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Abstract: A novel ICP-OES method has been developed for the determination of Si concentration,
originating from polyorganophosphosilanes, in biological specimens that also contain metal ions. The
method is free of hazardous hydrofluoric acid (HF) and involves digestion with HNO3/H2O2 prior
to the analysis by ICP-OES. High and reproducible spike recovery was obtained from the controls.
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1. Introduction

SN132D and Tumorad® are nanoparticles (NPs) used in clinical and regulatory pre-
clinical development, for the imaging and treatment of cancer, respectively. Both NPs are
polyethylene glycol (PEG)-coated with a polyorganophosphosilane core [1].

The Tumorad® NPs of 25–30 nm have a very high affinity for polyvalent metal ions
suitable for clinical application. During their preclinical development, non-radioactive and
easily detectable metals such as Y and Lu are incorporated to obtain information about
bio-distribution and pharmacokinetics. A good bioanalytical method should allow the
determination of both the loaded metal and the carrier NPs. The most suitable element is,
in this case, Si because of the high background of P in tissue.

Silicon is the most abundant element in the earth’s crust after oxygen and is normally
found as silicate minerals and silica. Leaked soluble silica is predominantly present as silicic
acid, Si(OH)4, and is ubiquitously present, e.g., tap water contains ppm levels (mg/L).
Although the magnitudes are lower than biological phosphorus, there are significant
biological background concentrations of Si in all tissues. In the laboratory, the leakage
of soluble silica from glass labware, analytical equipment, and reagents contribute to the
background and, thus, limits the sensitivity and accuracy of bioanalyses. Partially soluble
silica, such as oligomers of silicic acid, complicates the elemental analysis of Si.

Hydrofluoric acid (HF) is often used to obtain the complete recovery of Si in biological
samples. However, hydrofluoric acid is highly corrosive to living tissue and glassware.
It exposes the researcher to hazards and safety precautions that require time- and cost-
inefficient solutions. For example, glassware has to be replaced by ceramic and plastic
tools. Another major concern that affects the quantification of Si is the risk of losing Si from
the sample as volatile SiF4, which may occur when HF is combined with strong acid [2].
For these reasons, Si is generally seen as a difficult element to measure by any analytical
method, including ICP, which is the focus of the current article [2–6].

The current practice for the analysis of silicon in biological samples includes both
HNO3 and HF during digestion [7–9]. The combination of HNO3 and HF has a broad
application for many other elements from complex samples but is not optimal for samples
containing organophosphosilanes [10,11].

The most relevant and recent literature on methods to quantify Si in challenging
samples is sparse. The suggested methods in one publication present the use of H2O2,
HNO3, and HF to determine total silicon from SiO2 particles with reaction-cell ICP-MS [5].
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However, the method still includes HF, which, as mentioned above, is problematic in
several ways. Another method presents a digestion protocol under basic conditions and
the subsequent acidification by HNO3 before ICP-OES bioanalysis [12]. Herein, HF is not
included but the alkaline conditions strongly favor conversion to silicate. Next, a method to
detect silica NPs uses KOH followed by H2SO4 [4]. Alkaline digestion is highly unfavorable
due to the large volumes required for dilution, resulting in an unsatisfactory sensitivity.
Another limitation of digestion with KOH is the potential interference between the emission
from potassium and metal ions such as Lu3+ or Y3+, which may be of interest to co-analyze.
Lastly, one publication showed a procedure where tetramethylammonium hydroxide was
used as a base [3]. This involves the addition of a large amount of organic carbon, which
may contribute to the black-body background and, thus, reduce the sensitivity to detect Si.

Current state-of-the-art methods to detect Si do not consider metal ion analysis from
the same samples. To overcome this, we have developed a novel method to detect sil-
icon, present as alkyltrioxysilanes, and metal ions from the same sample without HF.
The details of the new method are presented in the hope of being applicable to similar
analytical problems.

