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A B S T R A C T   

Background: This work studies the presence of the Ti, Al and V metal ions and Ti nanoparticles released from the 
debris produced by the implantoplasty, a surgical procedure used in the clinic, in rat organs. 
Methods: The sample preparation for total Ti determination was carefully optimized using microsampling inserts 
to minimize the dilution during the acid attack of the lyophilized tissues by a microwave-assisted acid digestion 
method. An enzymatic digestion method was optimized and applied to the different tissue samples in order to 
extract the titanium nanoparticles for the single-particle ICP-MS analysis. 
Results: A statistically significant increase was found for Ti concentrations from control to experimental groups 
for several of the studied tissues, being and particularly significant in the case of brain and spleen. Al and V 
concentrations were detected in all tissues but they were not different when comparing control and experimental 
animals, except for V in brain. The possible presence of Ti-containing nanoparticles mobilized from the 
implantoplasty debris was tested using enzymatic digestions and SP-ICP-MS. The presence of Ti-containing 
nanoparticles was observed in all the analyzed tissues, however, differences on the Ti mass per particle were 
found between the blanks and the digested tissue and between control and experimental animals in some organs. 
Conclusion: The developed methodologies, both for ionic and nanoparticulated metal contents in rat organs, have 
shown the possible increase in the levels of Ti both as ions and nanoparticles in rats subjected to implantoplasty.   

1. Introduction 

The use of Ti-based alloys for dental implants has increased 
dramatically with the age of the population. According to recent pub
lished data, about 6% of the world population was carrying dental im
plants in the year 2016 [1]. Metal implants made of Ti-Al-V alloys show 
elevated rates of success but failures might come from peri-implant 

biological complications [2,3]. These range from reversible inflamma
tory lesions that affect the soft tissues surrounding a dental implant in 
the absence of radiographic bone loss, to the pathological condition 
affecting the hard and soft tissues around an osseointegrated dental 
implant (known as peri-implantitis) [4]. Once this pathological condi
tion occurs, different treatment modalities have been proposed and 
tested in the literature, but no standard treatment protocol has been 
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proven superior or completely effective [5,6]. Surgical interventions 
have demonstrated that are more favorable outcomes in cases of 
peri-implantitis [6]. Among these, evidence supports the application of 
resective, reconstructive, or combined approaches to limit progressive 
bone loss and achieve soft tissue health. In this regard, implantoplasty 
has been proposed as a mechanical method to smooth the dental threads 
while detoxifying the implant surface reducing bacterial adhesion and 
facilitating hygiene by the patient [7]. However, this treatment gener
ates the production of micro- and nano-metallic debris in the 
peri-implant environment that can be the cause of further complications 
[8,9]. 

The measurement of metallic debris from metal implants has been 
accomplished previously in our group using in vitro approaches in the 
presence of artificial saliva and buccal bacteria [10]. Using single 
particle-inductively coupled plasma-mass spectrometry (SP-ICP-MS), it 
was possible to describe the occurrence of nanoparticles containing Ti, V 
and Al from the implants and to evaluate the evolution of these species 
upon formation of a bacterial biofilm on the surface of the dental 
implant. All these in vitro approximations are adequate to study metal 
release from a chemical point of view. However, the complete buccal 
biological environment and the motion of the implants are not 
considered. 

The importance of the determination of these metal sub-products 
remains in their potential toxicity to human beings. In fact, titanium 
dioxide has been classified as a Group 2B carcinogen (“possibly 
carcinogen to humans”) by the International Agency for Research on 
Cancer [11], and its use in food products as the ingredient E171 has been 
already banned in the European Union [12]. In the same direction, the 
other elements commonly present in implant alloys, such as Al and V, 
are known to be neurotoxic [13] and show different concentration levels 
in gastrointestinal, urinary and reproductive system [14]. Therefore, the 
release and interaction with these metals is beginning to represent a 
public health concern. 

