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A B S T R A C T

The current use of inorganic nanoparticles (NPs) in many industrial sectors, particularly in the food industry, has 
led to growing concerns about the toxicity of these emerging materials to humans. Therefore, NPs assessment in 
foodstuff, environmental materials and biological fluids is becoming an important topic, and the development of 
reliable quantification/characterization analytical methods is needed. The presence of NPs in blood and urine 
can be expected because of the bioavailability/assimilation of these entities by the organism. However, the 
determination of NPs in biofluids is a challenge mainly due to the complexity of the sample and the low levels of 
NPs (basal levels). The research on new methodologies for sample treatment is therefore needed.

The possibilities of enzymatic hydrolysis followed by centrifugal ultrafiltration for isolating titanium dioxide 
nanoparticles (TiO2 NPs) from serum samples have been explored in the current research. Hydrolysis of serum’s 
matrix components was performed with a pancreatin-lipase mixture (0.1 %(w/v) each one) operating at pH 7.4 
and 37 ◦C for 4.0 h under orbital - horizontal shaking at 150 rpm. In addition, centrifugal ultrafiltration (30 kDa 
molecular weight cutoff (MWCO) membrane) was optimised for removing enzymes residues and other matrix’s 
components. The developed method showed a limit of detection of 6.89 × 103 NPs mL− 1, and a limit of detection 
in size of 36 nm, whereas analytical recovery for spiking assays with 100 nm TiO2 NPs were within the 103–114 
% range.

1. Introduction

Titanium dioxide has long been used in paint formulations and 
coatings due to the bright white colour achieved in the final products. In 
addition, this pigment is also used as a white colorant in pharmaceuti
cals and foodstuff (referred as food additive E171 in the food industry), 
and in personal care products, mainly sunscreens, since the exhibited UV 
filter properties [1]. The food additive E171 has been demonstrated to 
contain up to 50 % titanium dioxide in nanometric state (titanium di
oxide nanoparticles, TiO2 NPs) [2], and the European Food Safety Au
thority (EFSA) has recently stated that E171 is not a safe food additive 
and hence, the use of E171 in the food industry is no longer authorized in 
the European Union [3]. The EFSA has also published a guidance for 
assessing the risk of the presence of nanomaterials (NMs) in the food/
feed chain [4], and several studies have demonstrated the high 
bio-persistence of TiO2 NPs in human gastro-intestinal tract [5–7], and 
hence the potential distribution of TiO2 NPs in several organs. In 

addition to ingestion (food chain), inhalation [8,9] and dermal and 
mucosal surface exposure [10] there are other exposure pathways for 
NMs, and several studies have been focused on occupational hygiene 
studies [8,9]. Therefore, the determination of NMs, mainly inorganic 
nanoparticles (NPs), in consumer products (foodstuff) and environ
mental materials is a challenging analytical problem which requires 
advances on analytical methodologies [11]. In addition, innovative 
analytical methods, including sample pretreatment, are required in 
nanotoxicological studies to determine the degree of NMs impregnation 
and bioavailability in humans.

Inductively coupled plasma-mass spectrometry (ICP-MS), mainly 
operating in the so-called single particle mode (spICP-MS) and single 
cell mode (scICP-MS), as well as other several ICP-MS-based systems, 
such as laser ablation-ICP-MS (LA-ICP-MS) and hyphenated ICP-MS 
techniques with hydrodynamic chromatography (HDC), capillary elec
trophoresis (CE) and flow field flow fractionation (FFFF) techniques, 
mainly asymmetrical FFFF (AF4), has been found to offer great potential 
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for determining and characterizing NPs in toxicological studies [12]. 
Several spICP-MS and ICP-MS-based methods for NPs assessment can be 
found in the literature [13–15], but applications focused on human 
biological fluids are scarce. The low concentration of NPs (basal levels) 
in biofluids, as well as he complexity of the sample, is a challenge in 
nanometrology, and robust and reliable sample pre-treatments and 
cleaning and/or preconcentration processes are needed. Developments 
have been mainly found for gold nanoparticles (Au NPs) in blood [16], 
blood serum and urine [17,18], and silver nanoparticles (Ag NPs) in 
blood [16,17,19], blood plasma [20], and urine [21]. Other de
velopments have been performed for assessing platinum nanoparticles 
(Pt NPs) in human urine and blood serum [22], TiO2 NPs in urine [21,
23], and superparamagnetic iron oxide nanoparticles (SPIONs) [24] and 
carbon-coated iron carbide nanoparticles (C/Fe3C NPs) [25] in simu
lated biological fluids.