2. Materials and Methods
2.1. Standards and Reagents

Milli-Q (MQ) water from Milli-Q Plus 185, Resistivity: 18.2 MΩ × cm (Millipore,
Burlington, MA, USA) was used for sample preparation and all dilutions. Hydrogen perox-
ide, H2O2 29.0–32.0% (Sigma Aldrich, Saint Louis, MI, USA), and nitric acid, HNO3 67–69%
(Normatom, VWR Chemicals, Sanborn, NY, USA) were of ultrapure grade. Calibrants
for total silicon (Si) measurements were prepared from certified reference material with
ISO/IEC 17025 and ISO Guide 34. A stock solution of 1013 mg/L (High Purity Standard,
Sigma Aldrich, 08729) was used and diluted with 15.2% HNO3/5.3% H2O2 to prepare Si
standards between 0.03 mg/L and 5 mg/L. Ludox AM-30 colloidal silica (30% wt/wt) was
obtained from Sigma-Aldrich (420875).

Chicken liver, mouse liver, and mouse carcass were used in the method development
and accuracy tests.

2.2. ICP-OES Equipment and Instrument Parameters

The standard components in glass, single-pass cyclonic spray chamber (201008170),
torch (2.4 mm, 2010090400), and nebulizer (Seaspray, 2010096400), as well as the axial
ICP-OES (710) and the software Agilent ICP Expert II V Version 2.0.5.283, employed for
all measurements, were from the same manufacturer (Agilent Technologies, Mulgrave,
Australia). The Si emission signal was recorded at 251.611 nm. The instrument parameters
are shown in Table 1.

Table 1. Optimized instrument parameter.

Instrument Parameter Value

RF power 1.3 kW
Plasma gas flow 15 L min−1

Auxiliary gas flow 1.5 L min−1

Replicate read time 5 s
Sample uptake delay time 35 s
Instr. stabilization delay 20 s

No. of replicates 3
Nebulizer flow 0.75 L min−1

Peristaltic pump flow rate 15 rpm

Blank samples between samples 1% HNO3 + 5% HCl with detergent was
included between samples.

Wash between samples Rinse for 20 s with 1% HNO3.

Calibration curve Weighted linear and maximal 5% error allowed.
Recalibration was made every 30 samples.
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Other Equipment

Vials and threaded lids in PTFE were produced by Prototypverkstaden, Lund, Sweden.
The volume was 12 mL, and the vial and lid, together, had a height of 54 mm and a weight
of 64 g (Figure 1a). Holes (to fit the outer diameter of 27.5 mm) were made in blocks
(80 × 130 mm) of aluminum. Two such blocks, each harboring 6 vials, were connected to a
heater and shaker (modified from IKA® KS 130 Basic (Figure 1b)).

1 

 

 

Figure 1. a. A 

 
(a) 

(b) 

 PTFE‐vial used for digestion. 

 

Figure 1. (a) A PTFE-vial used for digestion. (b) PTFE vials in the incubator. The picture shows the
setup with 12 PTFE vials in the Heater/shaker: IKA®KS 130 Basic, Buch & Holm.

A safety shield from Nalgene, Rochester, NY, USA (6350) was put in front of the heater
and shaker during heating.

Disposable scalpels were from Heinz Herenz, Hamburg Germany (0482). The cutting
board, made of LDPE, was from the local supermarket. Plastic tweezers were obtained
from Sagitta, Mariestad, Sweden.

2.3. Sample Preparation
2.3.1. Decontamination Procedures

The vials were washed in warm water + detergent (Exterran, Victoria, Australia,
NO19263155004) and then rinsed with MQ water (at least 5 times). After rinsing with 6 M
HNO3 and one last time with MQ water, they were dried at 60 ◦C before use. Thus, HF
was not used for decontamination.

2.3.2. Sample Collection

Chicken liver, used for the majority of the recovery experiments, was obtained from
the local supermarket. Livers, carcasses, and kidneys were from mice and rats; control
animals from preclinical studies. The fur of the mouse carcasses was removed by shaving
(Hair-Trimmer, Biltema, Lund, Sweden, 84-1019). Further removal of hair (which contains
Si) was performed using Silky Fresh Hair Removal Cream, Veet. The mice were then
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homogenized (Moulinex Optiblend 2000). Kidneys from Wistar rats were used to test the
recovery of Si after digestion without H2O2. All animal experiments were performed at
the contract research organization Timeline (Lund, Sweden), according to their standard
operating procedures and ethical permissions.

2.3.3. Digestion for Total Si Determination

A mixture of nitric acid and hydrogen peroxide (38% HNO3/13.2% H2O2) was pre-
pared in a 50 mL centrifuge tube, first adding 22 mL of 30% H2O2 (stored in the fridge) and
then 68% HNO3 up to 50 mL.

