
Journal of Chromatography A
 

Characterisation of selenium and tellurium nanoparticles produced by Aureobasidium
pullulans using a multi-method approach.

--Manuscript Draft--

Manuscript Number: JCA-20-1167R2

Article Type: Full length article

Keywords: Biogenic nanoparticles;  selenium;  tellurium;  AF4-UV-MALS;  ICP-MS/MS;  spICP-MS

Corresponding Author: Kenneth C Nwoko, PhD
University of Aberdeen
Aberdeen, UNITED KINGDOM

First Author: Kenneth C Nwoko, PhD

Order of Authors: Kenneth C Nwoko, PhD

Xinjin Liang, PhD

Magali Perez, PhD

Eva M Krupp, PhD

Geoffrey M Gadd, PhD

Joerg Feldmann, PhD

Abstract: Aureobasidium pullulans  was grown in liquid culture media amended with selenite and
tellurite and selenium (Se) and tellurium (Te) nanoparticles (NPs) were recovered after
30 d incubation. A separation method was applied to recover and characterise Se and
Te NPs by asymmetric flow field flow fractionation (AF4) with online coupling to multi-
angle light scattering (MALS), ultraviolet visible spectroscopy (UV-Vis), and inductively
coupled plasma mass spectrometry (ICP-MS) detectors. Additional characterisation
data  was obtained from transmission electron microscopy (TEM), and dynamic light
scattering (DLS). Solutions of 0.2% Novachem surfactant and 10 mM phosphate buffer
were compared as mobile phases to investigate optimal AF4 separation and particle
recovery using Se-NP as a model sample. 88 % recovery was reported for 0.2 %
Novachem solution, compared with 50 % recovery  for phosphate buffer. Different
Crossflow (C  flow  ) rates were compared to further investigate optimum separation,
with recoveries of 88% and 30% for Se-NPs, and 90% and 29% for Te-NPs for 3.5 mL
min  -1  and 2.5 mL min  -1  respectively. Zeta-potential (ZP) data suggested higher
stability for NP elution in Novachem solution, with increased stability attributed to
minimised NP-membrane interaction due to PEGylation. Detection with MALS showed
monodisperse Se-NPs (45-90 nm) and polydisperse Te-NPs (5-65 nm).Single particle
ICP-MS showed mean particle diameters of 49.7±2.7 nm, and 135 ± 4.3 nm, and limit
of size detection (LOSD) of 20 nm and 45 nm for Se-NPs and Te-NPs respectively.
TEM images of Se-NPs and Te-NPs displayed a spherical morphology, with the Te-
NPs showing a clustered arrangement, which suggested electrostatic attraction among
neighbouring particles. Particle hydrodynamic diameters (d  H  ) measured with
dynamic light scattering (DLS) further suggested monodisperse Se-NPs and
polydisperse Te-NPs distributions, showing good agreement with AF4-MALS for Se-
NPs, but suggests that the R  g   obtained from AF4-MALS for Te-NP was unreliable.
The results demonstrate a complementary application of asymmetric flow field-flow
fractionation (AF4), ICP-MS, light scattering, UV-Vis detection, and microscopic
techniques to characterise biogenic Se and Te NPs.
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Highlights 

 Se and Te NPs were separated from liquid media using AF4 

 PEGylation enables good recovery under high crossflow 

 ICP-MS/MS enables detection of ultrasmall Te-NPs 

 UV-Vis suggested detection of EPS alongside of NPs 

 Improved sensitivity and lowered background signals from spICP-MS 
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 14 

Abstract: Aureobasidium pullulans was grown in liquid culture media amended with selenite 15 

and tellurite and selenium (Se) and tellurium (Te) nanoparticles (NPs) were recovered after 16 

30 d incubation. A separation method was applied to recover and characterise Se and Te NPs 17 

by asymmetric flow field flow fractionation (AF4) with online coupling to multi-angle light 18 

scattering (MALS), ultraviolet visible spectroscopy (UV-Vis), and inductively coupled plasma 19 

mass spectrometry (ICP-MS) detectors. Additional characterisation data  was obtained from 20 

transmission electron microscopy (TEM), and dynamic light scattering (DLS). Solutions of 0.2% 21 

Novachem surfactant and 10 mM phosphate buffer were compared as mobile phases to 22 

investigate optimal AF4 separation and particle recovery using Se-NP as a model sample. 88 % 23 

recovery was reported for 0.2 % Novachem solution, compared with 50 % recovery  for 24 

phosphate buffer. Different Crossflow (Cflow) rates were compared to further investigate 25 

optimum separation, with recoveries of 88% and 30% for Se-NPs, and 90% and 29% for Te-26 

NPs for 3.5 mL min-1 and 2.5 mL min-1 respectively. Zeta-potential (ZP) data suggested higher 27 

stability for NP elution in Novachem solution, with increased stability attributed to minimised 28 

NP-membrane interaction due to PEGylation. Detection with MALS showed monodisperse Se-29 

NPs (45-90 nm) and polydisperse Te-NPs (5-65 nm).Single particle ICP-MS showed mean 30 

particle diameters of 49.7±2.7 nm, and 135 ± 4.3 nm, and limit of size detection (LOSD) of 20 nm 31 

and 45 nm for Se-NPs and Te-NPs respectively. TEM images of Se-NPs and Te-NPs displayed a 32 
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spherical morphology, with the Te-NPs showing a clustered arrangement, which suggested 33 

electrostatic attraction among neighbouring particles. Particle hydrodynamic diameters (dH) 34 

measured with dynamic light scattering (DLS) further suggested monodisperse Se-NPs and 35 

polydisperse Te-NPs distributions, showing good agreement with AF4-MALS for Se-NPs, but 36 

suggests that the Rg  obtained from AF4-MALS for Te-NP was unreliable. The results 37 

demonstrate a complementary application of asymmetric flow field-flow fractionation (AF4), 38 

ICP-MS, light scattering, UV-Vis detection, and microscopic techniques to characterise 39 

biogenic Se and Te NPs. 40 

Keywords: Biogenic nanoparticles, selenium, tellurium, AF4, ICP-MS/MS, spICP-MS 41 

1. Introduction 42 

Selenium (Se) and tellurium (Te) are metalloid elements that belong to the chalcogen group 43 

in Group 16 of the Periodic table. Neither selenium or tellurium are extracted as primary ores; 44 

but are recovered as by-products during the processing of base metal ores such as Cu, Pb, Bi, 45 

Fe and other metals [1]. They have an extremely low crustal abundance (Se 0.05 – 0.09 mg kg-46 

1, Te 0.02 mg kg-1) and have been classified among the ‘critical’ elements due to a potential 47 

risk in their security of supply [2-4] . Both selenium and tellurium are of economic interest 48 

because of their applications in advanced technologies such as photovoltaic cells for solar 49 

energy, and thin film technologies[5-7] . To improve their supply, new methods of extraction 50 

have been investigated including chemical reduction[8, 9], electrochemical processes[10, 11], 51 

and microbial biorecovery[12-14] . Microbial biorecovery of Se and Te in their elemental forms 52 

may offer an environmentally sustainable, relatively low-cost method for their production at 53 

but can be challenged by the low yield and tedious purification steps to obtain sufficient 54 

amounts.[15-18]. Various species of bacteria and fungi have been investigated for the 55 

intracellular and extracellular biosynthesis of Se and Te NPs, as a means to biotransform 56 

oxyanions of both elements to less toxic forms; and their exploitation in environmental, 57 

industrial and medical applications [15-18]. Se and Te NPs biosynthesised by fungi and bacteria 58 

have shown average diameters of 60-80 nm and 221 nm respectively , and may be associated  59 

with lipid, carbohydrate and/or protein on the surface of the produced Se and Te NPs [18, 19]. 60 

Prior to any potential industrial application, there is a need to characterise biosynthesised 61 

NPs to determine their size, composition, distribution, and dispersibility. Various established 62 

kinds of metrological techniques are already in use for NP characterisation based on their 63 
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quantification, separation and characterisation with each technique providing a specific kind 64 

of information[20]. In this study, separation of the NPs was achieved with asymmetric flow 65 

field-flow fractionation (AF4), an analytical technique which sequentially separates NPs in a 66 

thin channel in order of increasing particle size under the influence of a perpendicular 67 

crossflow[21-24] . One advantage of the AF4 technique is its versatility to be simultaneously 68 

coupled with multiple detectors, with multi-angle light scattering (MALS) and inductively 69 

coupled plasma mass spectrometry (ICP-MS) detectors providing particle size data and 70 

element-specific detection, respectively and able to detect nano- and microparticles in the 71 

same run. For single particle inductively coupled plasma mass spectrometry (spICP-MS), 72 

sufficiently diluted suspensions are detected above a background signal and counted in fast 73 

time resolved analysis (TRA) mode using ultrafast integration times[25, 26] . The introduction 74 

of a single NP into the plasma generates a packet of ions creating a pulse signal when it 75 

reaches the detector. The detector pulse is correlated to the total mass per particle and 76 

subsequently correlated to the particle size[27-30] . 77 

The main advantages of spICP-MS are that it employs the power of an ICP plasma to 78 

completely destroy any biological matrix material; it uses very small sample volumes with 79 

sufficient dilution to ensure high sensitivity of signals above background and avoid detection 80 

of two particles in one measurement event. In this study, we demonstrated the need for 81 

complementary analytical techniques to characterise biogenic nanoparticles. In addition to 82 

the coupled AF4-UV-MALS-ICP-MS and spICP-MS analytical tools, the conventional and 83 

relatively straightforward techniques such as transmission electron microscopy (TEM) and 84 

dynamic light scattering (DLS) were employed to provide an enhanced analytical perspective 85 

for a better characterisation of biogenic Se/Te-NPs produced by the polymorphic fungus 86 

Aureobasidium pullulans when exposed to selenite and tellurite. Many fungi are capable of 87 

the reductive transformation of metalloid oxyanions, including Se and Te, to elemental forms 88 

which provides a biological system applicable to bioremediation and/or element 89 

biorecovery[13, 31]. 90 

2. Materials and Methods 91 

2.1 Experimental 92 

2.1.1 Biosynthesis of NPs by A. pullulans. Se and Te NPs biosynthesis by A. pullulans was 93 

performed following the protocol described by Liang et al [18] All reagents and chemicals used 94 
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were of analytical grade or better with all volumes measured gravimetrically. Liquid cultures 95 

were prepared in 250-mL Erlenmeyer conical flasks containing 100 mL nutrient medium on 96 

an orbital shaking incubator (Infors Multitron Standard, Rittergasse, Switzerland) at 125 rpm, 97 

25°C in the dark. AP1 agar medium was used as the growth medium with previously stated 98 

nutrient consisting of (L-1 Milli-Q water): D-glucose 30 g, (NH4)2SO4 5 g, KH2PO4 0.5 g, 99 

MgSO4·7H2O 0.2 g, CaCl2·6H2O 0.05 g, NaCl 0.1 g, FeCl3·6H2O 0.0025 g, and trace metals: 100 

