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b Nacamed AS, Oslo Science Park, Guastadalléen 21, 0349 Oslo, Norway & Rakkestadveien 1, 1814, Askim, Norway   

A R T I C L E  I N F O   

Keywords: 
Hydrogen therapy 
Hydrogen delivery 
Nanomedicine 
Nanoparticles 
Silicon particles 
Artificial oral delivery 

A B S T R A C T   

Medical use of hydrogen gas (H2) has been given increasing attention over the past 15 years with numerous 
clinical trials for a variety of indications. The biological activity of H2 includes antioxidant properties and 
thereby the ability to neutralize damaging reactive oxygen species (ROS). Administration of hydrogen as a 
medical gas is limited by the poor water solubility and by the flammability of H2 in air. Therefore, nanocarriers 
have been investigated for safer and more efficient administration of hydrogen. Silicon particles are suggested for 
oral administration with the ability to undergo a redox reaction with water to produce H2 in vivo. The purpose of 
this work was to investigate the hydrogen generating abilities of silicon particles synthesized by centrifugal 
chemical vapor deposition (cCVD). High hydrogen generation rates up to 1310 ml/g at physiological pH 7.4 (82 
% yield) were observed. An in vitro model of oral administration showed that pretreatment in artificial gastric 
juice did not affect hydrogen generation. Thus, the cCVD silicon particles seem to be suitable for in vivo hydrogen 
generation. A surface carbon coating or addition of surfactants or albumin hindered hydrogen generation. The 
addition of egg white reduced hydrogen generation but did not block it.   

1. Introduction 

Hydrogen therapy has emerged as a novel and potentially ground-
breaking field within medicine. Hydrogen gas (H2) is shown to be an 
effective antioxidant species for use in more than 150 disease models 
(Abisso et al., 2020). Hydrogen has been mostly overlooked by medical 
researchers until 15 years ago when a pioneering paper authored by 
Ohsawa et al. showed potential health-promoting effects of hydrogen 
gas. They identified selective scavenging on the hydroxyl radical 
without affecting other ROS, ultimately protecting against cellular 
oxidative damage (Ohsawa et al., 2007). Later, additional researchers 
across the world have not only confirmed the non-toxicity but also 
discovered anti-inflammatory, anti-apoptotic and anti-allergic effects of 
H2 therapy. Even though the underlying molecular pharmacological 
principles of H2 are yet to be fully elucidated, it has been found to have 
therapeutic effects in clinical trials for several types of cancer, cardio-
vascular disease, ischemia–reperfusion injuries, lifestyle-related condi-
tions, neurodegenerative diseases, inflammatory conditions, infections 

and several other indications (Yang et al., 2020). 
Despite the vast amount of potential health benefits identified for 

hydrogen therapy, clinical translation of hydrogen gas for routine use 
has yet to be realized. Medical safety of H2 has been confirmed, how-
ever, safe and efficient administration of H2 is a major obstacle to 
feasible usage of H2 therapy. The most common H2 administration 
methods in clinical trials include inhalation of 2–70 % H2 in oxygen, air 
or nitrogen, oral intake of H2 saturated water and injecting H2-rich sa-
line. Challenges with the former include the danger of explosion in the 
flammable H2 range of 4–74 % in air and 4–94 % in oxygen (Glenn 
Research Center and NASA, 2019). The latter two are limited by the low 
solubility of H2 in water (0.8 mM, 1.6 mg/L, 19 ml/L). Hydrogen de-
livery systems (HDS) have been proposed in which nanoparticles of 
different materials are made to encapsulate, transport and/or generate 
H2 in vivo in a site-specific and controlled manner (Zhou et al., 2019). 

Several studies have shown that micron- or nanosized particulate 
silicon (Si) can efficiently, yet controllably, generate hydrogen gas when 
immersed in water or alkaline solutions (Erogbogbo et al., 2013; Goller 
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et al., 2011; Manilov et al., 2010). Nanostructured silicon has been 
shown to be biocompatible and biodegradable and has been extensively 
described in drug delivery research (Jung et al., 2021; Park et al., 2009). 
Nevertheless, as far as we know, nanostructured silicon is not yet used in 
any regulatory approved pharmaceutical products. Si has a high theo-
retical H2 production capacity with the formation of 2 mol hydrogen gas 
per 1 mol silicon. This corresponds to about 1600 ml gas per gram of 
silicon. When immersed in water it will generate hydrogen gas following 
the overall reaction (1).  