Tissue (0.3 g) was weighed in a Teflon vial, then the acid mixture (2.7 mL) was added.
The samples were treated at 100 ◦C and shaken at 240 rpm for 1:30 h.

The digested tissue (2.0 mL) was removed from the vial and diluted (2.5-fold) with
MQ-water (3.0 mL) in a 15 mL tube for ICP-OES analysis.

Weights were noted; before adding the sample, the sample weight, after the addition
of HNO3/H2O2, and finally after the heating process. The leakage of weight was recorded
and the loss was found to be negligible. The fraction of the digested sample transferred
(typically around 80%) was calculated.

2.3.4. Attempted Digestion without H2O2

The recovery of Si from spiked rat kidneys was investigated to confirm the role of
hydrogen peroxide during digestion. Sample preparation followed the protocol above
(Section 2.3.3) except for the substitution of HNO3/H2O2 with 50% HNO3. The background
concentration of Si was determined from non-spiked samples and subtracted.

2.3.5. Standards in 15.2% HNO3/5.3% H2O2

Standard solutions for Si between 0.03 mg/L and 5 mg/L were prepared in (15.2%
HNO3/5.3% H2O2) to match the conditions in the digested samples (Figure 2).
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2.3.6. NPs to Spike Tissue 

Figure 2. A representative Si-standard curve. Screenshot from the ICP Expert program (Agilent)
showing the Si-standard curve with its calculated parameters.

2.3.6. NPs to Spike Tissue

Tumorad® NPs were used as the spike material. Nominal NP concentrations were
measured and defined in 1% HNO3/5% HCl/20 mg/L of Triton X-100. Standard conditions
for instrument parameters were used (Table 1) except for a lower RF power (1.2 kW).
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3. Results
3.1. Method Validation and Analytical Quality Control
3.1.1. Limits of Detection and Quantification

The limit of detection (LOD) is defined as the lowest concentration of analyte in a
sample, which can be detected, though not necessarily quantified. Blank samples (in 15.2%
HNO3 + 5.3% H2O2) were run at least six times. The LOD is calculated according to:

LOD = 3.3σ/S,

where σ is the standard deviation of the response and S is the slope of the calibration curve.
The limit of quantification (LOQ) is defined as the lowest concentration of an analyte in a
sample that can be determined with acceptable accuracy (±10%) under the stated operating
conditions of the method. The LOQ is expressed as:

LOQ = 10σ/S.

The limits of detection (LOD) and quantification (LOQ) determined from blank mea-
surements were 0.012 and 0.036 mg/L, respectively (Table 2).

Table 2. Si determination by ICP-OES: limits of detection (LOD) and limits of quantification (LOQ).

AVR Intensity
of Blank (int)

STD Deviation
(int)

Slope
(int/ppm)

LOD
(mg/L)

LOQ
(mg/L)

106.5 10.8 2977.66 0.012 0.036

3.1.2. Linearity

The validity of the linear calibration model was evaluated by generating seven points
calibration acid concentration-matched curves using the standards of soluble silicon in the
range of interest, 0.036–5 mg Si/L. A standard curve is shown above (Figure 2) and its
parameters are shown in Table 3.

Table 3. Linearity of Si (λ = 251.611).

Statistical Analysis Observation

Slope 3221.76
Y-Intercept 100.6

Correlation Coefficient 0.9999

3.1.3. Limit of Quantification in Tissue

The biological material was chicken liver, mouse liver and mouse carcass. The back-
ground level from the mouse liver was undetectable, i.e., below the LOD, while the cor-
responding level from the chicken liver was low (around 0.05 mg/L as raw data of the
ICP sample) and possible to quantify at the LOQ (Table 2; 0.036 mg/L). The lowest spike
concentration, consisting of the background level and the added NP, tested and verified in
the chicken liver (104.3 ± 7.5%) was 0.068 mg/mL (Table 4). Using the sample weight of
0.3 g, it corresponded to 1.5 mg Si/kg tissue. The level is similar to that established (2 mg
Si/kg) by Hauptkorn, based on the LOQ [3]. Our biological Si backgrounds, from mouse
and chicken liver, were significantly lower than those determined from the porcine and
bovine liver (2–4 mg/kg) in the Hauptkorn study.
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Table 4. Accuracy for chicken liver after digestion in HNO3/H2O2.