ZnSO4·7H2O 0.004 g, MnSO4·4H2O 0.004 g, CuSO4·5H2O 0.0004 g. All chemicals, apart from D-101 

glucose, were prepared as 1 M stock solutions and autoclaved separately (121 °C, 15 min) 102 

before appropriately combining the required volumes to reach the desired final 103 

concentrations for AP1 liquid medium. Sodium selenite (Na2SeO3) or sodium tellurite 104 

(Na2TeO3) were dissolved separately in Milli-Q water and sterilized by membrane filtration 105 

with 0.2 µm cellulose nitrate filter paper (Whatman, Maidstone, Kent, UK) and added to 106 

autoclaved AP1 medium (121oC, 15 min) at room temperature to give a final concentration of 107 

1 mM. After autoclaving, the pH of liquid medium was adjusted to pH 5 using sterile 1 M HCl. 108 

A. pullulans was grown on AP1 agar medium for 4 d at 25°C prior to liquid subculture. For 109 

inoculation, ten 6 mm diameter inoculum plugs were taken from the margins of actively 110 

growing colonies using sterile cork borers (autoclaved at 121°C, 15 min) and added to 100 ml 111 

AP1 medium for incubation as described above. The ability of A. pullulans to reduce selenite 112 

and tellurite was assessed visually, the red (Se) or black (Te) colouration being used as an 113 

indicator of reduction to their elemental forms. The culture media was filtered through 114 

cellulose nitrate membrane filters (0.45 µm pore diameter, Whatman, Maidstone, Kent, UK) 115 

to obtain suspensions free of micro-sized particles. Particles present in the fungal supernatant 116 

were harvested by centrifugation at a series of speeds (4k, 8k and 13k x g), each centrifugation 117 

step lasting 30 min until the particles in the supernatant were separated from the biomass. 118 

Harvested particles were rinsed through a graded ethanol series (50-100%(v/vaq), 15 min per 119 

step), then rinsed three times with a 20 % (w/v) sodium dodecyl sulphate (SDS) solution and 120 

finally rinsed three times with autoclaved Milli-Q water (120 °C, 15 min) to remove remaining 121 

impurities. 122 

 123 

2.1.2 Determination of total elemental Se/Te: 50 mg of the recovered suspensions was 124 

weighed into 50 mL sample vials, 4 mL aqua regia added, pre-digested overnight in a fume 125 

hood and subsequently digested in a microwave (Mars5, CEM Microwave Technology Ltd, 126 
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Buckingham, UK) using the open vessel method[32] . Trace element calibration standards 127 

(VWR, USA) in the range 1 µg L-1 to 100 µg L-1 were prepared and analysed for quantification 128 

of Se/Te by external calibration with inline addition of 10 µg L-1 Ge was used as an internal 129 

standard to monitor plasma fluctuation and cancel out sensitivity shifts. All analysis was 130 

performed in triplicate and errors reported as standard deviation. 131 

 132 

2.1.3 Preparation of AF4 carrier solutions. AF4 carrier solutions were prepared fresh daily 133 

before measurement with de-ionised water (18.2 Ω cm) obtained from a Millipore system. 134 

Novachem surfactant (Postnova Analytics Landsberg, Germany) was diluted with de-ionised 135 

water in a 1000 mL volumetric flask to reach a concentration of 0.2% v/v. The Novachem 136 

surfactant is a mixture of cationic and anionic surfactants as follows (in wt.%): water 88.8, 137 

triethanolamine oleate 3.8, sodium carbonate 2.7, alcohols + C12-14-secondary ethoxylate 138 

1.8, tetrasodium ethylenediaminetetraacetate 1.4, polyethylene glycol 0.9, sodium oleate 139 

0.5, sodium bicarbonate 0.1. 10 mM phosphate buffer was prepared by dissolving 8 g of NaCl, 140 

200 mg KCl, 240 mg KH2PO4, and 1.44 g Na2HPO4, in 800 mL of deionised water. The pH was 141 

adjusted to 7.4 with aqueous ammonia and deionised water added to a final volume of 1000 142 

mL. Both solutions were stirred for 10 min and vacuum filtered through a 0.45 µm cellulose 143 

acetate filter.  144 

 145 

2.1.4 Sample preparation for spICP-MS. 0.5 mL samples were transferred to 1.5 mL 146 

Eppendorf vials fitted with 10 kDa cut-off mesh. Vials were centrifuged at 10,000 x g for 3 147 

min, the supernatant was discharged, and the pellets rinsed with 0.5 mL deionised water. The 148 

process was repeated, and the final pellet was resuspended in 0.5 mL deionised water, then 149 

transferred to 15 mL plastic tubes. Filtered samples were diluted with deionised ultrapure 150 

water prior to spICP-MS analysis. Transport efficiency was determined with measurement of 151 

a 50 mg kg-1 AuNP colloidal suspension (Nanocomposix, USA) with a nominal diameter of 60 152 

nm as a reference standard since Se or Te nanoparticle certified reference standards are not 153 

currently available. The Au-NP suspension was diluted by a factor of 10-6 to give a final 154 

concentration of 50 ng kg-1. Elemental aqueous standards of Se and Te of 1 μg L-1 were 155 

prepared for the determination of elemental response factors. All samples were bath 156 

sonicated at 37 kHz for 10 min before analysis. 157 

 158 
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2.2 Instrumental analysis  159 

2.2.1 AF4-UV-MALS. AF4 analysis was performed with a metal-free AF 2000 system 160 

(Postnova Analytics, Landsberg, Germany), with inbuilt software for data acquisition. The 161 

separation system consisted of a solvent degasser, solvent organiser, two isocratic solvent 162 

pumps, a pair of Kloehn pumps for generation of the crossflow, an auto-sampler, and a 163 

separation channel. The separation channel consisted of a trapezoid cartridge, fitted with a 164 

spacer of 350 µm nominal height and a regenerated cellulose acetate membrane with 165 

molecular weight cut-off (MWCO) of 10 kDa as the accumulation wall. The auto-sampler and 166 

oven temperatures were maintained at 4 oC and 20 °C, respectively. The AF4 system was 167 

coupled to UV-Vis, multi-angle light scattering (MALS) detectors and an ICP-MS through an 168 

interface system. The MALS detector consisted of 21 light scattering cells at angles between 169 

7o and 164o, with a laser light intensity of 50 mW and wavelength of 532 nm. A sample volume 170 

of 20 µL was maintained throughout, with at least triplicate injections per sample. Sample 171 

carryover was eliminated by injecting 1 % HNO3 solution for 5 min after each run to flush the 172 

AF4 channel.  173 

2.2.2 ICP-MS/MS: ICP-MS/MS analysis was performed using an Agilent 8800 ICP-MS/MS 174 

(Agilent Technologies, Santa Clara, USA) instrument. The ICP-MS instrument was fitted with a 175 

Micromist nebulizer and a Scott double pass spray chamber. ICP-MS/MS operating conditions 176 

are listed in Table S1.  177 

2.2.3 spICP-MS: Single particle ICP-MS analysis was performed using an Agilent 7900 ICP-178 

MS equipped with a Micromist nebulizer, double pass spray chamber and an autosampler. 179 

The system was fitted with a quartz torch with internal diameter of 1 mm to reduce signal 180 

background and improve sensitivity. Nanoparticle diameters for all the samples were 181 

reported as an average diameter of six replicates. Collision cells were pressurised with 3.5 mL 182 

min-1 H2 gas in both ICP-MS/MS and sp-ICP-MS measurements to remove interfering species. 183 

Instrumental parameters (lens position, torch position) were optimised daily to achieve 184 

maximum sensitivity with an aqueous tune solution of 10 μg L−1 Li, Co, Y, Ce, Tl. Data analysis 185 

was performed using Agilent MassHunter 4.4 software (Agilent Technologies, USA).  186 

2.2.4 TEM: Samples were bath sonicated at 37 kHz for 5 min and 5 µL aliquots transferred 187 

using a micropipette onto a Formvar-coated 200-mesh copper grid and left to dry in ambient 188 

conditions for 20 min. TEM Images were acquired with a JEOL-1400 plus electron microscope, 189 

at an accelerating voltage of 80 kV, using an AMT UltraVUE camera. After image acquisition, 190 
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they were filtered, and individual points were counted as NPs using ImageJ processing 191 

software, assuming a spherical morphology for the NPs; particle diameters were calculated 192 

from areas of individual spheres. 193 

2.2.5 Dynamic light scattering (DLS): DLS analysis in batch mode was performed with a 194 

Malvern Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK) system with a He-Ne 195 

laser as the light source at 632 nm and 173° scattering angle. Samples were dispersed in 196 

deionised water with refractive index (1.33), viscosity (8.9 × 10−4 Pa s) and temperature (25°C) 197 

inputted into the measurement file. The sample suspensions were diluted 1:100 v/v with 198 

deionised water followed by 120 s equilibration time. Average particle sizes based on 199 

scattered light intensity weighted averages were automatically calculated by the software 200 

based on the Stokes-Einstein theory and reported as hydrodynamic diameters. The 201 

instrument also enabled the determination of the zeta-potential under same instrumental 202 

settings with equilibration time of 120 s. The determination of the zeta-potential was based 203 

on the Smoluchowski model with a Henry’s Function F(Ka) of 1.5. 204 

 205 

3. Results and Discussion 206 

3.1 Total biogenic SeNPs and TeNPs generated by A. pullulans 207 

After 30-day incubation, nanoparticles were harvested from supernatants of A. pullulans after 208 

growth in AP1 medium amended with 1 mM Na2SeO3 (79 mg Se L-1)/Na2TeO3 (128 mg Te L-1). 209 

Total yields of SeNPs and TeNPs harvested from the supernatant were 81.6 ± 1.4 mg L-1, 21.5 210 

± 0.1 mg L-1 (n=3) respectively. Previous research has already demonstrated that SeNPs and 211 

TeNPs can be located both intracellularly and extracellularly[18, 33]this work focused on the 212 

extracellular SeNPs and TeNPs harvested from the fungal supernatant because of their 213 

relative ease of separation from the biomass and media. It appeared that the 214 

biotransformation of selenite to elemental selenium was quantitative while the 215 

biotransformation from tellurite to elemental tellurium saw only resulted in a conversion of 216 

16.8%. Se and Te species can betoxic to microbes, with Te  reported to show higher toxicity 217 

at lower concentrations than Se [34]. In some microbes, Te-oxyanions such as tellurite react 218 

with thiols such as glutathione (GSH); which supports the conversion of tellurite to elemental 219 

tellurium [35]. The low yield of Te-NPs by A.pullulans is therefore suggested to be linked to Te 220 

toxicity which though is not fully understood in fungi, could be caused by the accumulation 221 
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of reactive oxygen species (ROS) as a result of depletion of GSH and resultant loss of anti-222 

oxidant capability. 223 

3.2 AF4 method development and optimisation 224 

From field-flow fractionation (FFF) theory, retention time (tr) is directly proportional to 225 

particle size and is dependent on parameters such as absolute temperature, area of the 226 

accumulation wall, crossflow rate, viscosity of the mobile phase, channel flow, and channel 227 

thickness[21, 22] . A combination of AF4 parameters such as membrane type, crossflow rate 228 