Sample pre-treatment methods for isolating NPs from complex 
samples requires a soft environment for avoiding NPs degradation. 
Proposals for blood and blood serum have therefore consisted of using 
tetramethylammonium hydroxide (TMAH) at concentrations within the 
1.0–5.0 %(v/v) range combined with 0.1 %(v/v) Triton X-100 [16,17,
19,20,22] to digest the samples at room temperature [17,19] or at 4 ◦C 
[22] for 24 h. On other occasions, TMAH at 0.1 %(v/v) combined with 
0.1 % (v/v) Triton X-100 and 2.8 %(v/v) NH4OH 2.8 % (w/w) was also 
used for pre-treating blood under controlled temperature (37 ◦C) [20]. 
In addition, the analysis of blood and urine samples was conducted after 
dilution of the samples with a solution comprising ethyl
enediaminetetraacetic acid (EDTA), isopropyl alcohol, ammonia solu
tion, and Triton-X100 [18]. Direct dilution with 1.0 %(v/v) glycerol for 
Ag NPs and TiO2 NPs assessment [21] and 0.1 %(v/v) nitric acid for TiO2 
NPs [23] was also proposed for urine analysis.

Enzymes operate at mild temperatures and pH levels, promoting an 
extractive environment that ensures the integrity of the NPs. Combina
tions of pancreatin and lipase, as well as a multi-component enzyme 
mixture containing cellulose, hemicellulose and pectinase (Macerozyme 
R-10), have been proposed for isolating NPs from materials rich in 
proteins and fat such as seafood [26–29], and carbohydrates such as 
terrestrial plants and seaweed [30–32]. The aim of the current research 
has been the novel evaluation of enzymatic hydrolysis based on 
pancreatin and lipase mixtures for releasing TiO2 NPs from serum 
structures. The extraction conditions of moderate pH and temperature 
minimise the degradation of TiO2 NPs and the proposed sample 
pre-treatment may be useful for the extraction of other NPs that can be 
easily ionized. In addition, an additional step based on the centrifugal 
ultrafiltration (UF) has been originally used as a cleaning stage for 
removing degradation components from the enzymatic process. Char
acterization of TiO2 NPs (particle size distribution) and quantification 
(particle number concentration) have been finally performed by 
spICP-MS.

2. Materials and methods

2.1. Instrumentation

Determinations were performed with a NexIon 2000 triple quadru
pole ICP-MS system with dynamic reaction cell (DRC) technology from 
PerkinElmer (Waltham, MA, USA). The instrument is equipped with a 
Single Cell Micro DX autosampler (PerkinElmer), concentric Meinhard 
nebulizer attached to a cyclonic spray chamber (Glass Expansion, Inc., 
Melbourne, Australia), quartz torch with a quartz injector tube (2.5 mm 
i.d.), and triple cone system (nickel sampler cone, skimmer cone and 
hyperskimmer cone). Automatic data acquisition/management was 
performed with PerkinElmer Syngistix™ Nano Application 2.5 version 
software. Enzymatic hydrolysis was performed with a Rotabit orbital- 
rocking platform shaker (J.P. Selecta, Barcelona, Spain) placed inside 
a Boxcult temperature-controlled incubation chamber (Stuart Scientific, 
Surrey, UK). A Laborcentrifugen 2K15 centrifuge (Sigma, Osterode, 

Germany) equipped with a 12072 fixed-angle rotor was used for cen
trifugal filtration by using Amicon Ultra-4 centrifugal filter units (re
generated cellulose, 30000 NMWL) from Millipore (Cork, Irland). The 
same centrifuge equipped with a 12139-H fixed-angle rotor was used for 
solid removal when preparing enzymes solution. A F200-CF (Jeol, 
Tokyo, Japan) coupled to a Jeol JED-2300T were used for high resolu
tion transmission electron microscopy (HRTEM) and energy dispersive 
X-rays spectrometry (EDX) analysis, respectively. A Kunft KMW-4459 
domestic microwave oven (Shenzhen, China), with a microwave 
power of 700 W and programmable for time, was used for pre-treating 
the enzymatic extracts before TEM analysis. The poly(tetrafluor
ethylene) (PTFE) bombs were laboratory-made with hermetically sealed 
and resulted adequate to work at low pressures.