In the present work, an in vivo study using animal (rat) models has 
been conducted to address the mobilization of metal ions and particles 
from implantoplasty debris [15]. Practically, rats having a mandibular 
bone defect were filled with metallic debris released during implanto
plasty and metal/nanoparticle translocation of Ti, V and Al was evalu
ated in lungs, brain, liver and spleen after animal euthanasia one month 
later. Since the expected metal release is very low, tissue samples were 
freeze-dried before analysis and further acid-digested for total elemental 
analysis using triple quadrupole ICP-MS. Careful optimization of the 
digestion conditions using microsampling inserts, as well as the appli
cation of different combination of acids, have been conducted to achieve 
quantitative total metal recoveries in the tissues [16]. But oral exposure 
to implantoplasty debris by swallowing of (nano)particles might also 
contribute to the total oral exposure of metals. Information on the extent 
of oral absorption of these particles would provide evidence on whether 
internal exposure is possible and on their potential to accumulate in 
specific tissues. However, the sample preparation to extract intact 
nanoparticles from biological tissues is probably one of the most chal
lenging research areas in this context [17,18]. 

Most studies for solubilization of the tissues use tetramethylammo
nium hydroxide (TMAH) or enzymatic treatments (e.g. proteinase K) 
that have provided successful results, for instance, in the case of gold 
nanoparticles (NPs) [19]. However, quantitative data revealed signifi
cant lower recovery of the sought species after enzymatic digestion due 
to inferior transport efficiency of these nanoparticles in the presence of 
enzymatically digested tissue residues [18]. In addition, a main limiting 
factor in the case of the analysis of TiO2 nanoparticles is their ubiquitous 
character in the buffers or enzymatic preparations that hamper their 
determination at low concentration levels in challenging biological 
samples. Thus, the present work illustrates the study of different diges
tion conditions for total and nanoparticulated Ti, Al and V in tissues 
from rats exposed to metal debris from implantoplasty with emphasis in 
the contribution of the blanks. 

2. Experimental 

2.1. Instrumentation 

All measurements were performed with a triple quadrupole ICP-TQ- 
MS (iCAP, Thermo Fischer Scientific, Bremen, Germany) equipped with 
a Micro Mist nebulizer and a cyclonic spray chamber (both obtained 
from ESI Elemental Service & Instruments GmbH, Mainz, Germany). The 
sample introduction system was associated with an autosampler ASX- 
560 (Teledyne CETAC Technologies, Omah, NE, USA). The instrument 
was optimized daily according to manufacturer recommendations to 
achieve the highest sensitivity using a tuning solution. The single par
ticle ICP-MS (SP-ICP-MS) measurements were performed using a dwell 
time of 5 ms and acquisition time for each run of 120 s. Transport effi
ciency and flow rate were daily measured. Typical operating conditions 
of the ICP-TQ-MS are shown in Table 1. 

A microwave oven (Ethos-1, Milestone, Sorisole, Italy) equipped 
with 5 TFM standard vessels (SK-10 T and rotor type HPR-1000/10 S) 
with an internal volume of 100 mL (operating pressure and temperature 
up to 100 bar and 260 ºC, respectively) was used to contain 3 position 
rack inserts. The microsampling TFM vials (PN 33607, Milestone) were 
used for the digestion of lyophilized samples for subsequent determi
nation of total concentration of Al, Ti, and V by ICP-MS. The tempera
ture was monitored in real time during sample digestion in the reference 
vessel using a probe. 

Other instrumentation was also used, such as a freeze dryer (Heto 
Lyolab 3000, Thermo Fisher Scientific, Hamburg, Germany), centrifuges 
(Biofuge Stratos, Thermo Fisher Scientific and MiniSpin Plus, Eppen
dorf, Hamburg, Germany), vortex (Reax Top, Heidolph Instruments, 
Schwabach, Germany), pH-meter (SensION+ PH3, Hach, Barcelona, 
Spain), thermoblock (ThermoMixer C, Eppendorf, Hamburgo, Ger
many), and ultrasonic bath (Ultrasons 30000514, J.P. Selecta, Barce
lona, Spain). An analytical balance (MSD205DU/M, Mettler Toledo) 
with an accuracy of 0.0001 g was used to prepare all the samples, 
analytical standards and to perform all dilutions. 