Samples Expected ppm Raw Data ppm Ratio

LLOQ Si 0.0684 0.0689 1.00
LLOQ Si 0.0682 0.0685 1.00
LLOQ Si 0.0684 0.0775 1.13

Low-level Si 0.6782 0.5880 0.87
Low-level Si 0.6820 0.5882 0.87

Medium level Si 1.2254 1.080 0.88
Medium level Si 1.1904 1.0521 0.88
Medium level Si 1.1566 1.0411 0.90

High level Si 2.7097 2.4116 0.89
High level Si 2.6867 2.3979 0.89
High level Si 2.7236 2.4425 0.90

3.1.4. Recovery of Si in Spiked Tissue Using HNO3/H2O2

As shown in Tables 4–7, and Figure 3a, the method presented here using HNO3/H2O2
for digestion gave a good recovery of Si. These results demonstrated that it was unneces-
sary to perform matrix-matching of the standards. Furthermore, the sufficient precision
suggested that there is no need to include internal standards, which saved a lot of work.

Table 5. Recovery ratios for chicken liver after digestion in HNO3/H2O2.

Samples Expected
Si mg/L

Raw Data ICP
Si mg/L Ratio

Ctrl-chicken liver 0.052 ± 0.01
Spike chicken liver #1 0.18 0.17 0.98
Spike chicken liver #2 0.20 0.19 0.94
Spike chicken liver #3 0.40 0.40 0.99
Spike chicken liver #4 0.41 0.41 1.01
Spike chicken liver #5 0.80 0.70 0.87
Spike chicken liver #6 0.87 0.75 0.86
Spike chicken liver #7 1.49 1.40 0.94
Spike chicken liver #8 1.52 1.35 0.89
Spike chicken liver #9 2.69 2.57 0.96

Table 6. Recovery ratios for mouse liver after digestion in HNO3/H2O2.

Study #, Sample ID Expected
Si mg/L

Raw Data ICP
Si mg/L Ratio

Ctrl-mouse liver <LOD
Low spike mouse liver #1 0.45 0.42 0.92

Medium spike mouse liver #2 0.69 0.64 0.92
High spike mouse liver #3 1.01 0.93 0.92
High spike mouse liver #4 2.24 2.07 0.92

Table 7. Recovery ratios for mouse carcass after digestion in HNO3/H2O2.

Samples Expected ppm Raw Data ppm Ratio

Ctrl- mouse carcass 1.64 ± 0.14
Spike mouse carcass #1 2.66 2.60 0.98
Spike mouse carcass #2 2.57 2.28 0.89
Spike mouse carcass #3 2.61 2.40 0.92
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Figure 3. Recovery of Si from spiked and digested samples using either HNO3/H2O2 or HNO3

without H2O2. (a). Recovery (%) of Si with the method presented here using HNO3/H2O2. NPs
were added to the chicken liver and digested in HNO3/H2O2 (n = 9). The percentage recovery in the
sample was plotted against the expected raw data (Si mg/L). The results are also presented in Table 4.
(b). Recovery of Si in the absence of H2O2. NPs were added to Wistar rat kidney and digested in
50% HNO3 (n = 16). The data are presented as in a. In both (a,b), NPs were added to attain close to
2.5 mg/L of Si as the highest concentration in the ICP sample.

Acceptance criteria according to the guideline on bioanalytical method validation
(EMA European Medicines Agency) states that the mean concentration should be within
15% of the nominal values for the accuracy of samples, except for the LLOQ, which should
be within 20% of the nominal value. As three concentrations, including the LLOQ, were
tested and repeated three times, the recovery data shown in Table 4 and Figure 3a fulfills
the accuracy criteria of EMA.

The carcass is a complex matrix, containing bone, skin, muscles, etc. The background
of Si was high (1.6 mg/L) and the plasma of the ICP-OES was colored slightly orange,
indicating the presence of Na and Ca; however, the recovery of Si was acceptable also in
the carcass samples (Table 7 ≥ 90%). The Si emission wavelength of 251.611 nm is atomic,
and not expected to be easily disturbed.
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3.1.5. Attempted Digestion of Colloidal Silica (SiO2)

Ludox AM-30 is a colloidal suspension of silica in water and the average size of the
particles is 17 nm. The material was subjected to the digestion protocol at two concentra-
tions (0.85 and 1.25 mg/L) in triplicate. The recoveries were 62.0 ± 6.6 and 51.5 ± 1.5%,
respectively. The overall high variability and lower recovery at the higher concentration
are indicative of solubility problems in acidic conditions. Measuring Ludox in water gave
close to 100% recovery (data not shown).