Other pieces of equipment were a Basic20 pH-meter (Crison, Bar
celona, Spain), a Raypa UCI–150 ultrasonic cleaner water-bath (ultra
sound frequencies of 17 and 35 kHz, power 325 W) from R. Espinar S.L. 
(Barcelona, Spain), a Reax orbital vortex stirrer (Heidolph, Schwabach, 
Germany), and a BP1215 analytical balance (Sartorius, Barcelona, 
Spain).

2.2. Reagents

All solutions/suspension were prepared with ultrapure water 18 MΩ 
cm of resistivity obtained from an IQ 7003 Milli-Q purification device 
(Millipore Co., Bedford, MA, USA). In addition, all glassware and plas
ticware were washed with ultrapure water, kept in 10 % (v/v) nitric acid 
for 48 h, and fully rinsed with ultrapure water before use for avoiding 
metal contamination.

Nanoparticle stock suspensions were prepared from 100 nm TiO2 
(nanopowder, rutile, 99.9 %) from US Research Nanomaterials (Hous
ton, TX, USA). Gold nanoparticles suspensions used for assessing 
transport efficiency was prepared from a N8151035 standard (nano
Composix, San Diego, CA, USA) consisted of Au NPs covered by PEG 
carboxyl in aqueous 1.0 mM citrate with a certified particle diameter of 
49.6 ± 2.1 nm, Au mass concentration of 12.4 ng mL− 1, and particle 
concentration of 9.89 × 106 Au NPs mL− 1. Ionic titanium [(NH4)2TiF6 
1000 mg L− 1] and ionic gold (AuCl4, 1000 mg Au L− 1) standard solu
tions were from Merck (Darmstadt, Germany) whereas, a NexION Setup 
Solution of Be, Ce, Fe, In, Li, Mg, Pb, and U at 10 μg L− 1 (used for in
strument tunning) was from PerkinElmer (Waltham, MA, USA). The 
enzymatic solution was prepared from porcine pancreatin and lipase 
from Candida rugose (Sigma Aldrich, Osterode, Germany) and using a 
0.2 M sodium dihydrogen phosphate (NaH2PO4) solution prepared from 
NaH2PO4 (Merck) and adjusting the pH to 7.4 using a 0.2 M sodium 
hydroxide (NaOH) solution prepared from NaOH (Merck). Diluted 
glycerol solutions (1 %(v/v)) were prepared from 99.5 % glycerol from 
Sigma Aldrich.

2.3. Human serum samples

Serum samples (30 samples of approximately 2.0 mL each from 
different patients) were supplied by the Central Laboratory at the San
tiago de Compostela University Hospital Complex (CHUS) in compliance 
with the ethical criteria stablished by the centre regarding patient an
onymity. Several pooled serum samples were prepared by combining 
four-five serum samples before freezing at − 20 ◦C. Each pooled serum 
sample ensures matrix homogeneity and the same basal TiO2 NPs con
tent for further optimization experiments.

2.4. Enzymes mixture preparation

A solution containing 0.1 %(w/v) pancreatin and 0.1 %(w/v) lipase 
was prepared by dissolving/suspending the appropriate amounts of 
enzymes in a 0.2 M NaH2PO4 solution (pH adjusted at 7.4 with a 0.2 M 
NaOH solution). The mixture was further sonicated (35 kHz, 325 W) for 
5.0 min to ensure enzymes dissolution. Pancreatin was found to be 
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slightly soluble, and undissolved enzyme was removed by centrifugation 
(3900 rpm, 10 min) for preventing TiO2 NPs agglomeration as conse
quence of pancreatin slurries and avoiding obstruction of the ultrafil
tration membrane. The dissolved portion of the enzyme’s mixture was 
used for further experiments.

2.5. Enzymatic hydrolysis process

Serum samples (0.5 mL) were mixed with 4.0 mL of an enzyme’s 
solution at 0.1 %(w/v) pancreatin and lipase each one (prepared in 0.2 
M NaH2PO4, pH at 7.4 with 0.2 M NaOH) and subjected to orbital – 
horizontal shaking at 150 rpm and at 37 ◦C for 4.0 h. Three replicates 
were performed for each set of conditions together with a reagent blank.

