. 464 
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 465 
4. Conclusions 466 
 467 
The work herein presented is one of the first studies employing multivariate statistical analysis 468 
methods to categorize experimental data of NPs dispersions into relative stability classes. The study 469 
highlighted that even small modifications of the NPs’ surfaces can affect their colloidal stability 470 
towards the investigated parameters (i.e. dispersion media composition, pH, and electrolyte 471 
concentration). The performed statistical analyses helped to derive conclusions on the relationships of 472 
these extrinsic characteristics with the intrinsic properties of the modified nanomaterials (e.g. surface 473 
modification), which can support in silico and materials modelling to develop SbD strategies for TiO2. 474 
In addition, the stability classification itself can directly inform the selection of 475 
dispersions/formulations for such strategies as well as for developing standard nano(eco)toxicological 476 
experiments for regulatory risk assessment. 477 
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