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A B S T R A C T   

We report the successful evaluation of a US Pharmacopeia Apparatus 4 (USP-4) system in measuring the 
dissolution profiles of man-made vitreous fibers (MMVF)1. Glass and stone wool fibers with different (high- and 
low-) solubility profiles were tested in closed-loop configuration using a sodium/potassium phosphate buffer 
solution or an acetate buffer, respectively. Results confirm a need to operate in diluted conditions to avoid silicon 
saturation in the simulant solution and suppression of fiber dissolution. A clear fiber-to-fiber differentiation with 
good cell-to-cell reproducibility was achieved. These findings support the continued development of a USP-4 
protocol for MMVF in vitro acellular testing.   

1. Introduction 

A robust in vitro measurement of the dissolution rate constants of 
man-made vitreous fibers (MMVF) offers a means of adhering to the 3R’s 
of in vivo tests vis a vis determining biopersistence without using ani
mals. Today, compliance to (Note Q, EC no. 1272/2008) regulatory re
quirements may only be demonstrated via in vivo biopersistence testing. 
Measured in vitro dissolution rate constants (Kdis) correlate to fiber 
biopersistence, which is a key factor in understanding the pathogenicity 
of MMVF (Donaldson and Tran, 2004; Maxim et al., 2006; Bernstein 
et al., 1996; Davis, 1994; Eastes et al., 1995). Current in vitro acellular 
methods have shown predictive power versus in vivo biopersistence test 
results (Hesterberg and Hart, 2000; Madl and O’Neill, 2023). However, 

these methodologies (Sebastian et al., 2002; Potter, 2000; Scholze, 
1988; Scholze and Conradt, 1987) have not yet been sufficient to be 
accepted by regulators as viable replacement for required in vivo tests 
(Andersen et al., 2002). Key challenges with the current methods 
include limited interlaboratory and intralaboratory reproducibility 
(Guldberg et al., 2003). 

In researching means of improving test reproducibility, we have 
identified dissolution testing using the USP Apparatus 4 (USP-4) as a 
possible means of producing a highly repeatable in vitro acellular 
dissolution test. The USP Apparatus 4 is a robust and regulatory 
accepted system for dissolution testing in pharmaceutical applications 
(Kramer et al., 2005; Miller et al., 2020; Aldeek et al., 2021). It can be 
used, with an appropriate method, to evaluate the dissolution profiles of 

Abbreviations: USP-4, US pharmacopeia apparatus 4; MMVF, Man-made vitreous fibers; SA/V, fiber surface area to solution volume ratio; Kdis, dissolution rate 
constant; ICP-OES, Inductively coupled plasma optical emission spectroscopy. 
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vitreous fibers (SVF) is also used in literature and other jurisdictions to refer to mineral wool fibers. 

Contents lists available at ScienceDirect 

Toxicology Letters 

journal homepage: www.journals.elsevier.com/toxicology-letters 

https://doi.org/10.1016/j.toxlet.2023.09.005 
Received 6 June 2023; Received in revised form 6 September 2023; Accepted 13 September 2023   

mailto:denis.okhrimenko@rockwool.com
www.sciencedirect.com/science/journal/03784274
https://www.journals.elsevier.com/toxicology-letters
https://doi.org/10.1016/j.toxlet.2023.09.005
https://doi.org/10.1016/j.toxlet.2023.09.005
https://doi.org/10.1016/j.toxlet.2023.09.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxlet.2023.09.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Toxicology Letters 386 (2023) 30–33

31

many dosage forms, including longer-acting inhaled forms. We see a 
clear parallel to existing flow-through test methods for MMVF when 
comparing the design of Apparatus 4. In this parallel we see potential to 
develop test protocols based on Apparatus 4 to robustly assess the 
dissolution rate profiles of MMVF. Apparatus 4 is built in a standardized 
manner in order to generate consistent data to support the regulatory 
approval process of pharmaceutical products. For this reason, it is a good 
candidate to generate repeatable and reproducible results on fiber 
dissolution. 