2.6. Centrifugal ultrafiltration process

The hydrolysed serum is charged into ultrafiltration tubes (30 kDa 
NMWL) and centrifugation at 3900 rpm (2364 g) and 20 ◦C is performed 
for 40 min. This stage ensures TiO2 NPs retention whereas, hydrolysed 
serum components are removed by passing through the membrane. The 
concentrate in the filter container was recovered by placing the filter 
container upside down in a clean microcentrifuge tube and centrifuging 
at 3900 rpm (2364 g) and 20 ◦C for 2 min. The recovered hydrolysed 
serum (around 50–100 μL) was further diluted to 2.0 mL and 1.0 mL 
with a glycerol solution at 1 %(v/v) for optimization and validation 
assays, respectively.

The experimental workflow for the overall method (enzymatic hy
drolysis and UF) is given in Fig. 1.

2.7. Operating conditions for spICP-MS determination of TiO2 NPs

Daily performance of the ICP-MS instrument was assessed by moni
toring Be, In, U, Ce (Ce++/Ce and CeO/Ce ratios) and background in 
accordance with ICP-MS manufacturer. Determinations were performed 
using ammonia (flow rate of 1.0 mL min− 1) as a reaction gas (Table 1) to 
monitor an ammonia cluster at m/z 131 (48Ti(NH)(NH3)4) [33]. 
Therefore, the quadrupole ion deflector (axial field voltage, AFT at 350 
V), RPa (high-mass cut-off) and RPq (low-mass cut-off) rejection pa
rameters were fixed at optimised values (Table 1) for a better focusing of 
the mass-to-charge ratio of the ammonia adduct.

The particle frequency method [34] was used for assessing the 
transport efficiency (TE%). Therefore, the sample flow rate (obtained 
values within the 0.19–0.21 mL min− 1 range) was calculated by aspi
rating ultrapure water and weighing the solution before and after 
aspiration at the selected pump conditions). In addition, an aqueous 
ionic Au calibration (within the 0.5–10 μg L− 1 range), and the mea
surement of an Au NPs suspension (9.89 × 104 particles mL− 1) were 
performed. Transport efficiency (TE%) values, directly calculated by 
PerkinElmer Syngistix™ Nano Application 2.5, were between 7.8 and 

10.3 %.
Calibrations were performed using ultrapure water and covering 

dissolved (ionic) titanium concentrations of 2.5, 5.0, 10.0, 15.0, and 
20.0 μgL− 1. The enzymatic digests were conveniently diluted with 1.0 % 
(v/v) glycerol (dilutions varied from 5 to 10), and solutions were sub
jected to ultrasounds (ultrasound water-bath, 37 kHz) for 2.0–3.0 min 
before spICP-MS measurements (operating conditions summarized in 
Table 1). TiO2 NPs particle number concentration and size distribution 
were directly obtained from PerkinElmer Syngistix™ Nano Application 
2.5 considering the TiO2 mass fraction of 59.90 % and TiO2 density of 
4.23 g cm− 3 (Table 1) and by assuming a spherical nature of the TiO2 
NPs.

2.8. High resolution transmission electronic microscopy and EDX analysis

The high organic matter content in the enzymatic extracts from 
serum samples impair the HRTEM-EDX analysis of extracts, and a pro
cedure for removing organic matter is needed before analysis. Therefore, 
the enzymatic extracts from spiked serum samples were subjected to an 
oxidative procedure involving 33 %(v/v) hydrogen peroxide and mi
crowave heating in accordance with Taboada-López et al. [27]. Then, 
the cleaned enzymatic digests (10 μL) were dropped onto a copper grid, 
wicked on filter paper, and air-dried at room temperature before 
HRTEM-EDX analysis.

Regarding 100 nm TiO2 NPs standard, a suspension at 250 mg L− 1 

(TiO2 NPs mass concentration) of the material was dispersed under ul
trasound, and 10 μL were dropped onto a copper grid (also wicked on 
filter paper and air-dried at room temperature) before direct HRTEM- 
EDX measurement.

3. Results and discussion

3.1. Optimization of the enzymatic hydrolysis process

In addition to various substances such as nutrients, hormones and 
metabolic waste, the main components of serum are ions acting as 

Fig. 1. Schematic diagram of the experimental workflow followed.

Table 1 
Operating conditions for spICP-MS analysis.