(Cflow), focus flow rate, channel thickness, ionic strength of carrier, and sample load have been 229 

established to influence optimum separation and recovery in the AF4 technique to various 230 

degrees[36, 37] . In our study, AF4 separation parameters of mobile carrier and Cflow rates were 231 

investigated for their influence on recovery and elution of the Se/Te-NPs. The 0.2% v/v 232 

Novachem solution was compared with a buffer solution, (10 mM phosphate buffer, pH=7.4), 233 

to compare their suitability as an AF4 mobile carrier for the microbial sample matrices. 234 

Recoveries obtained from UV-Vis signals (Figure 1) were compared with the peak area of an 235 

injection without a Cflow, using the formula (Equ. 1) [38] : 236 

R (%) = A/A0 X 100    Equ. 1   237 

 238 

where,  A= Peak area obtained with a crossflow 239 

   A0= Peak area without an applied crossflow 240 

 241 

Recoveries of 88% and 50% were recorded for the Se-NPs using 0.2% v/v Novachem solution 242 

and 10 mM phosphate buffer, respectively. Both 0.2% v/v Novachem solution and 10 mM 243 

phosphate buffer influenced the analyte retention times; the Se-NP peak was observed at 26 244 

min in 0.2% v/v Novachem solution, and 30 min in phosphate buffer. This indicated that the 245 

surface of SeNPs were modified with phosphate buffer which could be due to an electrostatic 246 

effect, such that the SeNPs have lower surface charges resulting in a higher level of membrane 247 

adsorption and consequently elute later. The electrostatic effect might also be related to the 248 

ζ-potential (ZP) of the NPs (Table 1). A net negative surface ZP has been reported for the 10 249 

kDa membrane in past studies [39, 40]. Theoretically, lower ZP values might indicate lower 250 

stability and promote aggregation/adhesion, while higher ZP values would indicate better 251 

stability [41]. The phosphate ions would be expected to impart a negative charge to the Se-252 

NPs which would enhance repulsion between the membrane and surface NPs, but this 253 
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appears not to be the case, as attractive forces appear to be present. Also, the higher ionic 254 

strength may also increase the compression of the electric double layer (EDL) and decrease 255 

ZP [42]. Furthermore, it appears that polyethylene glycol (PEG) in the Novachem surfactant 256 

facilitates the formation of a PEGylated corona around the NP which increases its stability 257 

[43]and may minimize interaction with the membrane which consequently improves 258 

recovery. Though maximum electrostatic repulsion determined by ZP measurements  is 259 

required to ensure minimal contact between the NPs surface and the membrane, it is 260 

challenging to explain electrostatic attractive forces which may be present (such as Van der 261 

Waals forces). Therefore, ZP data must be interpreted and applied with caution. Also, 262 

accurate ZP measurements in cell culture medium are challenging because of their 263 

enrichment with ions which increases conductivity and interferes with ZP measurement [42]. 264 

 Table 1  ZP values of Se-NP and Te-NP dispersed in AF4 running solutions 265 

 266 

 267 

 268 

 269 

 270 

 271 

Figure 1. Representative AF4-MALS-UV fractograms depicting the effect of mobile phases 272 

using 0.2% v/v Novachem solution (NVC, red traces) in comparison with 10mM phosphate 273 

buffer (PO4; black traces); as detected by light scattering (LS 90°) (top fractogram)and UV-Vis 274 

(bottom fractogram) at 280 nm wavelength. Novachem solution demonstrated faster elution 275 

and better analyte recovery (88%) than phosphate buffer (50%). Analysis conditions for AF4 276 

are reported in Table S2 (Supplementary information). 277 

 278 

To optimise the AF4 method, an elution programme with an optimal Cflow rate was 279 

investigated and sample recoveries monitored with the UV-Vis, MALS and ICP-MS/MS 280 

detectors with recovery calculations shown with ICP-MS/MS signals (Figure 2). A 2 mL min-1 281 

Cflow resulted to a narrow Se peak at 17 min (30% recovery), compared to the 88% recovery 282 

rate with a Cflow of 3.5 mL min-1, with a symmetrical monodisperse peak. Similarly, TeNPs 283 

eluted with Cflow 3.5 mL min-1 also showed a larger peak area with higher recovery (90%) 284 

compared to Te-NPs eluted at 2 mL min-1 with low recovery (29%). Separation with a 3.5 mL 285 

min-1 crossflow, showed larger peak areas and consequently better analyte recoveries with 286 
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clearer separation of peaks. Cflow rate is a critical AF4 separation parameter [44, 45]. Though it 287 

is expected from FFF theory that a higher crossflow increases the chances of membrane 288 

adhesion and poor recovery [46], previous studies have reported that the filtration of complex 289 

samples prior to injection improves analyte recovery [39]. It appears that filtration through a 290 

0.45 µm cellulose acetate filter significantly reduced the amount of biological debris and 291 

micro-sized particles in the sample matrix which would otherwise adhere to the membrane. 292 

Another possible explanation for this observation is that the higher repulsion generated 293 

between the negatively charged Se-NP and the negative ZP of the membrane causes  the 294 

particle to diffuse faster, hence shorter time and also higher recovery. 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

Figure 2. AF4-ICP-MS/MS fractograms depicting the comparison of different Cflow rates on the 303 

recovery of Se-NP (red traces) and Te-NP (black traces using 0.2% v/v Novachem solution as 304 

mobile phase. Cflow rates of 3.5 mL min-1 (bottom fractogram, B) for both Se-NP and Te-NP 305 

indicated higher analyte recovery compared with Cflow of 2.0 mL min-1. Analytical conditions 306 

for ICP-MS/MS are reported in Table S1 (Supplementary information). 307 

 308 

The Cflow programme in exponential decay mode applied in this study consumed more carrier 309 

liquid compared to a linear-mode, but it provided a better separation resolution, recovery, 310 

and sensitivity for aggregated samples. It also has been validated  in the AF4 separation of 311 

pullulan and hydroxypropyl cellulose by Leeman et al [47] . Moreover, the Se-NP peak 312 

appeared towards the end of the applied Cflow in the elution programme, suggesting that the 313 

Se-NPs have a reversible, strong attractive force towards the membrane in contrast to the Te-314 

NPs which completely eluted within the elution timeframe with an applied Cflow.  315 

3.3  Particle sizing by AF4-MALS  316 

Radii of gyration were computed from MALS signals based on a spherical fit model and 317 

showed good data fit across the light scattering angles (Figure S1). The MALS detector was 318 

calibrated using 5 mg/mL bovine serum albumin (BSA) and 0.2% Novachem solution as eluent 319 

as recommended by the instrument manufacturer’s protocol (Postnova Analytics GmbH). A 320 
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molar weight of 66,000 g/mol was recorded for BSA with the application of 0.185 mL/g for 321 

refractive index increment (dn/dc) while the second virial coefficient was considered 322 

negligible considering the very dilute concentrations typical of AF4 separations [48]. 323 

Se-NPs showed a particle size range of 45 nm – 90 nm with a mean Rg value of 80.0 nm and 324 

appeared monodisperse; while Te-NPs showed a mean Rg of 29.5 nm, within a range of 5 nm 325 

to 65 nm and were polydisperse. The Te-NP ICP-MS/MS traces (Figure 2) clearly highlighted 326 

the detection of three fractions of Te-NPs between 4 min (t0) and 15 min, which are not visible 327 

from the MALS trace (Figure. 3B), demonstrating the higher sensitivity and specificity of ICP-328 

MS/MS over MALS detection. Furthermore, intense UV-Vis signals for both elements 329 

suggested the detection of light absorbing biomolecules in the NPs, which have been 330 

previously reported to be extracellular polymeric substances (EPS) secreted by A. pulluans[18]  331 

The UV-Vis- and MALS peaks for Se-NPs (Figure S3) appeared to be well-overlaid  suggesting 332 

that the EPS surrounded the Se-NPs surface. However, the UV-Vis peak however shows a peak 333 

at around 20 min without a corresponding MALS signal, which suggests a different 334 

biomolecule present in the EPS which is not bound to the NP. For the Te-NPs, the UV-Vis signal 335 

showed two peaks between 20 min and 25 min which also suggested the presence of  multiple 336 

biomolecules present in the EPS.  The MALS signal was detected at 30 min,suggesting the 337 

detection of large sized non-Te containing NP, while the fraction of EPS detected with UV-Vis 338 

(20-25  min) showed the absence of light scattering molecules. It can be inferred that the Te-339 

NPs were unstable and disintegrate in the channel during separation. Also, Te-NPs below 100 340 

nm have been reported to exhibit plasmonic-like scattering like Au-NPs[49]and in this case 341 

appeared to interfere with the light scattering signal which may explain the near absent MALS 342 

signal between 4 and 15 min. 343 

 344 

Figure 3. AF4-MALS fractograms of Se-NPs (top fractogram, A) and Te-NPs (bottom 345 

fractogram, B) detected by light scattering ((LS 90°) on the left axis, and  radius of gyration  346 

(Rg) on the right axis, with size computation based on a spherical fit model. Demonstration of 347 

data fit across light scattering angles is depicted in Figure S1 (Supplementary information). 348 

Se-NPs showed a  narrow monodisperse structure with a range of 45-90 nm, while Te-NPs 349 

were polydisperse with a 5-65 nm. 350 

 351 

3.4 Single particle ICP-MS  352 
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In single particle ICP-MS (spICP-MS), particle diameter is dependent on the total mass 353 

introduced into the plasma through the nebulizer (transport efficiency), which in this study 354 

was calibrated against a 50 ng kg-1 Au-NP (60  ± 5 nm) certified reference material following 355 

the protocol reported in our previous work[50] . The spICP-MS results showed a median 356 

particle diameter 49.7±2.7 nm for Se-NPs, and a limit of size detection (LOSD) of 20 nm, 357 

attributed to reduced background signal levels. This reduced background signal arose from a 358 

number  of factors: measurement of the more abundant 78Se isotope and removal of argon 359 

dimer (40Ar 38Ar) interference resulting from the addition of H2 gas to the collision cell[51]; 360 

and the ultracentrifugation of the samples with a 10 kDa cut-off filter during sample 361 

preparation which removed excess dissolved Se/Te from the samples and consequently 362 

reduced the background.  363 

 364 

Figure 4. Time scans and particle size-frequency distribution of NP signals acquired for Se(A), 365 

and Te(B) at a dwell time of 0.1 ms. MassHunter software analysis indicated a median 366 

diameter of 49.7±2.7 nm Se-NPs, and 135±0.3 nm Te-NPs. Limits of size detection (LOSD) were 367 

20 nm, and 45 nm for Se-NP and Te-NP, respectively. Analytical conditions for sp-ICP-MS are 368 

reported in Table S1 (Supplementary information). 369 

 370 

The Te-NPs showed a median diameter of 135 ± 0.3 nm and are therefore significantly larger 371 

than the SeNPs. However, the particle-size distribution (PSD) is not normally distributed 372 

because the measurement of a NP suspension with spICP-MS always produces a combined 373 

signal containing both dissolved ions and particles. Thus, in calculating the PSD frequencies of 374 

a NP suspension, the instrumental software assumes that the lowest intensities in the 375 

histogram arose from particle free measurements. However, the dissolved analyte signal 376 

actually contributes to the determination of the PSD, despite of the apparent removal of 377 

dissolved analyte signal from the data during PSD calculations[52] . This is responsible for the 378 