2.2. Reagents and solutions 

Ultrapure water obtained in a Purelab flex 3 system (ELGA VEOLIA, 
Lone End, United Kingdom) with a minimum resistivity of 18.2 MΩ cm 
at 25 ºC was used to prepare all the standards solutions, reagents and to 
perform dilutions prior to analysis. Concentrated nitric acid 65% (m/m) 
(Acros Organics, Thermo Fisher Scientific), distilled in a sub-boiling 
system (DTS-1000 Acid Purification System, Savillex, Eden Prairie, 
USA), and concentrated hydrofluoric acid 40% (m/m) (Alfa Aesar, 
Thermo Fisher Scientific. 99.99% metal basis) were used for sample 
digestion. The purification of concentrated nitric acid by sub-boiling 

Table 1 
ICP-TQ-MS instrumental parameters for total Al, Ti, and V determination and 
operating conditions of single particle-ICP-MS for nanoparticles 
characterization.  

Parameter  

RF Power, W 1550 
Coolant gas flow, L min− 1 14.0 
Auxiliary gas flow, L min− 1 0.8 
Nebulizer gas flow, L min− 1 1.0286 
CR Lens, V -148 
Extraction Lens 2, V -180 
Q1 masses, m/z 27 (27Al+), 45 (45Sc+), 47 (47Ti+) and 51 (51V+) 

Open in SQ-mode 
Q3 masses, m/z 27 (27Al+), 45 (45Sc+), 63 (47Ti16O+) and 67 

(51V16O+) 
Single-particle ICP-MS  
Dwell time, ms 5 
Sample flow rate, mL min− 1 0.44 – 0.47 
Run time, s 120  
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distillation was conducted in the LO setting (lowest distillation rate) and 
an initial cleaning protocol to produce trace metal grade acid was per
formed using a double distillation of ultrapure water. 

For total Al, Ti, and V quantification by ICP-MS in the samples ob
tained after microwave-assisted digestion, standard solutions were 
prepared daily by sequential dilution of a single-element stock solution 
containing 1000 mg L− 1 of Al (High Purity Standards, Charleston, USA), 
Ti (CertiPUR, ICP Standard, Merck, Germany), and V (CertiPUR, ICP 
Standard, Merck, Germany) in 2% (v/v) HNO3/HF. The range was be
tween 0 and 5 µg L− 1 with a final concentration of HF in the calibration 
standards as low as 25 µg mL− 1 to preserve the HF-sensitive parts of the 
instrument. An internal standard of Sc at final concentration of 2 µg L− 1 

was added to blanks, standards, and diluted samples. 
The calibration of SP-ICP-MS for the quantification of Ti-based 

nanoparticles was performed using Ti standard solutions prepared in 
ultrapure water in the range of 0–50 µg L− 1. These standard solutions 
were prepared using an intermediate single-element solution of 1000 µg 
L− 1 prepared in 2% (v/v) HNO3/1% (v/v) HF for Ti. 

For optimization and spiking experiments, a commercial TiO2 
nanopowder (<25 nm, anatase, 99.7% trace metals basis) was used 
(Sigma-Aldrich, Madrid, Spain). 

Argon (99.999%) and oxygen (99.995%), both from Air Liquide 
(Valladolid, Spain) were used for ICP-MS operation and for the reaction 
cell, respectively. 

All laboratory materials such as glassware, polypropylene vials and 
other flasks were cleaned before use by soaking in 5% (v/v) HNO3 bath 
for seven days followed by rinsing with ultrapure water. 

2.3. Samples and in vivo study protocol 

The in vivo experiments were conducted at the University of Barce
lona upon approval by the Ethical Committee for Animal Experimen
tation of the University of Barcelona (protocol identification number 
10799). In summary, a randomized experimental study was carried out 
in 18 Sprague-Dawley rats, with a 50% sex ratio at the population level, 
6–8 months of age and with weights between 380 and 450 g. All animals 
were randomly distributed into two study groups: experimental group 
(ten rats with a unilateral mandibular defect filled with metal debris) 
and control group (eight rats with an empty unilateral mandibular 
defect). Metal particles used to fill the mandibular defect were obtained 
by a simulated implantoplasty procedure on Ti-6Al-4 V dental implants 
(Avinent Implant System S.L., Santpedor, Spain). More details about the 
surgical protocol and the biological implications of the in vivo study were 
described in a previous publication [20]. 