Si + 2H2O → SiO2 + 2H2                                                                (1) 

Increased reaction rates are observed with increasing alkalinity. The 
pH of the solution does not change upon H2 generation according to 
reactions (2) and (3).  

Si + 2OH− → SiO2 + H2 + 2e− (2)  

2H2O + 2e− → 2OH− + H2                                                             (3) 

The hydrogen-generating power of nanoparticulate Si has been 
suggested for use in energy applications, and recently there has been an 
increasing interest in this technology for medicinal applications. 

Oral administration of silicon particles might be a safer way than 
inhalation of mixtures of hydrogen and oxygen and more effective than 
administration of hydrogen saturated aqueous solutions. The use of 
silicon particles for hydrogen delivery has been pioneered by Professor 
Kobayashi and his research group. They have applied material analysis 
techniques to verify the Si oxidation mechanism for hydrogen genera-
tion (Imamura et al., 2017). It has been proposed that hydrogen gen-
eration properties are correlated with crystallite size and the thickness of 
the formed silicon dioxide layer and that the H2 generation will stop 
when a thick surface oxide layer is formed (Kobayashi et al., 2021). A 
handful number of studies related to the field of H2 generating Si par-
ticles have experimentally verified a pH-dependent mechanism (Goller 
et al., 2011; Imamura et al., 2017; Kobayashi et al., 2021; Imamura 
et al., 2016; Kobayashi et al., 2017; Kobayashi et al., 2017; Kobayashi 
et al., 2021). In Kobayashi’s work, more than 1000 ml of hydrogen gas 
has been generated from one gram of Si in 2 min at pH 13 and at a 
temperature of 50 ◦C (Imamura et al., 2016). In other studies, 60 ml and 
10 ml of H2 have been reported per gram Si at pH 8–9 and 7, respec-
tively, after 100 min of immersion (Kobayashi et al., 2017; Kobayashi 
et al., 2017). This corresponds to a yield of 63 % at pH 13, 4 % at pH 8–9 
and below 1 % at pH 7, raising the question whether this approach is 
applicable in physiological conditions. 

Although several clinical studies have investigated the administra-
tion of hydrogen gas (Yang et al., 2020), no clinical trials utilizing silicon 
particles for hydrogen delivery have yet been reported. However, animal 
studies have described health-promoting and protective effects of 
hydrogen from orally administered Si nanoparticles for several in-
dications. This includes renal ischemia–reperfusion injury in a rat model 
(Kawamura et al., 2020), in remnant kidney rats (Kobayashi et al., 2020; 
Imamura et al., 2020), in Parkinson’s disease in a mouse model 
(Kobayashi et al., 2020), for sperm motility in varicocoele-induced rats 
(Inagaki et al., 2020) and for mural miscarriage caused by mother-to- 
child transmissions (Usui et al., 2021). The wide scope of hydrogen 
therapy and the relatively small amount of research performed in the 
medical field with hydrogen-generating Si particles emphasize that this 
is a field in its early and expanding phase. 

A limited number of different Si particle types have been reported for 
use in hydrogen therapy applications. Most studies use commercial or 
wafer-based particles that are bead-milled to micro- or nanoparticle 
sizes. These methods can introduce impurities and oxidation to the sil-
icon material and require complex recovery of milling media (Zhao 
et al., 2021). Herein, we propose a novel type of Si nanoparticles, pro-
duced by centrifugal chemical vapor deposition (cCVD), for use in 
hydrogen generation in vivo when exposed to water. cCVD is a one-step 

bottom-up synthesis approach of Si particles that can be used directly as 
harvested from the reactor. Homogenous spherical particles with 
tunable size and crystallinity are produced from the decomposition of 
silane gas (SiH4) under precisely controlled conditions and scaling up 
the process is not an obstacle. Previous in vitro and in vivo studies of 
etched cCVD Si particles have shown biocompatibility and bio-
distribution behavior comparable to porous Si particles electrochemi-
cally prepared from Si wafers (Lumen et al., 2021), intended for use as 
drug carriers. The present study aimed to assess the ability of non-etched 
cCVD Si particles to generate H2 in artificial biological fluids mimicking 
oral administration. The effects of pharmaceutical additives and pro-
teins were also examined. 