4. Discussion

An ICP-OES is a reasonably simple and less costly instrument than the ICP-MS.
The current method presents a novel procedure for determining the Si present as poly-
organophosphosilane and the metal ions in biological specimens. The sample preparation
method is free from HF and has a high (>85%) and reproducible recovery in spiked tissue.
It is not necessary to include internal standards or matrix-matching of the standards. The
level of quantification (LOQ) of Si (0.036 mg/L in the ICP-OES) allows for the monitoring
(and subtracting) of the biological Si background. The method is currently used to follow
the biodistribution of Si and Lu in the preclinical studies of Tumorad®.

ICP-OES and ICP-MS are both high-throughput methods. ICP-MS offers the strongest
power of detection. However, Si is challenging, as background polyatomic ions affect all
three silicon isotopes, 28Si, 29Si, and 30Si, with the most intense interferences (14N14N+ and
12C16O+) occurring at the same m/z ratio as the major 28Si isotope. These difficulties have
been overcome by extensions of the technique, such as the use of reaction cells [5] and
high-resolution MS [2].

There are alternative instruments for detecting elemental Si. For example, the detec-
tion of Si(OH)4 using molybdate complexes and (UV-Vis) colorimetry is both sensitive
and efficient [13]. However, the method is also sensitive to interferences from matrixes
and Si requires prior conversion to the detectable species, Si(OH)4. Of note, neither elec-
trothermal atomic absorption spectrometry (ETAAS), nor wavelength dispersive X-ray
fluorescence spectrometry (WDXFR) have been developed into highly productive methods
for tissue samples.

Alternative methods used to detect elemental Si have been taken into account when
developing the current procedure. Furthermore, food-grade SiO2 particles have been
suggested, via digestion in HNO3, H2O2, and HF, before the reaction-cell high-resolution
ICP-MS [5]. Compared to the detection limit observed in the presented method, the
detection limit was almost one order of magnitude lower. One advantage is the ability to
detect Si at low concentrations, given the limited solubility of Si(OH)4 and its fluorosilicate
derivatives. Another approach to detecting food-grade SiO2 particles employed HF-free
base digestion (KOH) before acidification with H2SO4 [4]. The detection levels were similar
to ours, although the tissue was not analyzed.

We have noted that the core of the NP, without its coating of polyethylene glycol-(PEG),
is less soluble in acid. The presence of H2O2 most likely promotes oxidative cleavage of the
carbon-silicon bond in the core and silicic acid is released as a final digestion product from
the NP. Prior to digestion, the molecular mass is high (10 MDa). This process (oxidative
cleavage) is likely driven to completion, as suggested, by comparing the recoveries obtained
with and without H2O2 (Figure 3a,b).

For the purpose of detecting Si and metal ions in biological specimens, we do not
exclude the possibility that other methods may work. For general elemental analyses with
ICP-OES, the method published by Hauptkorn et al. is considered to be state-of-the-art [3].
However, with problematic metal ions present in the sample, conventional methods for
preparing the samples for ICP-OES analysis will not suffice. It is also important to take
into account the instrumental limitations. Quantification by ICP-OES requires digestion
at elevated temperature in sealed vessels. Therefore, potentially explosive mixtures, such
as NH3:H2O2, or corrosives, such as H2SO4:H2O2, are undesirable for use in the ICP-
OES machine.
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It is worth noting that this method exclusively covers the detection of Si present as
organophosphosilanes. An attempt to extend the bioanalysis to pure silica particles (Ludox)
did not succeed. Therefore, the current procedure is highly specific for samples containing
organophosphosilanes. We hope the method can be useful to other investigators with
similar analytical problems.

5. Conclusions

We present a novel, convenient, and efficient ICP-OES method for Si determination
in biological specimens that may also contain metal ions. The method relies on digestion
in a mixture of HNO3 and H2O2. In summary, we have developed an analytical ICP-OES
method free from HF with a high (>85%) and reproducible recovery in spiked tissue.
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