The samples evaluated in this study for metal ions distribution (Al, 
Ti, and V total concentration) and nanoparticulated Ti in the different 
organs were taken 30 days after surgery. The liver, spleen, brain, and 
lungs were extracted and frozen at − 80 ºC for subsequent lyophiliza
tion. The blood samples were collected from the population of study 
before and after surgical procedure, frozen at − 80 ºC and lyophilized. 
All samples were ground manually in an agate mortar and stored in 
polypropylene vessels at − 18 ºC until use for the microwave-assisted 
acid digestion or enzymatic digestion. 

2.4. Microwave-assisted acid digestion using microsampling inserts (MW- 
AD) 

Two microwave-assisted acid digestion methods were used. First 
trials were conducted in 100 mL Teflon vessels using 0.1 g of dry tissue 
and adapting a digestion protocol without the use of HF, as suggested in 
the literature [17]. A second method was then used in order to minimize 
the dilution of the samples, which included the use of microsampling 
inserts in the digestion vessels and a different acid mixture. In this case, 
0.1 g of dried and milled samples were digested using a mixture of 25 µL 
of HF and 2 mL of HNO3 in TFM microsampling inserts. For the use of 
microsampling inserts in the conventional MW system, the 100 mL 

microwave vessels were loaded with 10 mL of ultrapure water and a rack 
with three inserts was fixed inside of the vessels. The vessels were closed 
and fixed on the rotor and a temperature probe (thermocouple, 
ATC-400-CE) was installed in the reference vessel for internal temper
ature monitoring and control. The optimized heating program is shown 
in the Table 2. 

The digested solution was collected in polypropylene flasks and filled 
up to 25 mL with ultrapure water. Before the quantitative determina
tion, the digested samples and analytical blanks were diluted 10 times to 
reduce the concentration of HF (below 100 µg mL− 1) to avoid damages 
to the quartz torch and glass sample introduction system of the ICP-MS 
instrument. 

A cleaning step of the TFM microsampling inserts was performed 
using 2 mL of 50% (v/v) HNO3 and 25 µL of concentrated HF. 

2.5. Enzymatic digestion for the extraction of Ti nanoparticles 

For the enzymatic extraction, the optimum conditions were achieved 
with the use of proteinase K as extraction enzyme to reach a complete 
solubilization of liver tissues based on the works of Loeschner [18] and 
Soto-Alvaredo [21]. In this way, 25 mg of dried and milled tissue sam
ples were suspended in 1.5 mL of freshly prepared enzymatic solution (3 
mg mL− 1 of proteinase K, 0.5% SDS, 10 mmol L− 1 TRIS buffer, pH 
7.4–8.2). The suspension was sonicated for 1 h and finally shaken 
overnight at 37 ºC. The enzymatic digestion solution was filled up with 
ultrapure water to a final volume of 2 mL. The final solution was 
immediately analyzed or stored at 4 ºC, if necessary. Prior to analysis by 
SP-ICP-MS, the digested solution was sonicated for 5 min and diluted 10 
times in ultrapure water. 

2.6. Single-particle ICP-MS measurement of the digested tissues 

The enzymatically digested tissues were measured by SP-ICP-MS 
using the triple-quadrupole iCAP TQ ICP-MS system with the standard 
sample introduction system formed by a cyclonic spray chamber and a 
MicroMist nebulizer of 0.4 mL min− 1 optimal flow. For this aim, the 
dwell time was reduced to 5 ms with an acquisition time of 120 s per run. 
The Ti was monitored via the isotope 47Ti to avoid the interference of 
48Ca on the most abundant 48Ti. The Ti was measured in the mass shift, 
using O2 as a reaction gas in the reaction cell to transform the 47Ti+

selected in the first quadrupole into 47Ti16O+ that is detected after 
selecting m/z 63 in the third quadrupole with no significant 
interferences. 

The transport efficiency was determined daily by the particle number 
method[22] using 30 nm standard gold nanoparticles (LGCQC5050, 
LGC Standards, United Kingdom) after appropriate dilution down to a 
concentration of 3⋅104 particles per mL. Under these conditions, the 
transport efficiency ranged from 2.5% to 3.5%. All data were exported as 
text files and further processed using Microsoft Excel 365. The opera
tional parameters for the ICP-MS measurements are summarized in 
Table 1. 