LOSD of 45 nm for Te-NPs, which was an improvement from the LOSD of 80 nm for biogenic 379 

Te-NPs reported by Gómez-Gómez et al. [53]. Like in the case of the Se-NP, this also appeared 380 

to be related to the removal of excess dissolved tellurium using the ultracentrifugation cut-381 

off membrane and subsequent dilution of the samples. However, one disadvantage of the 382 

ultracentrifugation step could be the loss of smaller sized NPs, which may cause a bias in 383 

particle counting in favour of larger sized particles as seen with the Te-NPs. In addition, 384 

enhanced particle detection and counting was achieved in this study with a 0.1 ms dwell time 385 
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compared with a 3 ms dwell time reported in the study by Gómez-Gómez [53] . Mean Rg 386 

(80 nm) from AF4-MALS correlated with the median diameters (49.7 nm) recorded by spICP-387 

MS for Se-NPs (which represents only Se, assuming a core of only Se). AF4-MALS Rg values 388 

suggested a corona surrounding the Se-NP, which was likely to be secreted extracellular 389 

protein from the fungi which behave as capping agents[54] . 390 

3.5 TEM  391 

Microscopic examination is a conventional, fast, direct, and simple technique to examine NP 392 

morphology and determine core particle diameters (as equivalent circular diameters) by 393 

counting the number of representative particles as originally reported by Woehrle et al[55] . 394 

TEM images indicated spherical morphologies for both NPs, but the Te-NPs were arranged in 395 

clusters or aggregates while the Se-NPs were randomly distributed (Figure. 5). 396 

 397 

 398 

 399 

Figure 5. TEM images (top left and bottom left) and frequency size graphical distributions (top 400 

right and bottom right) of Se-NPs (A) and Te-NPs (B). Se-NPs displayed spherical shapes and 401 

randomly distributed, while Te-NPs displayed a clustered arrangement. 402 

 403 

The formation of clusters can be attributed to electrostatic interactions from functional 404 

groups present in the proteins and polysaccharides contained in the extracellular polymeric 405 

substances (EPS) which have been associated with biogenic tellurium recovered from fungal 406 

biomass [14] . The TEM average particle diameters for Se-NP (35.5±2.5 nm) were comparable 407 

with spICP-MS (49.7±2.7 nm) and reflected a more realistic particle size since the NPs 408 

measured with TEM did not undergo additional sample preparatory steps such as dilution and 409 

centrifugation which might alter particle size. TEM also captures smaller sized particles below 410 

the particle LOSD recorded with spICP-MS (10 nm for Se-NP, 15 nm for Te-NP) which makes 411 

it an attractive technique for measurement of ultrasmall NPs. However, TEM measures only 412 

a small proportion of the sample and therefore assesses fewer number of particles compared 413 

to AF4 and spICP-MS. 414 

3.6 Particle sizing by dynamic light scattering (DLS)  415 

DLS provides a quick non-invasive, non-specific technique to obtain particle size distributions 416 

(as hydrodynamic diameters, dH) and polydispersity index of colloids in solution. DLS theory 417 
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is based on correlating the light scattered by particles and undergoing Brownian motion, to 418 

their size and shape based on the Stokes-Einstein equation[56]. Irradiation of colloidal 419 

particles dispersed in a liquid medium by a laser source causes changes in light intensity over 420 

time; these changes are related to the particle diffusion coefficient. Bigger particles diffuse 421 

slowly causing changes in the intensity of scattered light over a larger time scale, while the 422 

smaller particles move faster. Therefore, an ideal solution for DLS must be sufficiently diluted 423 

and free of large particles that can cause interference. To minimise multiple scattering and 424 

interference from artefacts such as dust, the DLS instrument was equipped with non-invasive 425 

backscattering (NIBS) which detects scattered light at a 173° angle[57, 58] . Quality control of 426 

DLS data was ensured by measuring latex particles (diluted in water), showing  diameters of 427 

64 ± 2.6 nm and 131 ± 2.5 nm which were within range of certified values (60 ± 3 nm, 428 

and  125± 2 nm) respectively. Samples were measured at least in triplicates at least and 429 

showed good reproducibility of peaks for Se-NPs, while in Te-NPs, the overlaid peaks 430 

suggested non-uniform scattering that may be caused by the presence of aggregates. A 431 

polydispersity index (PDI) below 0.7 suggests a monodisperse NP distribution while values 432 

above 0.7 are considered polydisperse[59] . Se-NPs showed a monodisperse distribution 433 

(Figure 6) with a polydispersity index of 0.2, while Te-NPs showed a polydispersity index of 434 

0.7 and were therefore considered more polydisperse. Since both AF4-MALS and DLS provide 435 

the particle size as an ensemble, both techniques can therefore be directly compared. This 436 

can also be attributed to calculation methodologies used for both DLS and MALS which work 437 

well for monodisperse samples but are not always appropriate for polydisperse samples[60] 438 

..  439 

 440 

 441 

Figure 6. DLS fractograms showing intensity weighted distributions for Se-NPs (A) and Te-NPs 442 

(B) at the top half of the panel and overlay of triplicate analysis of Se-NPs (C) and Te-NPs (D). 443 

Average diameters of 167±1.4 nm and 174 ± 2.1 nm were recorded for Se-NPs and Te-NPs.  444 

 445 

A summary of the particle radii obtained from the different techniques reflected the different 446 

principles of each technique (Table 2). Theoretically, DLS and AF4-MALS measure the size of 447 

the particle core and any surrounding material including the surface coating which may be 448 

contributed by stabilizing agents. spICP-MS measures the size distribution of the inorganic NP 449 
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particle core from its elemental mass, while TEM is a non-specific technique which applies 450 

transmitted electrons which enables the visualisation and counting of the “particles” on the 451 

sample grid, which may sometimes include  particle aggregates. Therefore,  particle sizes 452 

obtained from DLS cannot be accurately compared with spICP-MS because DLS is very non-453 

specific and measures hydrodynamic diameter while spICP-MS measures the diameter of a 454 

single spherical particle and is element specific, i.e., it reports the size of the Se or Te core of 455 

the Se-NP and Te-NP, respectively. DLS must therefore be considered only as a screening 456 

approach to investigate the presence or absence of submicron particles regardless of their 457 

chemical composition. 458 

For Se-NPs, Table 2 showed that the mathematical radius detected with spICP-MS was 1/3 of 459 

the hydrodynamic radius (RH) detected with AF4-MALS and DLS,  with the latter two 460 

techniques showing good agreement (Table 2). The AF4-MALS and DLS data can be possibly 461 

attributed to a corona surrounding the Se-NP core comprising a solvent hydration layer, 462 

adsorbed salts on the NP surface, and extracellular polymeric substances (EPS) secreted by A. 463 

pullulans [61, 62]; with an assumption that the particle has a pure elemental selenium core. 464 

The particle sizes of the Se-NP measured with spICP-MS and TEM are  comparable considering 465 

that the spICP-MS average particle radius of 25 nm was close to its limit of size detection 466 

(LOSD) of 20 nm reported for Se-NPs. The TEM images of Se-NPs also appeared randomly 467 

distributed suggesting some overlap between smaller and larger sized particles, which makes 468 

it challenging for the ImageJ software to assign an accurate average particle size. 469 

The Te-NPs showed a distinct difference from the Se-NPs. Particle radii from DLS were far 470 

higher than AF4-MALS and may suggest non-uniform light scattering caused by the presence 471 

of aggregates in the sample. Excessive aggregation detected by the DLS technique for Te-NPs 472 

compared to Se-NPs is evident from their standard deviation values (±3.1 vs ±0.9).  The AF4-473 

ICP-MS/MS and AF4-MALS fractograms (Figure 2B and 3B) also suggested a highly aggregated 474 

and polydisperse sample distribution with 4 Te-NPs size fractions which were more clearly 475 

detected by AF4-ICP-MS/MS (Figure 2B). AF4-MALS (Figure 3B) and AF4-UV (Figure S3) peaks 476 

were observed between 20 and 30 min but were undetected with AF4-ICP-MS/MS (Figure 2B) 477 

which strongly suggested the presence of biomolecules or EPS which have detached from the 478 

Te-NP surface. 479 

Furthermore, the ultra-small sized TeNPs detected at the beginning of the AF4-ICP-MS/MS 480 

and AF-MALS fractograms might induce a high surface free energy that accelerated the 481 
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aggregation of adjacent Te-NPs, which resulted in unreliable particle data when light 482 

scattering techniques (AF4) were applied. Moreover, the relative less dense surface coating 483 

of the Te-NPs might cause the numerous unsaturated coordination sites on the NP surface to 484 

easily absorb or bond with the solvent molecules[63] . It is also possible that the aggregated 485 

NPs became unstable and broke down in the AF4 channel, as reported for mercury NPs by 486 

Ruhland et al. [64]. spICP-MS measures the aggregates as one whole particle without breaking 487 

them up resulting in an apparent larger average particle radius (67 nm) ; with the highest 488 

standard deviation (±4.3) amongst the 4 techniques further suggesting that the Te-NPs were 489 

heterogeneously distributed and more polydisperse than the Se-NPs. The TEM images 490 

showed a tightly clustered distribution which further indicated that the Te-NPs tend to form 491 

aggregates. The TEM average particle radius of 19.5 nm further supports the observation of 492 

a tightly clustered distribution which might be a result of strong electrostatic interaction 493 

between the Te-NPs and the surrounding medium. 494 

 495 

Table 2. Summary of particle sizes measured with the different techniques. Errors are given 496 

as standard deviation of triplicates; diameters and mathematical radius are shown (in 497 

parentheses). 498 

 499 

4. Conclusions 500 

Selenium and tellurium nanoparticles were harvested from A. pullulans grown in liquid 501 

medium amended with sodium selenite and sodium tellurite for 30 days and characterised 502 

using different techniques. Based on the results presented in this work, the NPs have been 503 

separated with field-flow fractionation and characterised (particle size, shape, morphology, 504 

and distribution) with mass spectrometry and optical techniques. Various flow and sample 505 

parameters influence an optimal AF4 separation, and therefore a minimal number of 506 

parameters should be identified during an analytical study to conserve time and resources. 507 

The major advantage of AF4 fractionation is its capability to be simultaneously coupled with 508 

multiple detectors to achieve high resolution NP separation from a complex matrix, particle 509 

concentration, size distribution, elemental detection in one single run. The coupling of AF4-510 

MALS-UV with spICP-MS analysis for inorganic nanoparticle detection has been reported [65, 511 

66], an inability to couple both techniques was therefore considered to be a major limitation 512 

of this study. To achieve optimal separation with asymmetric flow field-flow fractionation 513 
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(AF4), a surfactant-based carrier solution and a high crossflow were applied which showed 514 

particularly good recoveries and resolution. Based on their elution behaviour, Se-NPs and Te-515 