It is well understood that robust design of in vitro acellular dissolu
tion tests for MMVF requires consideration and control of several key 
variables. These include temperature, fiber surface area to solution 
volume ratio (SA/V), pH, flow rate, and simulant fluid design (pH, 
complexing agents, buffers, etc.) (Okhrimenko et al., 2022a, 2022b; 
Guldberg et al., 1998; Steenberg et al., 2001; Barly et al., 2019; Koch 
et al., 2021; Potter and Mattson, 1991; Mattson, 1994; De Meringo et al., 
1994). The scope of this screening study was limited to proving that 
MMVF can be used in the USP Apparatus 4 system with conventional 
measurement practice, and then to understand if fiber-fiber differenti
ation is achievable. Detailed exploration of other key variables is beyond 
the current scope, but recognized as critical to final protocol develop
ment. Positive results versus the goals of measuring MMVF successfully, 
with clear fiber-fiber differentiation, will demonstrate feasibility, and 
further motivate work to develop a robust protocol based on Apparatus 
4. 

2. Material and methods 

Glass and stone wool fibers used in previously-published in vitro 
studies were selected for this work (Guldberg et al., 2003, 2002). Fiber 
identification and properties are summarized in Table 1. Fibers with low 
and high solubility at neutral and acidic pH, based on earlier results, 
were selected to facilitate demonstrating fiber-fiber differentiation. All 
fibers were produced without binder and other organic treatment. Stone 
wool samples were sieved prior to analysis to remove shot and coarse 
non-fibrous material. Glass wool samples were crushed mechanically 
prior to the analysis, to reduce fiber lengths. Fiber dosing was based on 
fiber mass, and not on a fixed surface area to fluid volume ratio as is 
typical for glass dissolution studies (Okhrimenko et al., 2022b; Guldberg 
et al., 1998; Steenberg et al., 2001; Barly et al., 2019). However, the 
small difference in specific surface area per Table 1 suggests only a 
minimal difference in SA/V when comparing glass wool samples or 
stone wool samples. 

Traditionally, in vitro acellular dissolution tests on fibers use com
plex solutions such as Gamble’s (Boisa et al., 2014) or Kanapilly’s 
(Kanapilly et al., 1973) solutions derived from invasive biological 
studies. For this work, we instead chose simplified buffers as typically 
employed with Apparatus 4 for batch release testing. While not typical 
of simulant fluids used for particle or fiber dissolution studies directed 
toward respiratory systems, they offer simple, robust buffers proven to 
work well for dissolution studies in the pharmaceutical context (Men
donça et al., 2011; Stippler et al., 2004; Medina-López et al., 2020). 

Dissolution tests on the glass wool samples were performed using either 
a potassium phosphate or sodium phosphate buffer at near-neutral pH 
(7.4). Stone wool dissolution testing employed acetate buffer pH 4.5. 
Details on buffer formulation are included in Table S1. The pH values 
were chosen in accordance with the in vivo dissolution of fibers in two 
different milieus present in the lungs: pH 7.4 is typical for extra-cellular 
environment (Nguea et al., 2008) and pH 4.5 is found in the microen
vironment of the intracellular phagolysosome compartments of macro
phages (Etherington et al., 1981; Oberdörster, 1991). 

Measurement methodology was generally based on the USP <1092>
chapter “The dissolution procedure: Development and Validation”. 
General goals were to establish parameters leading to reproducible 
dissolution profiles with clear fiber-fiber differentiation. The compen
dial flow through cell method described in European Pharmacopeia 
(chapter 2.9.3) as well as in the US Pharmacopeia (chapter <711>) was 
used. This method will be referred to through this report as either “flow- 
through cell” or as “USP-4 method”. 

As a first screening, dissolution tests were carried out for either 7 or 
14 days at 37 ± 0.5 ◦C using a SOTAX CE7 Smart USP-4 apparatus at 
closed loop configuration which was equipped with 7 standard 22.6 mm 
diameter cells and piston pumps (SOTAX CP7–35) with automated 
sample collection (Fig. 1). Fibers are deposited in the cells and main
tained in this space by a single ruby bead at the cone apex and a filter at 
the head of the cell. To optimize dissolution test parameters for glass 
wool, different mass of fibers (25–100 mg), flow rate (4–8 ml/min), 
buffer volume (250–500 ml) and type of filters (0.2–1.2 µm) were used 
(Table S2). For the stone wool testing, optimal parameters determined 
earlier for glass wool samples were adopted without further modifica
tion (Table S3). No glass components (transparent beads, bottles for the 
fluids, storage equipment, etc.) were used in the set-up of the apparatus 
to avoid potential cross-contamination. 