Analyte (m/z) Ti (131)
Density (g cm− 3) 4.23
Mass Fraction 59.90 %
Sample Flow Rate (mL min− 1) 0.18–0.21
Transport efficiency (%) 8.0–10.0
Dwell time (μs) 100
Mode Dynamic Reaction Cell Technology
Ammonia flow rate (mL min− 1) 0.75
Ion-product registered 48Ti(NH)(NH3)4

Rejection parameter q 0.20
Quadrupole ion deflector (V) Set for maximum ion transmission

A. Justo-Vega et al.                                                                                                                                                                                                                             Talanta 291 (2025) 127766 

3 



electrolytes, proteins (including antibodies) and lipids (cholesterol) 
[35]. Therefore, a proteolytic enzyme (pancreatin) and lipase were 
selected to hydrolyse the serum matrix and release TiO2 NPs. Inherent 
variables affecting pancreatin and lipase activity, such as temperature 
and pH, were fixed at the optimum (recommended) values of 37 ◦C and 
7.4 for maximum hydrolysis efficiency. Ionic strength, another impor
tant parameter in enzymatic hydrolysis procedures, was settled by the 
concentration of the buffer’s components used for fixing the pH (0.2 M 
NaH2PO4 and 0.2 M Na2HPO4). The effect of other variables that can 
influence the hydrolysis process, such as enzyme (pancreatin plus lipase) 
concentration, hydrolysis time, and shaking rate, have been conve
niently studied. Since the direct serum analysis gave TiO2 NPs number 
concentrations lower than the limit of detection (LOD) of the method, 
spiked serum samples were used for optimization proposals. Spiking 
experiments have consisted of adding a convenient volume of a 100 nm 
TiO2 NPs suspension to pooled serum sample to achieve a spiked con
centration of 63.5 μg L− 1. Then, 0.5 mL of the spiked serum samples 
were mixed with 4.0 mL of the enzymes solution (variable concentra
tions depending on the tested condition). Experiments were performed 
in triplicate.

Recovered TiO2 NPs contents used for discussing the optimization 
and validation assays (also TiO2 NPs contents displayed in plots) 
throughout this research were based on TiO2 mass concentration instead 
of TiO2 particle number concentration. A spherical shape of TiO2 NPs 
using the mean diameter of the particle size distribution (given by spICP- 
MS), and the TiO2 particle number concentration (also given by spICP- 
MS) was assumed for obtaining TiO2 mass concentrations (expressed 
as μg L− 1). The effect of TiO2 agglomeration (changes on the mean sizes) 
is therefore minimised by considering TiO2 mass concentrations rather 
than TiO2 number concentrations. Finally, the cleaned extracts after UF 
were diluted to 2.0 mL with 1.0 %(v/v) glycerol.

An additional remark is referred to the size distribution of the 100 
nm TiO2 NPs standard used in the current research. As it can be seen in 
the HRTEM image (Fig. 2(a)), the material shows a high degree of 
agglomeration, and the right particle size assessment is quite difficult. 
Data obtained by applying the spICP-MS methodology (see next sec
tions) will reveal most frequent sizes around 150 nm and mean sizes 
160–180 nm. The EDX analysis (Fig. 2(b)) shows the characteristic peaks 
at 4.50 keV (TiKa) and 5.0 keV (TiKb) which implies the presence of Ti.

3.1.1. Effect of the pancreatin/lipase concentration
A first set of experiments were conducted to select the amounts of 

enzymes (pancreatin and lipase) by preparing buffered solutions at pH 
7.4 containing 0.100, 0.250, 0.375, and 0.500 %(w/v) of each enzyme. 