NPs displayed different particle physico-chemical properties and flow behaviour in the AF4 516 

channel. ICP-MS showed high sensitivity over MALS particularly with the detection of 517 

ultrasmall Te-NPs. Particle diameters obtained from spICP-MS suggested either a bias in 518 

favour of the counting of larger sized particles, or aggregation especially for Te-NPs. 519 

Improvement in LOSD for Se and Te measured with spICP-MS demonstrated the reliability of 520 

our data and is an improvement on previous studies. Though TEM and DLS are non-specific 521 

and regarded as conventional and relatively easy techniques, they are strong tools to provide 522 

imaging and size distribution for NPs, requiring low sample volumes and providing easily 523 

interpretable data. As ensemble sizing techniques, DLS and MALS data showed good 524 

agreement for a monodisperse Se-NP with dense polymer layer which was free of aggregates, 525 

while suggesting the detection of polydisperse Te-NP aggregates. The study has contributed 526 

further to understanding the nature of biogenic Se and Te NPs and their characterization and 527 

illustrated that a multi-method approach is necessary to characterise these natural NPs in a 528 

more holistic way. 529 
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 14 

Abstract: Aureobasidium pullulans was grown in liquid culture media amended with selenite 15 

and tellurite and selenium (Se) and tellurium (Te) nanoparticles (NPs) were recovered after 16 

30 d incubation. A separation method was applied to recover and characterise Se and Te NPs 17 

by asymmetric flow field flow fractionation (AF4) with online coupling to multi-angle light 18 

scattering (MALS), ultraviolet visible spectroscopy (UV-Vis), and inductively coupled plasma 19 

mass spectrometry (ICP-MS) detectors. Additional characterisation data  was obtained from 20 

transmission electron microscopy (TEM), and dynamic light scattering (DLS). Solutions of 0.2% 21 

Novachem surfactant and 10 mM phosphate buffer were compared as mobile phases to 22 

investigate optimal AF4 separation and particle recovery using Se-NP as a model sample. 88 % 23 

recovery was reported for 0.2 % Novachem solution, compared with 50 % recovery  for 24 

phosphate buffer. Different Crossflow (Cflow) rates were compared to further investigate 25 

optimum separation, with recoveries of 88% and 30% for Se-NPs, and 90% and 29% for Te-26 

NPs for 3.5 mL min-1 and 2.5 mL min-1 respectively. Zeta-potential (ZP) data suggested higher 27 

stability for NP elution in Novachem solution, with increased stability attributed to minimised 28 

NP-membrane interaction due to PEGylation. Detection with MALS showed monodisperse Se-29 

NPs (45-90 nm) and polydisperse Te-NPs (5-65 nm).Single particle ICP-MS showed mean 30 

particle diameters of 49.7±2.7 nm, and 135 ± 4.3 nm, and limit of size detection (LOSD) of 20 nm 31 

and 45 nm for Se-NPs and Te-NPs respectively. TEM images of Se-NPs and Te-NPs displayed a 32 
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spherical morphology, with the Te-NPs showing a clustered arrangement, which suggested 33 

electrostatic attraction among neighbouring particles. Particle hydrodynamic diameters (dH) 34 

measured with dynamic light scattering (DLS) further suggested monodisperse Se-NPs and 35 

polydisperse Te-NPs distributions, showing good agreement with AF4-MALS for Se-NPs, but 36 

suggests that the Rg  obtained from AF4-MALS for Te-NP was unreliable. The results 37 

demonstrate a complementary application of asymmetric flow field-flow fractionation (AF4), 38 

ICP-MS, light scattering, UV-Vis detection, and microscopic techniques to characterise 39 

biogenic Se and Te NPs. 40 

Keywords: Biogenic nanoparticles, selenium, tellurium, AF4, ICP-MS/MS, spICP-MS 41 

1. Introduction 42 

Selenium (Se) and tellurium (Te) are metalloid elements that belong to the chalcogen group 43 

in Group 16 of the Periodic table. Neither selenium or tellurium are extracted as primary ores; 44 

but are recovered as by-products during the processing of base metal ores such as Cu, Pb, Bi, 45 

Fe and other metals [1]. They have an extremely low crustal abundance (Se 0.05 – 0.09 mg kg-46 

1, Te 0.02 mg kg-1) and have been classified among the ‘critical’ elements due to a potential 47 

risk in their security of supply [2-4] . Both selenium and tellurium are of economic interest 48 

because of their applications in advanced technologies such as photovoltaic cells for solar 49 

energy, and thin film technologies[5-7] . To improve their supply, new methods of extraction 50 

have been investigated including chemical reduction[8, 9], electrochemical processes[10, 11], 51 

and microbial biorecovery[12-14] . Microbial biorecovery of Se and Te in their elemental forms 52 

may offer an environmentally sustainable, relatively low-cost method for their production at 53 

but can be challenged by the low yield and tedious purification steps to obtain sufficient 54 

amounts.[15-18]. Various species of bacteria and fungi have been investigated for the 55 

intracellular and extracellular biosynthesis of Se and Te NPs, as a means to biotransform 56 

oxyanions of both elements to less toxic forms; and their exploitation in environmental, 57 

industrial and medical applications [15-18]. Se and Te NPs biosynthesised by fungi and bacteria 58 

have shown average diameters of 60-80 nm and 221 nm respectively , and may be associated  59 

with lipid, carbohydrate and/or protein on the surface of the produced Se and Te NPs [18, 19]. 60 

Prior to any potential industrial application, there is a need to characterise biosynthesised 61 

NPs to determine their size, composition, distribution, and dispersibility. Various established 62 

kinds of metrological techniques are already in use for NP characterisation based on their 63 
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quantification, separation and characterisation with each technique providing a specific kind 64 

of information[20]. In this study, separation of the NPs was achieved with asymmetric flow 65 

field-flow fractionation (AF4), an analytical technique which sequentially separates NPs in a 66 

thin channel in order of increasing particle size under the influence of a perpendicular 67 

crossflow[21-24] . One advantage of the AF4 technique is its versatility to be simultaneously 68 

coupled with multiple detectors, with multi-angle light scattering (MALS) and inductively 69 

coupled plasma mass spectrometry (ICP-MS) detectors providing particle size data and 70 

element-specific detection, respectively and able to detect nano- and microparticles in the 71 

same run. For single particle inductively coupled plasma mass spectrometry (spICP-MS), 72 

sufficiently diluted suspensions are detected above a background signal and counted in fast 73 

time resolved analysis (TRA) mode using ultrafast integration times[25, 26] . The introduction 74 

of a single NP into the plasma generates a packet of ions creating a pulse signal when it 75 

reaches the detector. The detector pulse is correlated to the total mass per particle and 76 

subsequently correlated to the particle size[27-30] . 77 

The main advantages of spICP-MS are that it employs the power of an ICP plasma to 78 

completely destroy any biological matrix material; it uses very small sample volumes with 79 

sufficient dilution to ensure high sensitivity of signals above background and avoid detection 80 

of two particles in one measurement event. In this study, we demonstrated the need for 81 

complementary analytical techniques to characterise biogenic nanoparticles. In addition to 82 

the coupled AF4-UV-MALS-ICP-MS and spICP-MS analytical tools, the conventional and 83 

relatively straightforward techniques such as transmission electron microscopy (TEM) and 84 

dynamic light scattering (DLS) were employed to provide an enhanced analytical perspective 85 

for a better characterisation of biogenic Se/Te-NPs produced by the polymorphic fungus 86 

Aureobasidium pullulans when exposed to selenite and tellurite. Many fungi are capable of 87 

the reductive transformation of metalloid oxyanions, including Se and Te, to elemental forms 88 

which provides a biological system applicable to bioremediation and/or element 89 

biorecovery[13, 31]. 90 

2. Materials and Methods 91 

2.1 Experimental 92 

2.1.1 Biosynthesis of NPs by A. pullulans. Se and Te NPs biosynthesis by A. pullulans was 93 

performed following the protocol described by Liang et al [18] All reagents and chemicals used 94 
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were of analytical grade or better with all volumes measured gravimetrically. Liquid cultures 95 

were prepared in 250-mL Erlenmeyer conical flasks containing 100 mL nutrient medium on 96 

an orbital shaking incubator (Infors Multitron Standard, Rittergasse, Switzerland) at 125 rpm, 97 

25°C in the dark. AP1 agar medium was used as the growth medium with previously stated 98 

nutrient consisting of (L-1 Milli-Q water): D-glucose 30 g, (NH4)2SO4 5 g, KH2PO4 0.5 g, 99 

MgSO4·7H2O 0.2 g, CaCl2·6H2O 0.05 g, NaCl 0.1 g, FeCl3·6H2O 0.0025 g, and trace metals: 100 

ZnSO4·7H2O 0.004 g, MnSO4·4H2O 0.004 g, CuSO4·5H2O 0.0004 g. All chemicals, apart from D-101 

glucose, were prepared as 1 M stock solutions and autoclaved separately (121 °C, 15 min) 102 

before appropriately combining the required volumes to reach the desired final 103 

concentrations for AP1 liquid medium. Sodium selenite (Na2SeO3) or sodium tellurite 104 

(Na2TeO3) were dissolved separately in Milli-Q water and sterilized by membrane filtration 105 

with 0.2 µm cellulose nitrate filter paper (Whatman, Maidstone, Kent, UK) and added to 106 

autoclaved AP1 medium (121oC, 15 min) at room temperature to give a final concentration of 107 

1 mM. After autoclaving, the pH of liquid medium was adjusted to pH 5 using sterile 1 M HCl. 108 

A. pullulans was grown on AP1 agar medium for 4 d at 25°C prior to liquid subculture. For 109 

inoculation, ten 6 mm diameter inoculum plugs were taken from the margins of actively 110 

growing colonies using sterile cork borers (autoclaved at 121°C, 15 min) and added to 100 ml 111 

AP1 medium for incubation as described above. The ability of A. pullulans to reduce selenite 112 

and tellurite was assessed visually, the red (Se) or black (Te) colouration being used as an 113 

indicator of reduction to their elemental forms. The culture media was filtered through 114 

cellulose nitrate membrane filters (0.45 µm pore diameter, Whatman, Maidstone, Kent, UK) 115 

to obtain suspensions free of micro-sized particles. Particles present in the fungal supernatant 116 

were harvested by centrifugation at a series of speeds (4k, 8k and 13k x g), each centrifugation 117 

step lasting 30 min until the particles in the supernatant were separated from the biomass. 118 

Harvested particles were rinsed through a graded ethanol series (50-100%(v/vaq), 15 min per 119 

step), then rinsed three times with a 20 % (w/v) sodium dodecyl sulphate (SDS) solution and 120 

finally rinsed three times with autoclaved Milli-Q water (120 °C, 15 min) to remove remaining 121 

impurities. 122 

 123 

2.1.2 Determination of total elemental Se/Te: 50 mg of the recovered suspensions was 124 

weighed into 50 mL sample vials, 4 mL aqua regia added, pre-digested overnight in a fume 125 

hood and subsequently digested in a microwave (Mars5, CEM Microwave Technology Ltd, 126 
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Buckingham, UK) using the open vessel method[32] . Trace element calibration standards 127 