2.7. TEM measurements 

Transmission electron microscopy (TEM) images were obtained with 
a MET-JEOL-JEM-1011 (Tokyo, Japan) operated at 100 kV. TiO2 

Table 2 
Optimized conditions of the microwave-assisted acid digestion (MW-AD).  

Step Time, min Temperature, ºC MW Power, W 

1  15 Room temperature up to 90  1000 
2  15 90 – 140  1000 
3  15 140 – 200  1000 
4  10 200  1000 
5  60 Cool down to room temperature  0  
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standard nanoparticles suspensions at a concentration of 1 mg mL− 1 and 
the enzymatically treated liver tissue were sonicated for 5 min prior to 
TEM imaging. 

3. Results 

3.1. Optimization of the microwave-assisted acid digestion (MW-AD) 
method 

As a starting point to attempt the digestion of the freeze-dried tissues, 
previously published strategies[18,21] were used with some modifica
tions that will be detailed in the following section. The optimization of 
the MW-AD method was performed using Ti as the target element of 
interest. The best conditions obtained for Ti were then applied for Al and 
V. 

3.2. Evaluation of the effect of the acid mixture on the recovery of ionic Ti 
and Ti nanoparticles 

The first digestion experiments (without addition of HF) and 
following the work of Loeschner[18] and Soto-Alvaredo[21] provided 
recoveries of Ti only up to 60%. Spiking experiments with TiO2 nano
particles resulted in even lower recoveries about 15% with poor pre
cisions, higher than 30%. 

To improve the recoveries, HF was further used in the acid mixture. 
The addition of only 25 µL of concentrated HF increased the recovery of 
soluble Ti to (96.5 ± 7.3) %, with RSDs below 5%. However, the re
covery of spiked TiO2 nanoparticles was still below 25% and high 
analytical blanks and cross-contamination between samples was 
observed. 

At least 0.5 mL of HF were needed to obtain quantitative recoveries 
(> 95%) for spiked TiO2 NPs (5 and 10 mg). Such high volumes imply 
the need to apply high dilution factors up to 250-fold to avoid any 
damage to the glassware and quartz of the sample introduction system. 
Therefore, since the contribution of TiO2 nanoparticles to the total Ti 
determination in these biological samples was expected to be minimal 
(more details are discussed in the section of SP-ICP-MS analysis), only 
25 µL of HF were added to the digestion mixture. 

3.3. Optimization of microwave digestions using TFM microsampling 
inserts 

The use of microsampling inserts allows to reduce the mass of sample 
and the digestion volume, which are limited to 0.1 g and 3 mL, 
respectively. An initial experiment was conducted using 0.1 g of dry 
tissue and a solution of 1 mL of H2O, 1 mL of HNO3, 0.5 mL H2O2, and 
25 µL of HF. The microwave heating program was the same as described 
in Table 2. A significant reduction of the blanks for all analytes was 
observed when comparing to the blanks obtained using TFM vessels of 
100 mL. However, a low repeatability, with RSDs up to 30% (N = 3), was 
obtained for the samples spiked with soluble Ti. 

In order to avoid sample projections that could be caused by a gas 
overpressure in the digestion inserts, a second experiment was carried 
out by eliminating the H2O2 and using 2 mL of HNO3 together with 25 µL 
of HF as acid digestion mixture. As a result, lower standard deviation 
and analytical blanks were obtained, resulting in LODs of 0.370, 0.022, 
0.004 µg L− 1 (calculated as 3 times the standard deviation of blanks 
divided by the slope of the calibration curve)2 for Al, Ti, and V, 
respectively, that turned to 39, 1.75 and 0.51 ng g− 1 referring to the 
dried tissue when taking into account the dilution factors applied to the 
original sample during the digestion and measurement. The use of 
microsampling inserts also increased the sample throughput, since up to 

three inserts can be set in one digestion vessel. 
When applying these digestion conditions, the concentrations of Al, 

Ti and V could be quantified in the different organs and blood and the 
results were carefully discussed in a previous publication.[20]. 