2. Materials and methods 

2.1. Materials 

Amorphous and nanocrystalline Si particles produced in a pro-
prietary cCVD process were provided by Dynatec Engineering AS. Car-
bon coated particles was also provided by Dynatec Engineering AS. 
Silica (SiO2) powder, 0.1–0.3 mm granulate, was supplied from Sigma 
(St. Louis, MO, USA). 

The buffer solution at pH 7.4 was prepared from Phosphate Buffered 
Saline (PBS) tablets from Sigma (St. Louis, MO, USA). Tris buffer of pH 8 
was made from Tris(hydroxymethyl)aminomethane from Kebo lab 
(VWR International, Radnor, PA, USA) and hydrochloric acid (37 %) 
from Riedel-de Haën (Honeywell, Charlotte, NC, USA). The pH 10 buffer 
was a commercial buffer solution (boric acid/potassium chloride/so-
dium hydroxide) used as supplied from Merck (Darmstadt, Germany). 
The surfactants used were Polysorbate 20 and macrogol glycerol 
hydroxystearate 40 both obtained from Norsk Medisinaldepot (Oslo, 
Norway), Polysorbate 80 was obtained from Apotekproduksjon AS 
(Oslo, Norway), Pluronic F127 was obtained from Sigma (St. Louis, MO, 
USA), and Pluronic F68 was obtained from Fluka (Honeywell, Charlotte, 
NC, USA). Albumin from human serum, ≥96 % was obtained from Sigma 
(St. Louis, MO, USA) and egg whites were separated from supermarket 
eggs. 

2.2. Synthesis of the cCVD Si particles 

Silicon particles were produced by thermal decomposition of mon-
osilane gas (SiH4) in a cCVD reactor, as illustrated in Fig. 1. Pure Si 
particles were collected by a filter or by the centrifugal component 
incorporated in the reactor. Different particle parameters are attributed 
to the preparation. The particle size is a result of variables like growth 
time, precursor concentration, speed of rotation, temperature and 
pressure. The particles were produced amorphous in the cCVD process. 
Amorphous particles crystallized to form nanocrystalline material by 
inert heat treatment above 650 ◦C. A passivating carbon layer was 
deposited onto the surface of unoxidized cCVD silicon particles by 
exposure to a hydrocarbon such as acetylene at above 500 ◦C. The 

Fig. 1. Illustration of the centrifugal chemical vapor deposition (cCVD) process 
for production of Si nanoparticles. Silane gas (SiH4) was inserted in a centrifuge 
heat chamber. Hydrogen gas was split off in the process of creating pure Si 
material. Large amounts of homogenously shaped nanoparticles can be pro-
duced using this technology. 
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amorphous material did not crystallize in this process as the temperature 
was kept below 650 ◦C. It was thus possible to produce amorphous and 
crystalline particles and particles with a carbon coating in separate 
processes. 

2.3. Characterization of the cCVD Si particles 

Characterization of the cCVD Si particles was performed using 
scanning electron microscopy (SEM), whereas size and geometry were 
estimated from micrographs, dynamic light scattering (DLS) giving Z- 
average (Z-av., diameter), poly-dispersity index (PDI) and surface zeta 
potential, as well as crystallinity estimated by X-ray crystallography 
(XRD). Carbon coating on Si particles was verified and visualized using 
transmission electron microscopy (TEM). 

2.3.1. Dynamic light scattering (DLS) 
Size determination of cCVD Si particles was conducted by dynamic 

light scattering (DLS) using a Zetasizer Nano ZS (ZEN3600, Malvern 
Instruments Ltd., UK) instrument. Backscattered light from a red laser (λ 
= 633 nm) was measured at a scattering angle of 173◦. The refractive 
index and viscosity of pure water at 20 ◦C were used as constant pa-
rameters. Measurements were carried out for samples of about 25 µg/ml 
Si nanoparticles in water after a one-minute ultrasonication treatment to 
fully disperse the particles. A 5-minute temperature equilibration was 
conducted in the instrument before measuring. The Zetasizer software 
(version 8.01) fitted the obtained data to the autocorrelation function 
and calculated the hydrodynamic diameters of the particles. The soft-
ware provided the mean size (z-average) and the polydispersity index 
(PDI) as the average of three measurements on the same sample aliquot. 

Electrophoretic mobility of the particles was measured in water 
using the Zetasizer Nano ZS instrument and the same parameters as for 
the size measurements. The samples were prepared as for the size 
measurements and an electric field was applied. The zeta (ζ) potential 
was calculated from the electrophoretic mobility by the Zetasizer soft-
ware using the Smoluchowski approximation. The measurements were 
carried out after 2 min temperature equilibration. Each particle batch 
was measured five times and the resulting averages were obtained. 