The mixtures (0.5 mL of serum and 4.0 mL of enzymes solution) were 
subjected to an orbital-horizontal shaking at 150 rpm and at 37 ◦C for 
14 h. After hydrolysis, the enzymatic digests were subjected to a UF step 
followed by with two UF rinsings stages with 1.0 %(v/v) glycerol. The 
retentate solution was recovered and diluted to 2.0 mL with 1.0 %(v/v) 
glycerol. Results (mean TiO2 NPs mass concentration and mean size) of 
three replicates after blank subtraction are plotted in Fig. 3(a) and a 
gradual decreased on the TiO2 mass concentration was obtained when 
increasing the enzymes concentration. In parallel, hydrolysis using high 
enzyme concentrations leads to a gradual increased on the measured 
sizes (Fig. 3(a)). These findings can be explained considering the 
agglomeration phenomena. Aggregation of TiO2 NPs has been reported 
to be affected by pH, ionic strength, and dissolved (inorganic and 
organic) compounds [36–38]. Elevated enzyme concentrations have 
been demonstrated to result in increased enzyme residue concentra
tions, a factor that has been hypothesised to promote the agglomeration 
of TiO2 NPs. In addition, the best results when using low extractant 
(enzyme) concentrations agree with previous papers regarding the use 
of low TMAH concentrations for TiO2 NPs extraction from seafood [39] 
and also for Pt NPs, Au NPs and Ag NPs from biofluids [16,17,19,20,22], 
as well as low enzyme concentrations for isolating TiO2 NPs and Ag NPs 
from seafood [26–29,31,32]. Therefore, pancreatin and lipase concen
tration was fixed at 1.0 %(w/v), experiments which led to a TiO2 NPs 
mass concentration of 23.8 ± 1.7 TiO2 μg L− 1 (value quite lower than 
the TiO2 NPs mass concentration used for spiking experiments, 63.5 
TiO2 μg L− 1).

3.1.2. Effect of the hydrolysis time and the orbital-horizontal shaking rate
After fixing the concentration of pancreatin and lipase at 0.1 %(w/v), 

spiked serum samples were subjected to enzymatic hydrolysis (orbital- 
horizontal shaking at 150 rpm) for several times (from 1.0 to 14 h). Also, 
the enzymatic digest was subjected to UF and two UF rinsing stages (use 
of 1.0 %(v/v) glycerol). Fig. 3(b) shows that recovered TiO2 NPs remains 
constant for hydrolysis times higher than 4.0 h (TiO2 NPs mass con
centrations of 26.0 ± 1.3, 24.0 ± 2.4, and 25.3 ± 2.2 TiO2 μg L− 1 for 4.0, 
6.0, and 14.0 h, respectively). Therefore, a hydrolysis time of 4.0 h was 
selected.

By fixing the hydrolysis time at 4.0 h and the enzymes amount (0.1 % 
(w/v)), the effect of the orbital-horizontal shaking rate was evaluated. 
An UF stage followed by two UF rinsings with 1.0 %(v/v) glycerol was 
performed in triplicate for spiked serum samples, and results after spICP- 
MS analysis are plotted in Fig. 3(c). The orbital-horizontal shaking rate 
was found to slightly increase the recovered TiO2 NPs mass concentra
tion up to 32.1 ± 1.9 TiO2 μg L− 1 when using the highest orbital- 

Fig. 2. HRTEM image (a) and EDX spectrum showing Ti characteristic peaks at 4.5 keV (TiKa) and 5.0 keV (TiKb) (b) of a slurry containing 100 nm TiO2 NPs standard 
at 10 mg L− 1 TiO2 NPs.
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horizontal shaking rate tested (200 rpm). Furthermore, similar TiO2 NPs 
size distributions were observed in the 154–163 nm range as shown in 
Fig. 3(c). The slightly better increase on recovery could be attributed to 
better mixing at high shaking rates.

3.1.3. Effect of the number of UCF rinsings
After fixing the parameters involved in the enzymatic hydrolysis 

process, the effect of the number of 1.0 %(v/v) glycerol UF rinsings was 
evaluated. Fig. 3(d) shows that two successive rinses UF promotes TiO2 
NPs losses, and the highest TiO2 NPs mass concentrations were achieved 
when omitting the 1.0 %(v/v) glycerol rinsing or at least when using 
only one glycerol UF rinsing (TiO2 NPs mass concentrations of 65.3 ±
1.3 TiO2 μg L− 1 for one UF rinsing and 64.5 ± 1.5 TiO2 μg L− 1 without 
UF rinsing). These findings suggest that TiO2 NPs losses can occur during 
the UF cleaning stage, and further investigations would be necessary to 
establish whether TiO2 NPs loss is due to retention by adsorption on the 
cut-off membrane and/or TiO2 NPs passage of NPs through the cut-off 
membrane.

Regarding TiO2 NPs size distribution, higher mean sizes (183 ± 8 
nm) were achieved in absence of UF rinsings, whereas the mean values 
decrease within the 159–164 nm when performing the glycerol rinsings. 
Therefore, one UF rinsing with 1.0 %(v/v) glycerol was finally selected 
to clean the enzymatic extract and to diminish TiO2 NPs agglomeration 
since the presence of biomolecules residues.