Periodic sampling of the solution (at day 1, 4, 7, 11 and 14 for glass 
wool; at 4 h and day 1, 4, 5, 6, 7 for stone wool) was conducted to 
monitor pH and the level of glass constituents dissolved in solution, in 
particular Si as a major component of glass and stone wool that de

Table 1 
Chemical composition, specific surface area and solubility for the tested fibers, following Guldberg et al., 2003 (Guldberg et al., 2003).  

Type Sample 
name 

Solubility (Guldberg et al., 
2003) 

Chemical composition (Guldberg et al., 2003), major oxides wt % Specific surface area (Guldberg et al., 2003), 
cm2/g 

SiO2 Al2O3 CaO MgO FeO* Na2O K2O B2O3 

Glass 
wool 

K-2 345 Poor  63.6  3.3  7.7  3.1 0.2  15.8  1.5 4.6 2780 
994007 High  62.2  0.9  7.5  3.0 <0.1  15.5  0.4 9.4 3010 

Stone 
wool 

FI980889 Poor  45.8  14.9  14.3  10.9 7.6  2.0  1.0 - 2270 
MMVF34 * * High  39.9  22.8  14.6  8.7 7.6  2.5  0.9 - 2710 * * 

* Fe is present as Fe(II) in stone wool samples. 
** MMVF34 fibers were produced in 2017 by ROCKWOOL A/S and have the similar composition but different specific surface area as the soluble fibers reported in 
Guldberg et al., 2002 (Guldberg et al., 2002). 

Fig. 1. General schematic of USP-4 in a closed loop setup during MMVF 
dissolution testing. 
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termines fiber integrity. Because analyses of glass and stone wool 
leachates were done in different laboratories, different procedures were 
utilized. For glass wool leachates analysis, small aliquots (1.2 ml) were 
diluted into 10 ml of 2 % nitric acid, and then measured via ICP-OES. For 
stone wool leachates analysis, aliquots were larger (10 ml) and were 
analyzed with ICP-OES without acidification and dilution. The extent of 
the dissolution was calculated using Si concentration and expressed as 
percentage of dissolved SiO2 from the fibers: 

%diss.SiO2 =
CSi • MSiO2 • V • 100
m0 • (wt.%SiO2/100)

(1)  

where CSi stands for Si concentration in the solution (mol/l); MSiO2, 
molar mass of SiO2 (60 g/mol); V, solution volume (l) at probing taking 
into account the probes volume taken at previous steps; m0, fiber mass 
load (g); wt % SiO2, weight percent of SiO2 in fiber bulk composition 
(Table 1). 

3. Results and discussion 

During the initial series of glass wool dissolution tests, some chal
lenges were encountered. Results from Run 1 (per Table S2), done using 
a relatively large sample mass and a small amount of the buffer (100 mg 
and 250 ml), showed a quick saturation (130 ppm Si) of the buffer so
lution in the respect to amorphous SiO2 (115 ppm at 25 ◦C (Morey et al., 
1964); 187 ppm at 50 ◦C (Sjöberg, 1996)). This in turn led to a plateau of 
Si concentration and cessation of dissolution (Fig. S1). To avoid SiO2 
saturation stopping dissolution, fiber load was progressively reduced to 
50 mg (Run 2 in Table S2) and further to 25 mg (Runs 3 – 6 in Table S2), 
while solution volume was increased to 500 ml. This increase in dilution 
resulted in elimination of the Si concentration plateau. The absence of 
the plateau is necessary to distinguish between high and poor soluble 
glass wool samples (Fig. S2). 