In summary, Fig. 1 shows these results. The concentration of Ti in all 
analyzed organs (p < 0.05, Fig. 1c) and V in brain samples (p = 0.016, 
Fig. 1b) showed a statistically significant increase in the experimental 
group. Moreover, the results on blood samples of the animals, collected 
before and after the surgery are shown in Fig. 2. In this case, although no 
statistically significant differences were observed between control and 
experimental groups, there is an evident trend to higher Ti levels after 
the surgery, both in control and experimental groups. The only signifi
cant difference (p < 0.05) was found in Al between control and exper
imental animals. Surprisingly, in this case the Al content was lower in 

Fig. 1. Results obtained for total concentration of (a) Al, (b) V, and (c)Ti by 
ICP-TQ-MS after MW-AD in the biological samples of proposed study. The bars 
represent the average of control (white) and treated (gray) groups. Error bars 
are the standard deviation. Asterisks show significant differences (p < 0.05) 
between the experimental and the corresponding control groups. 

2 The values for LOQs were 1.23, 0.073 and 0.013 µg L− 1 for Al, Ti and V, 
respectively. 
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the animals that were subjected to the surgery than in the controls. This 
might be ascribed to natural differences in the basal levels of this metal, 
rather than to the surgical procedure itself. 

3.4. Extraction of Ti nanoparticles from rat tissues and analysis by SP- 
ICP-MS 

For extraction of the existing nanoparticles in the tissues, firstly, a 
combination of lipase and pancreatine was used following previous 
publications.[17,23] This led to a cloudy suspension that had to be 
filtered and/or centrifuged prior to SP-ICP-MS analysis, causing an 
important loss of nanoparticles. Secondly, a modified protocol[18,21] 
using a combination of proteinase K and SDS in Tris buffer succeeded to 
hydrolyze peptide bonds and solubilize fatty acids and other 
low-solubility components of the tissue. This treatment resulted in a 
homogeneous solution free of solid matter. In Fig. S1, a visual compar
ison of the suspensions obtained by both enzymatic digestion methods 
can be seen. 

The overall analytical recovery of the extraction method was eval
uated by spiking a liver sample (before extraction) with a standard of 
TiO2 nanoparticles at a concentration of 80 µg kg− 1 of Ti before dilution 
with ultrapure water. The raw signals and their corresponding mass 
histogram are shown in Fig. 3. As can be seen, the number of events is 
significantly higher than in the blank (1362 events versus 160), while the 
background signal is not really affected. 

Taking into account the mass of TiO2 nanoparticle standard added to 
this sample, and the number of particles detected in the final dilution, 
the recovery for the spiked liver sample of Fig. 3 turned out to be about 
30%, which agrees with the non-quantitative recoveries observed by 
other authors.[18] It must be taken into account, however, the 
complexity of this determination, since the nanoparticle standard is 
added to the freeze-dried samples, which are then subjected to an 
enzymatic digestion. Thus, a significant loss of nanoparticles in the 
samples by precipitation, adsorption or solubilization processes is 
expectable. 

Since a relatively high presence of TiNPs was found in the blank 
solutions, including ultrapure water and digestion blanks, it was 
important to minimize their contribution to the analysis, particularly in 
the case of samples where the concentrations are extremely low. In this 
regard, it was necessary to conduct a thorough washing of poly
propylene bottles in 10% HNO3 overnight, discarding, at least, 1 L of 
ultrapure water before actually collecting the amount needed for the 

day, and filtering buffers using 3 kDa cutoff filters to have a significant 
decrease on the obtained blanks. However, some reagents, like the en
zymes used for digestion buffers, were not suitable to any cleaning 
procedure and had an impact on the background signals. After taking 
these precautions, the blank solution contained only around 20 titanium 
events in a typical 120 s run (data not shown). However, the digestion 
blank, containing the proteinase K, SDS and Tris buffer, contained a 
significant number of Ti events (146). 

A digested liver sample is shown, as an example, in Fig. 3. As can be 
seen, the number of events (199 events) is not significantly different to 
this in the digestion blank (146 events). 

After appropriate calculations shown in previous publications[10], 
event intensities were transformed into mass of Ti per event by means of 
an external calibration using ionic elemental Ti standards. The detection 
limit of TiO2 NPs under these experimental conditions turned out to be 
2.1 fg of TiO2 or 1.3 fg of Ti per particle. After obtaining the mass of Ti in 
each event, the data sets were plotted as box and whiskers plots 

Fig. 2. Results for total concentration of Al, Ti, and V in blood samples by ICP- 
MS after MW-AD. The bars represent the average for control (white) and treated 
(gray) groups before and after surgical procedure. Error bars are the standard 
deviation. Asterisks show significant differences (p < 0.05) between the 
experimental and the corresponding control groups. 