3.2. Analytical performances

A preliminary study for TE% assessment was performed by preparing 
Au NPs slurries (9.89 × 104 parts mL− 1) in ultrapure water and in 0.1 % 
(w/v) pancreatin and 0.1 %(w/v) lipase. Values for TE% were found to 
be quite similar (9.18 ± 0.95 %, within the 7.77–10.30 % range, n = 9, 
for Au NPs slurries in ultrapure water, and 8.57 ± 0.77 %, within the 
7.58–9.40 % range, n = 4, for Au NPs slurries in 0.1 %(w/v) pancreatin 
and 0.1 %(w/v) lipase).

Similarly, a comparison between calibration slopes and recovered 
TiO2 NPs when using ionic Ti calibrations in ultrapure water and in 0.1 

%(w/v) pancreatin and 0.1 %(w/v) lipase was also tested. Ionic Ti 
concentration ranged from 2.5 to 20.0 μg L− 1 (TiO2 NPs mass concen
tration) for all cases, and good linearity (R2 > 0.9947) was observed. 
Calibration slopes of nine aqueous calibration curves and four matched 
enzymes (pancreatin plus lipase 0.1 %(w/v) each one) were 0.413 ±
0.0506, and 0.330 ± 0.082, respectively, which implies that aqueous Ti 
standards can be used for measurements. This fact has been verified after 
analysing by sextuplicate TiO2 NPs slurries at 127.0 μg L− 1 (TiO2 NPs 
mass concentration) by using both calibration methods since measured/ 
recovered TiO2 NPs were 126.7 ± 3.5 μg L− 1 for aqueous standards and 
129.4 ± 3.4 μg L− 1 for matched calibrations. Similarly to TE%, enzy
matic digest composition, even at high enzyme concentrations as 0.1 % 
(w/v), and matrix effect can be considered negligible after diluting the 
enzymatic digests with 1.0 %(w/w) glycerol.

The limit of detection for particle size (LODsize) and particle number 
concentration (LODNP) was stablished in accordance with Laborda et al. 
[40] by considering the 5σ (5 × baseline standard deviation) criterion, 
which guarantees the avoidance of false positives (NP distributions 
partially overlapped with the background) [41]. Values of 36 nm and 
5.70 × 103 particles mL− 1 were obtained for LODsize and LODNP, 
respectively. The LODsize after applying this criterion was quite close to 
the LODsize daily given by Syngistix™ Nano Application 2.5 version 
software (LODsize within the 34–41 nm range).

The precision was studied with spiked serum samples at two different 
100 nm TiO2 NPs mass concentrations (63.5 and 127.0 μg L− 1) which 
were subjected to the enzymatic hydrolysis and UF process in triplicate 
followed by spICP-MS analysis also in triplicate. Precision, expressed as 
the relative standard deviation (%RSD) for nine measurements, was 14 
and 7 % for spiked samples at 63.5 and 127.0 μg L− 1, respectively.

Accuracy of the method was assessed through analytical recovery by 
spiking serum samples with 100 nm TiO2 NPs at 63.5 and 127.0 μg L− 1 

(spiking experiments in triplicate) and subjecting the spiked serum 
samples to the enzymatic hydrolysis and UF procedures. Replicated 
measurements (n = 3) of the un-spiked and spiked serum samples were 
used for calculating the analytical recovery in accordance with equation 
(1)

Fig. 3. Effect of the enzyme (pancreatin plus lipase) concentration (a), hydrolysis time (b), orbital-horizontal shaking rate (c), and number of UF rinsings (d) on the 
TiO2 NPs mass concentration (bars referred to the left Y axis) and mean size (lines referred to the right Y axis) for serum samples spiked with 63.5 μg L− 1 TiO2 NPs (n 
= 9).
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% AR=
[TiO2 NP]spiked − [TiO2 NP]unspiked

[TiO2 NP]standard
× 100 (1) 

where [TiO2 NP]spiked is the TiO2 NPs concentration in the spiked serum 
(part mL− 1), [TiO2 NP]unspiked is the TiO2 NPs concentration in the serum 
blank (part mL− 1), and [TiO2 NP]standard is the TiO2 NPs concentration of 
the standard suspension used for spiking experiments.