Some issues with back pressure were also encountered. Runs 3–6 
were aimed at resolving occasional clogging issues (Fig. S3), generally 
through filter modification and flow rate change. It was unclear on 
reflection if these sporadic clogging issues are rooted in the measure
ment of fiber, or were simply special-case issues. 

The resolution of these challenges led us to use parameters from the 
later runs to examine fiber-fiber differentiation. Test conditions for 
examining glass wool differentiation included: 25 mg of glass wool 
sample, 500 ml of buffer solution (Na-phosphate, pH 7.4) with flow rate 
8 ml/min and filtration through 1.2 µm cellulose acetate filter (Run 6 in 
Table S2). 

The dissolution profiles of 994007 and K-2 345 glass wool samples in 
Na-Phosphate buffer pH 7.4 under these conditions are presented in  
Fig. 2a. The pH of the buffer was within the 7.4 ± 0.5 pH range (Fig. S4). 
As expected, clear fiber-to-fiber differentiation was observed (Fig. 2). 

Test conditions determined for the stone wool samples were derived 
from the glass wool work, save the change to the acetate buffer at pH 4.5 

(Table S3). Stable pH 4.50 ± 0.05 was observed throughout the duration 
of the tests (Fig. S5). The dissolution profiles of MMVF34 and FI980899 
fiber are shown in Fig. 2b. Again, per Fig. 2, clear fiber-fiber differen
tiation was achieved for stone wool fibers. 

As expected, these results obtained using the USP-4 apparatus are in 
agreement with solubility data from the literature (Guldberg et al., 
2003). At Day 7, 80 % of highly soluble 994007 and 9 % of poorly 
soluble K2–345 glass wool fibers were dissolved. For the stone wool fi
bers, the dissolved amount after Day 7 is 40 % for highly soluble 
MMVF34 and only 4 % of poorly soluble FI980889. For all samples, glass 
and stone wools, little cell-to-cell variation was noted (Figs. S2-3 for 
glass wool and Fig. S6 for stone wool) compared to the clear 
fiber-to-fiber differentiation. 

4. Conclusions 

Overall, the results from this study were positive vis a vis demon
strating the potential for using USP Apparatus 4 system for assessing the 
dissolution profile of MMVF. The two encountered challenges were 
successfully mitigated. Changes to reduce sample size, modify flow rate, 
and increase filter pore size were sufficient to mitigate the clogging 
observed during the initial runs. While all changes were expected 
directionally to reduce pressure in the circulating system, the experi
mental design was not sufficient to identify the variable(s) most directly 
leading to this improvement. The data does however provide guidance 
as a known-good condition for the next phase of development. Reduc
tion in the sample-to-solution ratio by both increasing simulant fluid 
volume and reducing sample mass were observed to impact the resulting 
dissolution profile (Fig. S1 and S3). This supports the hypothesis that 
when reaching silica saturation, dissolution was suppressed, as all sub
sequent runs were completed well below that threshold, and with 
generally repeatable dissolution profiles. This now forms an important 
process criterion for additional development. 

The selected fibers, which from previous works were known to be 
clearly differentiated, were clearly distinguished in this work. The 
greater than 5 times difference in the percentage of silica dissolved at 7 
days exceeds the within run cell-to-cell variation. In conclusion, these 
results support a strong work program to further develop the potential of 
the Apparatus 4 system for the measurement of the dissolution of 
MMVF. Future investigations using the Apparatus 4 will be focused on 
studying effects of simulant fluid composition, pH and fiber sample 
surface area-to-solution volume ratio on MMVF dissolution. 

Ethics approval and consent to participate 

Not applicable. 

Fig. 2. Mean dissolution profiles of a) glass wool, K-2 345 and 994007, in Na-Phosphate buffer pH 7.4 (Run 6) and b) stone wool, MMVF34 and FI980889, in acetate 
buffer pH 4.5. The results are obtained with USP-4 apparatus at 37 ◦C using 22.6 mm diameter cells, 25 mg fiber load, 500 ml of the buffer, 8 ml/min flow rate and 
1.2 µm cellulose filters in 3 parallel runs. The error bars for FI980889 and for K-2 345 are smaller than the symbols. 
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