Fig. 3. Enzymatically digested liver sample spiked with TiO2 nanoparticles. 
The insets show the mass distribution histograms for each sample. 

Fig. 4. Boxplot graph that shows the mass distribution of the particles found in 
the digestion blank and samples of liver, brain, spleen and lung. For each organ, 
the first box corresponds to a control rat, and the second box corresponds to an 
experimental rat. 
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(boxplots) that are shown in Fig. 4. Each box is constructed as a merge of 
two independent digestions of the same sample (blank, treated or con
trol), which were not statistically different before being merged. Fig. 4 
shows a comparison of the Ti mass in a digestion blank and the results 
obtained for each organ, comparing a control rat (control) with an 
implanted rat (experimental). The obtained statistical descriptors are 
also summarized in Table 3. 

4. Discussion and conclusions 

The effect of metal/nanoparticles translocation in vivo using rat 
models and using just a short exposure period (30 days) has been tackled 
in this work. The limited amount of sample, together with the low ex
pected concentrations of the analytes in the tissues were the main 
analytical challenges that needed to be faced in the total elemental 
analysis section. Out of the two mentioned digestion methods, the use of 
relatively high HF amounts was required for quantitative recoveries of 
nanoparticulated titanium, which was not compatible with the glass and 
quartz sample introduction system as suggested by previous studies.[25, 
26]. Therefore, a compromise solution was chosen with a minimal 
amount of HF, assuming that the concentration of nanoparticulated Ti 
would be, in any case, low. It is also worth mentioning that, in addition 
to Ti, the use of HF was also recommended by Loeschner et al.[27] to 
achieve a complete dissolution of aluminum compounds present in 
particulate form, such as aluminum silicate. 

As a drawback, when using HF, a significant increase in the analyt
ical blanks and cross contamination between different samples was 
observed, as previously described by Zhang et al. [28]. 

To solve the problems related with blanks and limited sample 
amount, the microsampling inserts allowed to reduce the sample and 
reagents amounts needed for reliable results on the analysis of Ti and the 
other elements in the samples even at ultra-trace concentration [29]. In 
addition, the removal of H2O2 in the digestion mixture, whose oxidizing 
action was undertaken by concentrated HNO3[30], also helped to obtain 
a better reproducibility, which, in combination with an optimized 
digestion program with slow temperature ramps allowed acceptable 
precisions, according to the complexity of the analyzed material. 

Such conditions permitted to achieve low detection limits allowing 
the determination of the elements of interest in the samples. Most sig
nificant differences were found in the content of Ti, where the increased 
concentrations in the experimental group of animals indicated that a 
change in the distribution of this element might have been induced by 
the implantoplasty with subsequent translocation of metallic particles 
and/or Ti ions [20]. It is not surprising that Ti is the only metal showing 
significant differences between control and experimental groups. This is 
probably due to the composition of the dental implants, being an alloy of 
Ti (base metal) with 6% of Al and 4% V. Therefore, Al and V are minor 
components of this material, and their biological concentrations are 
consequently much lower. In fact, only V in brain was slightly signifi
cantly increased in the treated rat group. 

When it comes to the concentration of Al in all tissues, it was in the 
order of 1000 ng g− 1 and in agreement with basal levels of Al in rat 

tissues previously reported [31]. The average concentration of V was 
around 10 ng g− 1 for brain, liver and lung tissues. However, the V 
concentration in the spleen was around 5 times higher. As described for 
Al, the V concentrations obtained in this work are in line with previous 
values reported for V in rat tissues [32,33]. 

As previously shown, the metallic debris obtained after implanto
plasty (using titanium as representative element of this process) may be 
composed by low-molecular weight species or ions, but also, nano
particles. To investigate the production and translocation of Ti- 
containing nanoparticles (TiNPs) by the implantoplasty procedure, 
single particle ICP-MS (SP-ICP-MS) seems the ideal tool once the tissues 
are specifically processed using enzymatic solubilization in the presence 
of SDS. 