2.3.2. X-ray diffraction (XRD) 
X-ray diffraction was conducted using Cu K-α radiation from a Bruker 

D2 Phaser diffractometer with a theta/theta goniometer. The powder 
was dispersed by ethanol in a thin layer on a Si zero diffraction plate and 
then dried for measurement. The analysis was carried out at an angle 
(2θ) from 10◦ to 100◦. Sharp peaks confirm a crystalline material and 
broad halos confirm an amorphous material. 

2.3.3. Scanning electron microscopy (SEM) 
Silicon nanoparticles were examined using a JEOL JSM-7900F field 

emission scanning electron microscope in secondary electron scanning 
mode at 30 kV accelerating voltage. Samples were mounted on 3 mm 
copper TEM grids with lacey carbon films (Agar Scientific) before 
analysis. 

2.3.4. Transmission electron microscopy (TEM) 
Inertly harvested and sealed Si powders were opened inside a glove 

box with O2 and H2O levels below 0.1 ppm and then dispersed onto a 
holey carbon-coated Cu TEM grid. A Gatan 648 vacuum transfer holder 
was used to inertly load the powder samples into the TEM column. TEM 
was performed with a double spherical aberration corrected cold FEG 
JEOL ARM 200FC, operated at 200 kV. All spectroscopy mapping was 
performed in scanning transmission electron microscopy (STEM) mode 
with simultaneous use of energy dispersive X-ray spectroscopy (EDS) 
and dual electron energy loss spectroscopy (EELS). A 100 mm2 Centurio 
detector, covering a solid angle of 0.98 sr, was used for EDS, while EELS 
data were acquired with a GIF Quantum ER. 

2.4. Hydrogen release experiments 

2.4.1. Preparation of simulated biological fluids 
Phosphate buffered saline (PBS) at pH 7.4 and tris buffer solution at 

pH 8.0 were used as artificial intestine fluids. PBS (0.01 M phosphate 
buffer) was prepared using commercially available PBS tablets dissolved 
in distilled water. Tris buffer solution (0.05 M) was prepared by dis-
solving tris(hydroxymethyl)aminomethane to a concentration of 0.2 M, 
adding hydrochloric acid (HCl) to adjust the solution pH and diluting to 
the final concentration. Borate buffer solution of pH 10 was used as 
supplied as a control for investigating pH-dependent H2 release. HCl 
solution of pH 2 was used as the artificial gastric fluid. 

2.4.2. Hydrogen release in artificial intestine fluid with or without one hour 
pre-treatment in artificial gastric fluid 

Si particles (50 mg ± 1 %) were immersed in 25 ml of the different 
buffer solutions of either pH 7.4, 8.0 or 10.0, or artificial gastric fluid at 
pH 2.0. The suspensions were kept in a water bath with a constant 
temperature of 37 ◦C and homogenized by a magnetic stirrer. Eight 
different cCVD Si particles and SiO2 control particles were tested. 
Separately, to mimic oral administration, 50 mg of cCVD Si particles 
were pre-treated with 2 ml of artificial gastric fluid for 60 min prior to 
immersion in buffer solution at pH 7.4. A classical setup for the deter-
mination of released hydrogen gas in a water-filled tube placed upside- 
down in a water bath was used. Hydrogen gas was collected in the upper 
part of the graduated tube allowing for volume measurements as the 
produced gas displaced the water. The volume of released hydrogen gas 
was recorded at pre-determined time points up to 24 h following im-
mersion of particles in buffer solutions. The solubility of hydrogen in 
water in the tube was estimated to <2 % (v/v) and was therefore 
considered negligible. 

2.4.3. Hydrogen release in the presence of surfactants, albumin and egg 
white 

One drop (~50 µL) of liquid surfactant, Polysorbate 20 and Poly-
sorbate 80, were separately added to particle dispersions at pH 7.4, 
prepared as described above, for investigating how the presence of these 
surfactants affected hydrogen release. The other surfactants, Pluronic F- 
127, Pluronic F-68 and macrogol glycerol hydroxystearate (Macrogol 
40) were added at 0.1 % (w/v) in separate experiments. Human serum 
albumin was added at 4 % (w/v) to PBS solution at pH 7.4 as a model of 
serum. 0.5 % albumin was used in separate experiments. 5 ml egg white 
was added to 20 ml of PBS solution before immersing the cCVD Si 
particles to investigate the effect of protein-rich food in hydrogen 
release. All the hydrogen release experiments were conducted at 37 ◦C 
with stirring. 