(VWR, USA) in the range 1 µg L-1 to 100 µg L-1 were prepared and analysed for quantification 128 

of Se/Te by external calibration with inline addition of 10 µg L-1 Ge was used as an internal 129 

standard to monitor plasma fluctuation and cancel out sensitivity shifts. All analysis was 130 

performed in triplicate and errors reported as standard deviation. 131 

 132 

2.1.3 Preparation of AF4 carrier solutions. AF4 carrier solutions were prepared fresh daily 133 

before measurement with de-ionised water (18.2 Ω cm) obtained from a Millipore system. 134 

Novachem surfactant (Postnova Analytics Landsberg, Germany) was diluted with de-ionised 135 

water in a 1000 mL volumetric flask to reach a concentration of 0.2% v/v. The Novachem 136 

surfactant is a mixture of cationic and anionic surfactants as follows (in wt.%): water 88.8, 137 

triethanolamine oleate 3.8, sodium carbonate 2.7, alcohols + C12-14-secondary ethoxylate 138 

1.8, tetrasodium ethylenediaminetetraacetate 1.4, polyethylene glycol 0.9, sodium oleate 139 

0.5, sodium bicarbonate 0.1. 10 mM phosphate buffer was prepared by dissolving 8 g of NaCl, 140 

200 mg KCl, 240 mg KH2PO4, and 1.44 g Na2HPO4, in 800 mL of deionised water. The pH was 141 

adjusted to 7.4 with aqueous ammonia and deionised water added to a final volume of 1000 142 

mL. Both solutions were stirred for 10 min and vacuum filtered through a 0.45 µm cellulose 143 

acetate filter.  144 

 145 

2.1.4 Sample preparation for spICP-MS. 0.5 mL samples were transferred to 1.5 mL 146 

Eppendorf vials fitted with 10 kDa cut-off mesh. Vials were centrifuged at 10,000 x g for 3 147 

min, the supernatant was discharged, and the pellets rinsed with 0.5 mL deionised water. The 148 

process was repeated, and the final pellet was resuspended in 0.5 mL deionised water, then 149 

transferred to 15 mL plastic tubes. Filtered samples were diluted with deionised ultrapure 150 

water prior to spICP-MS analysis. Transport efficiency was determined with measurement of 151 

a 50 mg kg-1 AuNP colloidal suspension (Nanocomposix, USA) with a nominal diameter of 60 152 

nm as a reference standard since Se or Te nanoparticle certified reference standards are not 153 

currently available. The Au-NP suspension was diluted by a factor of 10-6 to give a final 154 

concentration of 50 ng kg-1. Elemental aqueous standards of Se and Te of 1 μg L-1 were 155 

prepared for the determination of elemental response factors. All samples were bath 156 

sonicated at 37 kHz for 10 min before analysis. 157 

 158 
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2.2 Instrumental analysis  159 

2.2.1 AF4-UV-MALS. AF4 analysis was performed with a metal-free AF 2000 system 160 

(Postnova Analytics, Landsberg, Germany), with inbuilt software for data acquisition. The 161 

separation system consisted of a solvent degasser, solvent organiser, two isocratic solvent 162 

pumps, a pair of Kloehn pumps for generation of the crossflow, an auto-sampler, and a 163 

separation channel. The separation channel consisted of a trapezoid cartridge, fitted with a 164 

spacer of 350 µm nominal height and a regenerated cellulose acetate membrane with 165 

molecular weight cut-off (MWCO) of 10 kDa as the accumulation wall. The auto-sampler and 166 

oven temperatures were maintained at 4 oC and 20 °C, respectively. The AF4 system was 167 

coupled to UV-Vis, multi-angle light scattering (MALS) detectors and an ICP-MS through an 168 

interface system. The MALS detector consisted of 21 light scattering cells at angles between 169 

7o and 164o, with a laser light intensity of 50 mW and wavelength of 532 nm. A sample volume 170 

of 20 µL was maintained throughout, with at least triplicate injections per sample. Sample 171 

carryover was eliminated by injecting 1 % HNO3 solution for 5 min after each run to flush the 172 

AF4 channel.  173 

2.2.2 ICP-MS/MS: ICP-MS/MS analysis was performed using an Agilent 8800 ICP-MS/MS 174 

(Agilent Technologies, Santa Clara, USA) instrument. The ICP-MS instrument was fitted with a 175 

Micromist nebulizer and a Scott double pass spray chamber. ICP-MS/MS operating conditions 176 

are listed in Table S1.  177 

2.2.3 spICP-MS: Single particle ICP-MS analysis was performed using an Agilent 7900 ICP-178 

MS equipped with a Micromist nebulizer, double pass spray chamber and an autosampler. 179 

The system was fitted with a quartz torch with internal diameter of 1 mm to reduce signal 180 

background and improve sensitivity. Nanoparticle diameters for all the samples were 181 

reported as an average diameter of six replicates. Collision cells were pressurised with 3.5 mL 182 

min-1 H2 gas in both ICP-MS/MS and sp-ICP-MS measurements to remove interfering species. 183 

Instrumental parameters (lens position, torch position) were optimised daily to achieve 184 

maximum sensitivity with an aqueous tune solution of 10 μg L−1 Li, Co, Y, Ce, Tl. Data analysis 185 

was performed using Agilent MassHunter 4.4 software (Agilent Technologies, USA).  186 

2.2.4 TEM: Samples were bath sonicated at 37 kHz for 5 min and 5 µL aliquots transferred 187 

using a micropipette onto a Formvar-coated 200-mesh copper grid and left to dry in ambient 188 

conditions for 20 min. TEM Images were acquired with a JEOL-1400 plus electron microscope, 189 

at an accelerating voltage of 80 kV, using an AMT UltraVUE camera. After image acquisition, 190 
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they were filtered, and individual points were counted as NPs using ImageJ processing 191 

software, assuming a spherical morphology for the NPs; particle diameters were calculated 192 

from areas of individual spheres. 193 

2.2.5 Dynamic light scattering (DLS): DLS analysis in batch mode was performed with a 194 

Malvern Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK) system with a He-Ne 195 

laser as the light source at 632 nm and 173° scattering angle. Samples were dispersed in 196 

deionised water with refractive index (1.33), viscosity (8.9 × 10−4 Pa s) and temperature (25°C) 197 

inputted into the measurement file. The sample suspensions were diluted 1:100 v/v with 198 

deionised water followed by 120 s equilibration time. Average particle sizes based on 199 

scattered light intensity weighted averages were automatically calculated by the software 200 

based on the Stokes-Einstein theory and reported as hydrodynamic diameters. The 201 

instrument also enabled the determination of the zeta-potential under same instrumental 202 

settings with equilibration time of 120 s. The determination of the zeta-potential was based 203 

on the Smoluchowski model with a Henry’s Function F(Ka) of 1.5. 204 

 205 

3. Results and Discussion 206 

3.1 Total biogenic SeNPs and TeNPs generated by A. pullulans 207 

After 30-day incubation, nanoparticles were harvested from supernatants of A. pullulans after 208 

growth in AP1 medium amended with 1 mM Na2SeO3 (79 mg Se L-1)/Na2TeO3 (128 mg Te L-1). 209 

Total yields of SeNPs and TeNPs harvested from the supernatant were 81.6 ± 1.4 mg L-1, 21.5 210 

± 0.1 mg L-1 (n=3) respectively. Previous research has already demonstrated that SeNPs and 211 

TeNPs can be located both intracellularly and extracellularly[18, 33]this work focused on the 212 

extracellular SeNPs and TeNPs harvested from the fungal supernatant because of their 213 

relative ease of separation from the biomass and media. It appeared that the 214 

biotransformation of selenite to elemental selenium was quantitative while the 215 

biotransformation from tellurite to elemental tellurium saw only resulted in a conversion of 216 

16.8%. Se and Te species can betoxic to microbes, with Te  reported to show higher toxicity 217 

at lower concentrations than Se [34]. In some microbes, Te-oxyanions such as tellurite react 218 

with thiols such as glutathione (GSH); which supports the conversion of tellurite to elemental 219 

tellurium [35]. The low yield of Te-NPs by A.pullulans is therefore suggested to be linked to Te 220 

toxicity which though is not fully understood in fungi, could be caused by the accumulation 221 
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of reactive oxygen species (ROS) as a result of depletion of GSH and resultant loss of anti-222 

oxidant capability. 223 

3.2 AF4 method development and optimisation 224 

From field-flow fractionation (FFF) theory, retention time (tr) is directly proportional to 225 

particle size and is dependent on parameters such as absolute temperature, area of the 226 

accumulation wall, crossflow rate, viscosity of the mobile phase, channel flow, and channel 227 

thickness[21, 22] . A combination of AF4 parameters such as membrane type, crossflow rate 228 

(Cflow), focus flow rate, channel thickness, ionic strength of carrier, and sample load have been 229 

established to influence optimum separation and recovery in the AF4 technique to various 230 

degrees[36, 37] . In our study, AF4 separation parameters of mobile carrier and Cflow rates were 231 

investigated for their influence on recovery and elution of the Se/Te-NPs. The 0.2% v/v 232 

Novachem solution was compared with a buffer solution, (10 mM phosphate buffer, pH=7.4), 233 

to compare their suitability as an AF4 mobile carrier for the microbial sample matrices. 234 

Recoveries obtained from UV-Vis signals (Figure 1) were compared with the peak area of an 235 

injection without a Cflow, using the formula (Equ. 1) [38] : 236 

R (%) = A/A0 X 100    Equ. 1   237 

 238 

where,  A= Peak area obtained with a crossflow 239 

   A0= Peak area without an applied crossflow 240 

 241 

Recoveries of 88% and 50% were recorded for the Se-NPs using 0.2% v/v Novachem solution 242 

and 10 mM phosphate buffer, respectively. Both 0.2% v/v Novachem solution and 10 mM 243 

phosphate buffer influenced the analyte retention times; the Se-NP peak was observed at 26 244 

min in 0.2% v/v Novachem solution, and 30 min in phosphate buffer. This indicated that the 245 

surface of SeNPs were modified with phosphate buffer which could be due to an electrostatic 246 

effect, such that the SeNPs have lower surface charges resulting in a higher level of membrane 247 

adsorption and consequently elute later. The electrostatic effect might also be related to the 248 

ζ-potential (ZP) of the NPs (Table 1). A net negative surface ZP has been reported for the 10 249 

kDa membrane in past studies [39, 40]. Theoretically, lower ZP values might indicate lower 250 

stability and promote aggregation/adhesion, while higher ZP values would indicate better 251 

stability [41]. The phosphate ions would be expected to impart a negative charge to the Se-252 

NPs which would enhance repulsion between the membrane and surface NPs, but this 253 
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appears not to be the case, as attractive forces appear to be present. Also, the higher ionic 254 

strength may also increase the compression of the electric double layer (EDL) and decrease 255 