As shown in the results section, one main concern is the presence of 
TiNPs in blank solutions that can not be eliminated by filtration and/or 
centrifugation procedures. However, the calculations revealed that the 
particles contributing to the blanks have a mass of about 5 fg of Ti, or 
even lower, which is very close to the detection limit. When analyzing 
the number of particles found after the digestion of the liver, roughly the 
same number of particles were detected in both the blank sample and the 
digested liver, probably suggesting that the presence of TiNPs in this 
tissue, if any, is very low. In addition, the increase in the continuous 
background confirmed the presence of Ti in other forms than NPs in the 
samples already observed in the total Ti determination [34]. 

It is noteworthy that in all analyzed organs, the mass of Ti in the 
TiNPs found in both, control and experimental groups, corresponded to 
much larger particle sizes than those present in the digestion blanks, but 
very similar between control and experimental groups (considering 
spherical and pure TiO2 nanoparticles). This finding supports the idea 
that the rats incorporated omnipresent titanium through feeding, water, 
and contact with materials. These results, however, reveal that the 
nanoparticles produced and transported from the implanted area to 
most of the analyzed organs were either very few or too small to be 
detected with the used strategy (the animals were exposed for only one 
month). 

For the case of brain and spleen, however, the interpretation is 
slightly different. The particles found in controls are not statistically 
different from those found in experimental samples. However, there is a 
clear increase in the higher-mass particles in the experimental rats 
revealed by the growth in the third quartile in Table 3. This demon
strates a small difference in the organs from the experimental animals 
that contain, at least, a population of bigger-sized particles than those 
present in the control animals. This may indicate either a production of 
bigger TiNPs due to increased Ti levels (as demonstrated already in the 
total ionic titanium quantification) or an accumulation of bigger parti
cles that are transported from the implant site. The possible presence of 
larger sized particles as consequence of the aggregation of smaller par
ticles should not be discarded either. This would explain that even when 
the number of events is not significantly higher in the samples than in 
the digestion blank, the obtained masses of Ti per particle, were higher 
in the animal tissues and among them, in the exposed animals. In fact, 
the preliminary TEM measurements of the extracts revealed the 

Table 3 
Statistical descriptors of the mass distributions of the events found in the liver, brain, spleen and lung samples. Q1 and Q3 are quartiles 1 and 3, respectively. Avg means 
average. SD means standard deviation of the dataset containing all events.    

Q1, fg Q3, fg Median, fg Avg, fg SD, fg # Events  

Blank  0.39  1.60  0.65  1.40  2.00  300 
Liver Control  2.19  7.57  3.66  5.68  5.11  126 

Experimental  2.13  7.84  3.53  6.11  5.88  223 
Brain Control  1.21  6.10  2.83  5.45  7.36  682 

Experimental  1.44  7.39  2.93  6.25  8.48  391 
Spleen Control  0.62  3.28  1.23  2.65  3.37  380 

Experimental  0.82  4.60  1.90  4.54  7.99  619 
Lung Control  0.70  2.57  1.26  2.58  4.55  446 

Experimental  0.59  2.12  1.01  1.83  2.05  519  
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presence of small particle aggregates that might be due to the presence 
of TiNPs, although elemental analysis could not be done (Fig. S2). 

In conclusion, the analytical challenge of evaluating metal and metal 
nanoparticles translocation in the organs of implanted rats has been 
undertaken using exhaustive sample preparation protocols. For total 
elemental concentration, an optimized procedure using concentrated HF 
directly added on the sample and using microsampling inserts to mini
mize sample dilution permitted to achieve necessary LODs to accom
plish the determination of Ti, Al and V in tissue samples. The only 
significant differences when comparing exposed and control samples 
could be observed in the case of Ti, and thus, the possible presence of Ti 
as nanoparticles was further investigated. In this regard, the use of 
proteinase K and SDS allowed the solubilization of the tissues. The co- 
existence of Ti in the form of nanoparticles and ions was proven 
through SP-ICP-MS experiments. Although the significant content of 
nanoparticulated Ti in control rats from environmental sources 
hampered the correct determination of the nanoparticles with an origin 
in the implanted debris, the mass of Ti in the obtained events seemed to 
point out the presence of different Ti nanoparticles in brain and spleen 
samples distinguishable from those in the control counterparts. 
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