2.5. Experimental design 

Initial screening of several particle types for H2 generation ability 
was first conducted. Silicon particles of different sizes with either crys-
talline (Si-C) or amorphous (Si-A) structures were included. Particles 
coated with a monolayer of carbon (Si-co) was also included in the 
screening. SiO2 particles were tested as a control. The amount and rate 
of hydrogen release at pH 7.4 and 8.0 were used for the characterization 
of the hydrogen generation potential of the different particle batches at 
in vivo pH conditions. Hydrogen generation at pH 10 was also tested for a 
few particles to give some information outside the in vivo pH range. 
Further experiments related to the effect of acidic pre-treatment were 
then conducted on a few selected particles. Experiments with the addi-
tion of surfactants and proteins were performed for the ideal particle, 
selected from the previous experiments. 

2.6. Statistical analysis 

All hydrogen release experiments were conducted in two or three 
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parallels. The average volume of hydrogen released over time and the 
standard deviations were calculated using Microsoft Excel (version 
2207). For the calculation of p-values and standard deviations a normal 
distribution was assumed and the student t-test utilized. 

3. Results and discussion 

3.1. cCVD Si particles characterization 

The characteristics of the different particles investigated can be 
found in Table 1. The particles had different hydrodynamic diameters, 
ranging from about 200 nm to more than 900 nm, arising from the cCVD 
preparation process. The crystalline particles had a larger average size 
than the amorphous particles, but there is no direct link between size 
and crystallinity arising from the preparation process. High preparation 
temperatures can promote both crystalline structure and high growth 
rate. However, high temperature is not a requirement to grow large 
particles as there are several different paths to large particles. 

The zeta potential of all measured particles was between − 33.3 mV 
and − 37.3 mV. This narrow window is reasonable because the particles 
consist of the same silicon material with similar surface characteristics. 
High colloidal stability is indicated for particles with a zeta potential of 
absolute value above 30 mV. Nevertheless, some of the particles 
expressed high PDI values >0.3 as seen for Si-A4, Si-C2 and Si-C3. This is 
often observed in agglomerated particle samples. The peak value ob-
tained from the general purpose fit for these particles was 583 nm, 545 
nm and 623 nm, respectively, comprising the majority of the particles, 
99.4 %, 90.5 % and 95.7 %, respectively. The Z-average derived from the 
cumulant fit is the overall mean hydrodynamic size, calculated from the 
assumption of a monodisperse sample. For a multimodal distribution, 
the mean will fall somewhere between the different peaks and therefore 
not reflect the actual particle sizes. Moreover, the average is intensity 
weighted so it will be shifted towards larger peaks as they scatter more 
light than smaller particles. This makes the Z-average sensitive to ag-
glomerates. The deviation between the peak value and Z-average for Si- 
A4, Si-C2 and Si-C3 is 367, 75 and 63 nm, respectively. This difference 
indicates a polydisperse sample or tendency to agglomerate. The largest 
difference was observed for the particles with the highest PDI, the Si-A4. 
For comparison, the difference between Z-average and peak size was 45, 
24, 2, 10 and 38 nm for the other particle batches, Si-A1, -A2, -A3, -C1 
and -co-A, respectively. 

SEM images of selected particles, shown in Fig. 2, show a homoge-
nously spherical geometry of cCVD Si particles. The observed size of 
particle samples in dry form in the microscopy images seem to deviate 
from the hydrodynamic diameter obtained from the DLS measurements. 
This may be due to the agglomeration of single particles into larger 
clusters in an aqueous medium during DLS measurements, also reflected 
in the high PDI-values as discussed above. 

Elemental analysis (Fig. 2d) confirmed a thin layer of carbon atoms 

(a few nm) on the surface of carbon-coated particles. Typical XRD pat-
terns for polycrystalline and amorphous structured cCVD Si particles can 
be seen in Fig. 3. The main crystalline planes for Si were identified. As of 
Table 1, some of the particles are crystalline and some have an amor-
phous structure. 

3.2. Hydrogen gas release from cCVD Si particles in buffer solutions with 
different pH 

Screening of the H2 release abilities of the cCVD Si particles was 
performed in buffer solutions of pH 7.4, 8 and 10. The generation of 
hydrogen gas over time can be seen in Fig. 4. 