ZP [42]. Furthermore, it appears that polyethylene glycol (PEG) in the Novachem surfactant 256 

facilitates the formation of a PEGylated corona around the NP which increases its stability 257 

[43]and may minimize interaction with the membrane which consequently improves 258 

recovery. Though maximum electrostatic repulsion determined by ZP measurements  is 259 

required to ensure minimal contact between the NPs surface and the membrane, it is 260 

challenging to explain electrostatic attractive forces which may be present (such as Van der 261 

Waals forces). Therefore, ZP data must be interpreted and applied with caution. Also, 262 

accurate ZP measurements in cell culture medium are challenging because of their 263 

enrichment with ions which increases conductivity and interferes with ZP measurement [42]. 264 

 Table 1  ZP values of Se-NP and Te-NP dispersed in AF4 running solutions 265 

 266 

 267 

 268 

 269 

 270 

Figure 1. Representative AF4-MALS-UV fractograms depicting the effect of mobile phases 271 

using 0.2% v/v Novachem solution (NVC, red traces) in comparison with 10mM phosphate 272 

buffer (PO4; black traces); as detected by light scattering (LS 90°) (top fractogram)and UV-Vis 273 

(bottom fractogram) at 280 nm wavelength. Novachem solution demonstrated faster elution 274 

and better analyte recovery (88%) than phosphate buffer (50%). Analysis conditions for AF4 275 

are reported in Table S2 (Supplementary information). 276 

 277 

To optimise the AF4 method, an elution programme with an optimal Cflow rate was 278 

investigated and sample recoveries monitored with the UV-Vis, MALS and ICP-MS/MS 279 

detectors with recovery calculations shown with ICP-MS/MS signals (Figure 2). A 2 mL min-1 280 

Cflow resulted to a narrow Se peak at 17 min (30% recovery), compared to the 88% recovery 281 

rate with a Cflow of 3.5 mL min-1, with a symmetrical monodisperse peak. Similarly, TeNPs 282 

eluted with Cflow 3.5 mL min-1 also showed a larger peak area with higher recovery (90%) 283 

compared to Te-NPs eluted at 2 mL min-1 with low recovery (29%). Separation with a 3.5 mL 284 

min-1 crossflow, showed larger peak areas and consequently better analyte recoveries with 285 

clearer separation of peaks. Cflow rate is a critical AF4 separation parameter [44, 45]. Though it 286 

is expected from FFF theory that a higher crossflow increases the chances of membrane 287 
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adhesion and poor recovery [46], previous studies have reported that the filtration of complex 288 

samples prior to injection improves analyte recovery [39]. It appears that filtration through a 289 

0.45 µm cellulose acetate filter significantly reduced the amount of biological debris and 290 

micro-sized particles in the sample matrix which would otherwise adhere to the membrane. 291 

Another possible explanation for this observation is that the higher repulsion generated 292 

between the negatively charged Se-NP and the negative ZP of the membrane causes  the 293 

particle to diffuse faster, hence shorter time and also higher recovery. 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

Figure 2. AF4-ICP-MS/MS fractograms depicting the comparison of different Cflow rates on the 302 

recovery of Se-NP (red traces) and Te-NP (black traces using 0.2% v/v Novachem solution as 303 

mobile phase. Cflow rates of 3.5 mL min-1 (bottom fractogram, B) for both Se-NP and Te-NP 304 

indicated higher analyte recovery compared with Cflow of 2.0 mL min-1. Analytical conditions 305 

for ICP-MS/MS are reported in Table S1 (Supplementary information). 306 

 307 

The Cflow programme in exponential decay mode applied in this study consumed more carrier 308 

liquid compared to a linear-mode, but it provided a better separation resolution, recovery, 309 

and sensitivity for aggregated samples. It also has been validated  in the AF4 separation of 310 

pullulan and hydroxypropyl cellulose by Leeman et al [47] . Moreover, the Se-NP peak 311 

appeared towards the end of the applied Cflow in the elution programme, suggesting that the 312 

Se-NPs have a reversible, strong attractive force towards the membrane in contrast to the Te-313 

NPs which completely eluted within the elution timeframe with an applied Cflow.  314 

3.3  Particle sizing by AF4-MALS  315 

Radii of gyration were computed from MALS signals based on a spherical fit model and 316 

showed good data fit across the light scattering angles (Figure S1). The MALS detector was 317 

calibrated using 5 mg/mL bovine serum albumin (BSA) and 0.2% Novachem solution as eluent 318 

as recommended by the instrument manufacturer’s protocol (Postnova Analytics GmbH). A 319 

molar weight of 66,000 g/mol was recorded for BSA with the application of 0.185 mL/g for 320 
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refractive index increment (dn/dc) while the second virial coefficient was considered 321 

negligible considering the very dilute concentrations typical of AF4 separations [48]. 322 

Se-NPs showed a particle size range of 45 nm – 90 nm with a mean Rg value of 80.0 nm and 323 

appeared monodisperse; while Te-NPs showed a mean Rg of 29.5 nm, within a range of 5 nm 324 

to 65 nm and were polydisperse. The Te-NP ICP-MS/MS traces (Figure 2) clearly highlighted 325 

the detection of three fractions of Te-NPs between 4 min (t0) and 15 min, which are not visible 326 

from the MALS trace (Figure. 3B), demonstrating the higher sensitivity and specificity of ICP-327 

MS/MS over MALS detection. Furthermore, intense UV-Vis signals for both elements 328 

suggested the detection of light absorbing biomolecules in the NPs, which have been 329 

previously reported to be extracellular polymeric substances (EPS) secreted by A. pulluans[18]  330 

The UV-Vis- and MALS peaks for Se-NPs (Figure S3) appeared to be well-overlaid  suggesting 331 

that the EPS surrounded the Se-NPs surface. However, the UV-Vis peak however shows a peak 332 

at around 20 min without a corresponding MALS signal, which suggests a different 333 

biomolecule present in the EPS which is not bound to the NP. For the Te-NPs, the UV-Vis signal 334 

showed two peaks between 20 min and 25 min which also suggested the presence of  multiple 335 

biomolecules present in the EPS.  The MALS signal was detected at 30 min,suggesting the 336 

detection of large sized non-Te containing NP, while the fraction of EPS detected with UV-Vis 337 

(20-25  min) showed the absence of light scattering molecules. It can be inferred that the Te-338 

NPs were unstable and disintegrate in the channel during separation. Also, Te-NPs below 100 339 

nm have been reported to exhibit plasmonic-like scattering like Au-NPs[49]and in this case 340 

appeared to interfere with the light scattering signal which may explain the near absent MALS 341 

signal between 4 and 15 min. 342 

 343 

Figure 3. AF4-MALS fractograms of Se-NPs (top fractogram, A) and Te-NPs (bottom 344 

fractogram, B) detected by light scattering ((LS 90°) on the left axis, and  radius of gyration  345 

(Rg) on the right axis, with size computation based on a spherical fit model. Demonstration of 346 

data fit across light scattering angles is depicted in Figure S1 (Supplementary information). 347 

Se-NPs showed a  narrow monodisperse structure with a range of 45-90 nm, while Te-NPs 348 

were polydisperse with a 5-65 nm. 349 

 350 

3.4 Single particle ICP-MS  351 

In single particle ICP-MS (spICP-MS), particle diameter is dependent on the total mass 352 

introduced into the plasma through the nebulizer (transport efficiency), which in this study 353 



12 
 

was calibrated against a 50 ng kg-1 Au-NP (60  ± 5 nm) certified reference material following 354 

the protocol reported in our previous work[50] . The spICP-MS results showed a median 355 

particle diameter 49.7±2.7 nm for Se-NPs, and a limit of size detection (LOSD) of 20 nm, 356 

attributed to reduced background signal levels. This reduced background signal arose from a 357 

number  of factors: measurement of the more abundant 78Se isotope and removal of argon 358 

dimer (40Ar 38Ar) interference resulting from the addition of H2 gas to the collision cell[51]; 359 

and the ultracentrifugation of the samples with a 10 kDa cut-off filter during sample 360 

preparation which removed excess dissolved Se/Te from the samples and consequently 361 

reduced the background.  362 

 363 

Figure 4. Time scans and particle size-frequency distribution of NP signals acquired for Se(A), 364 

and Te(B) at a dwell time of 0.1 ms. MassHunter software analysis indicated a median 365 

diameter of 49.7±2.7 nm Se-NPs, and 135±0.3 nm Te-NPs. Limits of size detection (LOSD) were 366 

20 nm, and 45 nm for Se-NP and Te-NP, respectively. Analytical conditions for sp-ICP-MS are 367 

reported in Table S1 (Supplementary information). 368 

 369 

The Te-NPs showed a median diameter of 135 ± 0.3 nm and are therefore significantly larger 370 

than the SeNPs. However, the particle-size distribution (PSD) is not normally distributed 371 

because the measurement of a NP suspension with spICP-MS always produces a combined 372 

signal containing both dissolved ions and particles. Thus, in calculating the PSD frequencies of 373 

a NP suspension, the instrumental software assumes that the lowest intensities in the 374 

histogram arose from particle free measurements. However, the dissolved analyte signal 375 

actually contributes to the determination of the PSD, despite of the apparent removal of 376 

dissolved analyte signal from the data during PSD calculations[52] . This is responsible for the 377 

LOSD of 45 nm for Te-NPs, which was an improvement from the LOSD of 80 nm for biogenic 378 

Te-NPs reported by Gómez-Gómez et al. [53]. Like in the case of the Se-NP, this also appeared 379 

to be related to the removal of excess dissolved tellurium using the ultracentrifugation cut-380 

off membrane and subsequent dilution of the samples. However, one disadvantage of the 381 

ultracentrifugation step could be the loss of smaller sized NPs, which may cause a bias in 382 

particle counting in favour of larger sized particles as seen with the Te-NPs. In addition, 383 

enhanced particle detection and counting was achieved in this study with a 0.1 ms dwell time 384 

compared with a 3 ms dwell time reported in the study by Gómez-Gómez [53] . Mean Rg 385 

(80 nm) from AF4-MALS correlated with the median diameters (49.7 nm) recorded by spICP-386 
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MS for Se-NPs (which represents only Se, assuming a core of only Se). AF4-MALS Rg values 387 

suggested a corona surrounding the Se-NP, which was likely to be secreted extracellular 388 

protein from the fungi which behave as capping agents[54] . 389 

3.5 TEM  390 

Microscopic examination is a conventional, fast, direct, and simple technique to examine NP 391 

morphology and determine core particle diameters (as equivalent circular diameters) by 392 

counting the number of representative particles as originally reported by Woehrle et al[55] . 393 

TEM images indicated spherical morphologies for both NPs, but the Te-NPs were arranged in 394 

clusters or aggregates while the Se-NPs were randomly distributed (Figure. 5). 395 