It should be noted that un-spiked serum samples gave TiO2 NPs mass 
concentrations lower than the LODNP of the method. Values, expressed 
as mean ± standard deviation, were 105 ± 11 % and 113 ± 8 % for 
spiked serum samples at 63.5 and 127.0 μg L− 1, respectively.

3.3. Applications

Four different serum samples were subjected to the optimised pro
cedure in triplicate, but TiO2 NPs number concentrations were found to 
be lower than the LODNP of the method (5.70 × 103 particles mL− 1) for 
all cases. A further application was then performed by spiking in trip
licate a serum sample with 100 nm TiO2 NPs (63.5 μg L− 1, TiO2 NPs mass 
concentration). Determinations by spICP-MS in triplicate were per
formed after enzymatic hydrolysis for 4.0 h and UF and without enzy
matic hydrolysis (enzymes mixture was added but the serum samples 
were immediately subjected to UF – referred as time 0 h in Table 2). 
Determinations of TiO2 NPs were found to be improved after applying 
the enzymatic hydrolysis procedure (51.6 ± 5.2 μg L− 1 without enzy
matic hydrolysis and 61.1 ± 2.1 μg L− 1 with enzymatic hydrolysis) 
which led to enhanced analytical recoveries (82 ± 8 % without enzy
matic hydrolysis and 97 ± 3 % with enzymatic hydrolysis).

Regarding size distributions, Table 2 shows that TiO2 NPs sizes 
remained unchanged since the calculated most frequency size was 146 
± 15 and 146 ± 7 nm in absence and presence of enzymatic hydrolysis, 
respectively (Table 2). However, a little difference has been observed in 
the mean sizes which varied from 169 ± 15 nm in absence of enzymatic 
hydrolysis to 180 ± 7 nm when applying the enzymatic process. Since 
the most frequent sizes are smaller than the mean sizes, a positively 
skewed size distribution was observed (Fig. 4) and the most frequency 
size is preferable because it is unaffected by extreme outliers. Addi
tionally, HRTEM images and EDX analysis for TiO2 NPs in spiked serum 
samples without enzymatic hydrolysis and with UF, and after enzymatic 
hydrolysis and UF are given in Fig. 5.

4. Conclusions

Enzymatic hydrolysis and UF have been found to be reliable sample 
pre-treatments for TiO2 NPs assessment in serum samples. The soft 
digestion of serum’s components by the action of the pancreatin/lipase 
mixture allows an efficient TiO2 NPs release so that the extract can be 
easily analysed by spICP-MS after a previous UF cleaning stage. The mild 
pH and temperature conditions of enzymatic hydrolysis procedures are 
very promising for extracting other NPs which could be easily ionized. 
Therefore, the potential of enzymes as sample pre-treatment tools in 
nanometrology must be fully realised. Results have demonstrated that 
the tested UF conditions do not affect TiO2 NPs size distributions as well 

as TiO2 NPs mass concentrations. Although TiO2 NPs were undetected in 
the analysed serum samples, our findings show the applicability of 
spICP-MS for TiO2 NPs determination/characterization after reliable 
sample pre-treatments that guarantee the integrity of the TiO2 NPs. 
Further research on developing pre-concentration methods is needed for 
assessing very low TiO2 NPs number concentration in biofluids. There
fore, the proposed method is a good option for future nanometrological 
applications in clinical samples.
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Table 2 
TiO2 NPs mass concentration and mean size, and analytical recovery for a serum 
sample subjected to UF and to enzymatic hydrolysis (4.0 h) and UF.

TiO2 NPs mass 
concentration (μg 
L− 1)a

AR 
(%)a,b

TiO2 NPs mean 
size (nm)a

TiO2 NPs most 
frequent size 
(nm)a

0 h 51.6 ± 5.2 82 ± 8 169 ± 15 146 ± 15
4.0 

h
61.1 ± 2.1 97 ± 3 180 ± 7 146 ± 7

(a) n = 3.
(b) TiO2 NPs mass concentration added 63.5 μg L− 1

Fig. 4. Histograms for TiO2 NPs size distribution in a spiked serum sample at 
63.5 μg L− 1 (TiO2 NPs mass concentration) without enzymatic hydrolysis and 
with UF (a) and after enzymatic hydrolysis and UF (b).
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