All the cCVD Si particles tested herein (except for the carbon-coated) 
were efficient hydrogen gas generators at pH 7.4, 8 and 10. All the cCVD 
particles tested in pH 10 gave nearly the same amounts of hydrogen gas, 
between 1450 and 1570 ml/g, at nearly the same rate. Hydrogen gas 
generation started immediately following immersion of the particles in 
the pH 10 solution and stopped before 150 min. At pH 7.4 and pH 8, the 
different particles resulted in distinct release kinetics. The amount of 
hydrogen gas varied between 410 and 1310 ml/g at pH 7.4 and between 
530 and 1554 ml/g at pH 8. Some particles started producing hydrogen 
immediately, even at pH 7.4, while some started producing after 150 
min. After about 400 min no more hydrogen was generated for all 
particles in all solutions tested. 

Previous studies have shown that decreased crystallite size has 
resulted in increased hydrogen generation abilities (Kobayashi et al., 
2017). Herein, we found that the amorphous and the crystalline cCVD Si 
particles were both effective generators of hydrogen gas. No direct 
correlation between the particle size or crystallography to the amount of 
H2 released was observed. The Si-A1 and Si-C3 particles were chosen for 
further studies of simulated oral delivery as these generated the most 
hydrogen at pH 7.4 and 8. The Si-C1 was also included in the simulated 
oral delivery studies as a particle with a lower hydrogen generation rate 
(see Section 3.3). 

Carbon-coated particles produced no hydrogen, likely due to the 
passivating surface coating (see Section 3.4). A control experiment 
showed that SiO2 particles released no hydrogen gas in a buffer solution 
of pH 10 over 24 h. This is because the Si in the material is already 
oxidized and will not undergo a redox reaction with water to form H2. 
Covering the experimental flask of an experiment of Si-A1 in pH 10 with 
aluminum foil showed that the process is not dependent on external light 
(data not shown). 

For all the particles, increasing the pH of the buffer solution 
increased the amount and rate of released hydrogen. This observation is 
in accordance with the pH dependency described for other Si particle 
types in previous studies (Imamura et al., 2017; Kobayashi et al., 2021; 
Imamura et al., 2016; Kobayashi et al., 2017; Kobayashi et al., 2017; 
Kobayashi et al., 2021). In pH 10, 8 and 7.4 the maximum amounts 
released were 1573 ml/g, 1554 ml/g and 1310 ml/g, respectively. This 
corresponds to yields of 98.3 %, 97.1 % and 81.9 %, where 100 % yield is 
calculated to be 1600 ml of hydrogen gas per gram of silicon. 100 % 
yield represents full oxidation of the total silicon weight to produce 
hydrogen gas according to reaction (1). As far as the authors know, in 
previous studies using Si nanoparticles prepared by other means than 
the bottom-up cCVD approach, such high yields of H2 have only been 
observed in pH values above 10. For comparison, Kobayashi et al. have 
reported hydrogen release volumes of 50 ml/g at pH 7.0, 554 ml/g at pH 
8.5 and 1400 ml/g at pH 11 for Si particles prepared by bead milling 
(Kobayashi et al., 2021), a top-down approach. The experimental con-
ditions and the methods for measurement of generated hydrogen vol-
umes are different in the present study compared to previously reported 
studies so a direct comparison should be performed with some care. 
However, the cCVD Si particles seem to be superior in hydrogen gen-
eration properties. This is particularly evident in physiological pH 
values, rendering them suitable for in vivo hydrogen release. Literature 
states that when a thick surface SiO2 layer is formed, the hydrogen 

Table 1 
Particle characteristics of the cCVD Si particle batches tested for H2 generation 
abilities. Average hydrodynamic diameter (Z-av.), polydispersity index (PDI) 
and zeta (ζ)-potential measured by dynamic light scattering. Crystallinity (A: 
amorphous, C: crystalline) is measured by X-ray diffraction and determined by 
the synthesis temperature. *High PDI value suggests a polydisperse particle 
distribution.   