 396 

 397 

 398 

Figure 5. TEM images (top left and bottom left) and frequency size graphical distributions (top 399 

right and bottom right) of Se-NPs (A) and Te-NPs (B). Se-NPs displayed spherical shapes and 400 

randomly distributed, while Te-NPs displayed a clustered arrangement. 401 

 402 

The formation of clusters can be attributed to electrostatic interactions from functional 403 

groups present in the proteins and polysaccharides contained in the extracellular polymeric 404 

substances (EPS) which have been associated with biogenic tellurium recovered from fungal 405 

biomass [14] . The TEM average particle diameters for Se-NP (35.5±2.5 nm) were comparable 406 

with spICP-MS (49.7±2.7 nm) and reflected a more realistic particle size since the NPs 407 

measured with TEM did not undergo additional sample preparatory steps such as dilution and 408 

centrifugation which might alter particle size. TEM also captures smaller sized particles below 409 

the particle LOSD recorded with spICP-MS (10 nm for Se-NP, 15 nm for Te-NP) which makes 410 

it an attractive technique for measurement of ultrasmall NPs. However, TEM measures only 411 

a small proportion of the sample and therefore assesses fewer number of particles compared 412 

to AF4 and spICP-MS. 413 

3.6 Particle sizing by dynamic light scattering (DLS)  414 

DLS provides a quick non-invasive, non-specific technique to obtain particle size distributions 415 

(as hydrodynamic diameters, dH) and polydispersity index of colloids in solution. DLS theory 416 

is based on correlating the light scattered by particles and undergoing Brownian motion, to 417 

their size and shape based on the Stokes-Einstein equation[56]. Irradiation of colloidal 418 
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particles dispersed in a liquid medium by a laser source causes changes in light intensity over 419 

time; these changes are related to the particle diffusion coefficient. Bigger particles diffuse 420 

slowly causing changes in the intensity of scattered light over a larger time scale, while the 421 

smaller particles move faster. Therefore, an ideal solution for DLS must be sufficiently diluted 422 

and free of large particles that can cause interference. To minimise multiple scattering and 423 

interference from artefacts such as dust, the DLS instrument was equipped with non-invasive 424 

backscattering (NIBS) which detects scattered light at a 173° angle[57, 58] . Quality control of 425 

DLS data was ensured by measuring latex particles (diluted in water), showing  diameters of 426 

64 ± 2.6 nm and 131 ± 2.5 nm which were within range of certified values (60 ± 3 nm, 427 

and  125± 2 nm) respectively. Samples were measured at least in triplicates at least and 428 

showed good reproducibility of peaks for Se-NPs, while in Te-NPs, the overlaid peaks 429 

suggested non-uniform scattering that may be caused by the presence of aggregates. A 430 

polydispersity index (PDI) below 0.7 suggests a monodisperse NP distribution while values 431 

above 0.7 are considered polydisperse[59] . Se-NPs showed a monodisperse distribution 432 

(Figure 6) with a polydispersity index of 0.2, while Te-NPs showed a polydispersity index of 433 

0.7 and were therefore considered more polydisperse. Since both AF4-MALS and DLS provide 434 

the particle size as an ensemble, both techniques can therefore be directly compared. This 435 

can also be attributed to calculation methodologies used for both DLS and MALS which work 436 

well for monodisperse samples but are not always appropriate for polydisperse samples[60] 437 

..  438 

 439 

 440 

Figure 6. DLS fractograms showing intensity weighted distributions for Se-NPs (A) and Te-NPs 441 

(B) at the top half of the panel and overlay of triplicate analysis of Se-NPs (C) and Te-NPs (D). 442 

Average diameters of 167±1.4 nm and 174 ± 2.1 nm were recorded for Se-NPs and Te-NPs.  443 

 444 

A summary of the particle radii obtained from the different techniques reflected the different 445 

principles of each technique (Table 2). Theoretically, DLS and AF4-MALS measure the size of 446 

the particle core and any surrounding material including the surface coating which may be 447 

contributed by stabilizing agents. spICP-MS measures the size distribution of the inorganic NP 448 

particle core from its elemental mass, while TEM is a non-specific technique which applies 449 

transmitted electrons which enables the visualisation and counting of the “particles” on the 450 
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sample grid, which may sometimes include  particle aggregates. Therefore,  particle sizes 451 

obtained from DLS cannot be accurately compared with spICP-MS because DLS is very non-452 

specific and measures hydrodynamic diameter while spICP-MS measures the diameter of a 453 

single spherical particle and is element specific, i.e., it reports the size of the Se or Te core of 454 

the Se-NP and Te-NP, respectively. DLS must therefore be considered only as a screening 455 

approach to investigate the presence or absence of submicron particles regardless of their 456 

chemical composition. 457 

For Se-NPs, Table 2 showed that the mathematical radius detected with spICP-MS was 1/3 of 458 

the hydrodynamic radius (RH) detected with AF4-MALS and DLS,  with the latter two 459 

techniques showing good agreement (Table 2). The AF4-MALS and DLS data can be possibly 460 

attributed to a corona surrounding the Se-NP core comprising a solvent hydration layer, 461 

adsorbed salts on the NP surface, and extracellular polymeric substances (EPS) secreted by A. 462 

pullulans [61, 62]; with an assumption that the particle has a pure elemental selenium core. 463 

The particle sizes of the Se-NP measured with spICP-MS and TEM are  comparable considering 464 

that the spICP-MS average particle radius of 25 nm was close to its limit of size detection 465 

(LOSD) of 20 nm reported for Se-NPs. The TEM images of Se-NPs also appeared randomly 466 

distributed suggesting some overlap between smaller and larger sized particles, which makes 467 

it challenging for the ImageJ software to assign an accurate average particle size. 468 

The Te-NPs showed a distinct difference from the Se-NPs. Particle radii from DLS were far 469 

higher than AF4-MALS and may suggest non-uniform light scattering caused by the presence 470 

of aggregates in the sample. Excessive aggregation detected by the DLS technique for Te-NPs 471 

compared to Se-NPs is evident from their standard deviation values (±3.1 vs ±0.9).  The AF4-472 

ICP-MS/MS and AF4-MALS fractograms (Figure 2B and 3B) also suggested a highly aggregated 473 

and polydisperse sample distribution with 4 Te-NPs size fractions which were more clearly 474 

detected by AF4-ICP-MS/MS (Figure 2B). AF4-MALS (Figure 3B) and AF4-UV (Figure S3) peaks 475 

were observed between 20 and 30 min but were undetected with AF4-ICP-MS/MS (Figure 2B) 476 

which strongly suggested the presence of biomolecules or EPS which have detached from the 477 

Te-NP surface. 478 

Furthermore, the ultra-small sized TeNPs detected at the beginning of the AF4-ICP-MS/MS 479 

and AF-MALS fractograms might induce a high surface free energy that accelerated the 480 

aggregation of adjacent Te-NPs, which resulted in unreliable particle data when light 481 

scattering techniques (AF4) were applied. Moreover, the relative less dense surface coating 482 
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of the Te-NPs might cause the numerous unsaturated coordination sites on the NP surface to 483 

easily absorb or bond with the solvent molecules[63] . It is also possible that the aggregated 484 

NPs became unstable and broke down in the AF4 channel, as reported for mercury NPs by 485 

Ruhland et al. [64]. spICP-MS measures the aggregates as one whole particle without breaking 486 

them up resulting in an apparent larger average particle radius (67 nm) ; with the highest 487 

standard deviation (±4.3) amongst the 4 techniques further suggesting that the Te-NPs were 488 

heterogeneously distributed and more polydisperse than the Se-NPs. The TEM images 489 

showed a tightly clustered distribution which further indicated that the Te-NPs tend to form 490 

aggregates. The TEM average particle radius of 19.5 nm further supports the observation of 491 

a tightly clustered distribution which might be a result of strong electrostatic interaction 492 

between the Te-NPs and the surrounding medium. 493 

 494 

Table 2. Summary of particle sizes measured with the different techniques. Errors are given 495 

as standard deviation of triplicates; diameters and mathematical radius are shown (in 496 

parentheses). 497 

 498 

4. Conclusions 499 

Selenium and tellurium nanoparticles were harvested from A. pullulans grown in liquid 500 

medium amended with sodium selenite and sodium tellurite for 30 days and characterised 501 

using different techniques. Based on the results presented in this work, the NPs have been 502 

separated with field-flow fractionation and characterised (particle size, shape, morphology, 503 

and distribution) with mass spectrometry and optical techniques. Various flow and sample 504 

parameters influence an optimal AF4 separation, and therefore a minimal number of 505 

parameters should be identified during an analytical study to conserve time and resources. 506 

The major advantage of AF4 fractionation is its capability to be simultaneously coupled with 507 

multiple detectors to achieve high resolution NP separation from a complex matrix, particle 508 

concentration, size distribution, elemental detection in one single run. The coupling of AF4-509 

MALS-UV with spICP-MS analysis for inorganic nanoparticle detection has been reported [65, 510 

66], an inability to couple both techniques was therefore considered to be a major limitation 511 

of this study. To achieve optimal separation with asymmetric flow field-flow fractionation 512 

(AF4), a surfactant-based carrier solution and a high crossflow were applied which showed 513 

particularly good recoveries and resolution. Based on their elution behaviour, Se-NPs and Te-514 
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NPs displayed different particle physico-chemical properties and flow behaviour in the AF4 515 

channel. ICP-MS showed high sensitivity over MALS particularly with the detection of 516 

ultrasmall Te-NPs. Particle diameters obtained from spICP-MS suggested either a bias in 517 

favour of the counting of larger sized particles, or aggregation especially for Te-NPs. 518 

Improvement in LOSD for Se and Te measured with spICP-MS demonstrated the reliability of 519 

our data and is an improvement on previous studies. Though TEM and DLS are non-specific 520 

and regarded as conventional and relatively easy techniques, they are strong tools to provide 521 

imaging and size distribution for NPs, requiring low sample volumes and providing easily 522 

interpretable data. As ensemble sizing techniques, DLS and MALS data showed good 523 

agreement for a monodisperse Se-NP with dense polymer layer which was free of aggregates, 524 

while suggesting the detection of polydisperse Te-NP aggregates. The study has contributed 525 

further to understanding the nature of biogenic Se and Te NPs and their characterization and 526 

illustrated that a multi-method approach is necessary to characterise these natural NPs in a 527 

more holistic way. 528 
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Table 1. ZP values of Se-NP and Te-NP dispersed in AF4 running solutions. 

Dispersant Se-NP 
(mV) 

Te-NP 
(mV) 

Novachem -38 -27 

Phosphate buffer -18 -11 
 

Table 2.  Summary of particle sizes measured with the different techniques. Errors are 
given as standard deviation of triplicates; diameters and mathematical radius are shown (in 
parentheses). 

 

NP  AF4-MALS 

(Mean Rg) 

spICP-MS 

 

TEM 

 

DLS (DH) 

 

Se-NP  

80.0± 0.4 nm  

 

49.7±2.7 nm  

(25 nm) 

35.5±2.5 nm  

(17.8 nm) 

167±0.9 nm 

(83.5 nm) 

Te-NP  

29.5±0.6 nm  

 

135±4.3 nm 

(67.5 nm) 

 

39.0±1.9 nm 

(19.5 nm) 

174±3.1 nm  

(87 nm) 
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