Z-Av. (d.nm) PDI ζ-potential (mV) Crystallinity 

Si-A1 210  0.18 − 37.3 A 
Si-A2 247  0.25 − 35.2 A 
Si-A3 329  0.24 − 33.3 A 
Si-A4 950  0.58* − 35.1 A 
Si-C1 417  0.28 − 35.7 C 
Si-C2 621  0.43* − 34.5 C 
Si-C3 716  0.47* − 35.8 C 
Si-co-A 340  0.26 N.A. A  
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generation reaction stops (Imamura et al., 2016; Kobayashi et al., 2021). 
The maximum volumes produced from cCVD particles correspond to 
nearly a total oxidation of the Si material. This cannot be achieved with 
the formation of an oxidized passivation layer. 

Other studies have utilized a hydrogen-meter for quantification of 

dissolved hydrogen and have not used buffer solutions. In the present 
study, buffer solutions for pH control and direct read-off of the produced 
hydrogen volumes were used. Furthermore, the pH of the solution 
should remain constant according to reaction (1). Despite different 
measurement techniques, the main differences in end volume are likely 

Fig. 2. SEM and TEM images of Si NPs. SEM images of (a) Si-A1 and (b) Si-C1, and TEM image of (c) Si-co-A. (d) TEM image of Si-co-A including element analysis for 
verification of carbon-coating (red: Si, green: C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. XRD pattern of Si NPs. XRD pattern of Si-A2 and Si-C2, showing typical XRD pattern for polycrystalline and amorphous cCVD Si particles.  
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attributed to the inherent particle characteristics. However, controlled 
studies must be performed to be able to accurately compare the H2 
generation properties of different types of Si particles. 

3.3. Hydrogen gas release during simulated oral administration 

The generation of hydrogen gas upon simulated oral delivery for the 
different particles Si-C1, Si-A1 and Si-C3 were investigated, and the 
results can be found in Fig. 5 a, b and c. At pH 2 no hydrogen was 
released from any of the particles for 24 h. Thus, the pH-dependent re-
action (1) cannot take place in artificial stomach juice because it re-
quires base as the catalyst. One hour of pre-treatment in artificial gastric 
juice did not decrease the H2 release abilities in pH 7.4. In fact, an in-
crease in the released volume was observed for the Si-C1 particles after 
pre-treatment (significant p < 0.05). This indicates that contact with 
acidic environments might be favorable for hydrogen gas generation in 

the gastrointestinal system. The difference between the pretreated and 
the control pH 7.4 samples at each time point is not statistically signif-
icant, nor is the endpoint volume, for the Si-A1 and Si-C3. 

The Si-A1 particle batch was chosen as the ideal particles for further 
studies with surfactants and proteins due to the effective H2 generation 
abilities in all buffer solutions tested and the superior rate in pH 8. 

The pH in the gastrointestinal tract varies widely from very acidic 
(pH 1.5–3) in the stomach, depending on the intake of food, to near 
neutral and even slightly alkaline (pH 6–8) in the intestines (Patel and 
Misra, 2011). A model of 1 h immersion in pH 2 followed by immersion 
in pH 7.4 is therefore a valid model for the passage through the 
gastrointestinal tract, even though the pH varies more in vivo. pH 7.4 is 
also the physiological pH found in the blood and cells and tissues. The 
increased H2 release rate seen in pH 8 (Fig. 4) can potentially be seen in 
the more alkaline parts of the intestines. The oral delivery model also 
fairly estimates the transit times even though it can vary from 1 to 3 h in 
the stomach, 3–5 h in the small intestines and up to 16 h in the large 
intestines (Patel and Misra, 2011). The observed release rates from the 

Fig. 4. Hydrogen release in different buffer solutions. The volume of hydrogen 
gas generated over time for seven different cCVD Si particle batches in buffer 
solutions at (a) pH 7.4, (b) pH 8 and (c) pH 10. 50 mg of Si was used in these 
experiments. All data points show the average of three replicate experiments 
with the standard deviation. 

Fig. 5. Hydrogen release after acidic pretreatment. Hydrogen release over time 
from 50 mg cCVD Si particles simulating oral delivery; 1 h of HCl treatment of 
pH 2 followed by immersion in a buffer solution of pH 7.4. Controls of im-
mersion in only pH 2 or pH 7.4 are included for comparison. Data from the 
immersion of (a) Si-C1, (b) Si-A1 and (c) Si-C3. All data points are average of 
three parallel experiments with standard deviations. *p < 0.05. 
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cCVD Si particles at the chosen pH values would therefore indicate that 
they are suitable for in vivo generation of H2 following oral delivery. 

Oral administration of the cCVD Si particles would target in vivo H2 
gas generation in the intestinal space. It might be used for treating in-
flammatory and other conditions in the gastrointestinal tract, but also 
for conditions affecting other tissue. H2 is non-polar and has a low 
molecular weight and is therefore likely to be easily absorbed in the 
small intestines, despite the low water solubility. H2 can rapidly diffuse 
through cell membranes, organelle membranes and even the blood–-
brain barrier for ROS scavenging in the entire body. Biodistribution 
studies in rats have shown that hydrogen diffuses to arterial blood as 
well as several tissues including the liver, heart, intestine, muscle and 
brain, after oral administration of hydrogen-saturated water (Liu et al., 
2014). Accordingly, the hydrogen-generating cCVD Si particles display a 
potential therapy applicable for a wide range of medical conditions. 

3.4. Hydrogen gas release form carbon-coated particles and in presence of 
surfactants and proteins 

The presence of surfactants, proteins and carbon surface coating all 
decreased the end volume of H2 generated from the Si-A1 particles, as 
shown in Fig. 6. A layer of carbon on the particle surface of Si-co-A 
effectively hindered H2 generation by creating a surface barrier, pre-
venting water from coming in contact with the Si-skeleton. The H2 yield 
was below 1 % with a carbon coating, virtually blocking H2 release, 
compared to the H2 volume from non-coated Si-A1 particles with 76 % 
yield. The addition of the surfactants Macrogol 40, Polysorbate 20 and 
80, and Pluronic F127 and F68, all reduced the H2 end volume to 1–4 % 
yield. Despite the wide range of hydrophilic-lipophilic balance (HLB) 
values of the surfactants tested, ranging from 15 to 29, they all effec-
tively blocked H2 generation, independent of the HLB value. This is 
likely caused by the adsorption of a covering layer of the surfactants 
onto the Si surface, due to their hydrophilic-hydrophobic characteris-
tics. The surfactants that hinder H2 generation also hinder the oxidation 
of the Si particles and thus add chemical stability. Moreover, none of the 
tested surfactants form stable covalent bonds to silicon so the effects 

observed in vitro might be different in complex biological systems in vivo. 
The addition of 4 % albumin, the native concentration of the protein 

in human blood, also effectively hindered H2 release. This concentration 
gave an end volume of 6 % yield, while the addition of 0.5 % albumin 
gave an end volume of 15 % yield. Albumin proteins are thought to 
adsorb onto the Si particle surface in a similar manner as surfactants and 
therefore would intravenous administration of the particles for 
hydrogen release in the blood likely be inefficient. However, the 
adsorption of albumin is concentration-dependent. Adsorption of pro-
teins from food may also hinder H2 generation in the gastrointestinal 
system, depending on the nature of the proteins involved. The presence 
of egg white decreased H2 generation to about 40 % yield but did not 
hinder the H2 generation as effectively as the addition of surfactants or 
albumin. Egg white contains about 11 % protein including 54 % oval-
bumin, which is similar to human serum albumin in amino acid 
sequence (Abeyrathne et al., 2013). Slight differences in protein struc-
ture are therefore vital in nanoparticle surface affinities. Intake of cCVD 
Si particles together with egg protein is not detrimental for H2 genera-
tion, but the particles could preferably be taken without the intake of 
protein-rich food. 

4. Conclusions 

Silicon particles made by the cCVD process were effective hydrogen 
gas generators at physiological pH conditions. The yield of produced H2 
was 97 % at pH 8 and 82 % at pH 7.4. A carbon coating on the surface of 
the particles hindered hydrogen generation. The addition of surfactants 
and proteins caused a reduction of produced H2. Pretreatment in arti-
ficial stomach juice did not reduce the particles’ ability to produce H2 at 
pH conditions similar to the intestines. Therefore, the cCVD Si particles 
might present a potential new technology for hydrogen therapy with 
favorable abilities for in vivo hydrogen generation following oral 
administration. 

Fig. 6. Hydrogen release in presence of surfactants, coatings or proteins. End volume of H2 released after 24 h from Si-A1 cCVD Si particles immersed in pH 7.4 
(control, same data as in Fig. 4) with the addition of egg white, human serum albumin protein and different surfactants. Hydrogen release data from carbon-coated 
particles (Si-co-A) is also included. The data shows the average of at least two experiments with error bars showing the maximum and minimum values. Inset showing 
the hydrogen release profile in egg white compared to the control, plotted as averages of three parallel experiments with standard deviations. 
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