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a b s t r a c t 

Molecular hydrogen recently attracted lots of attention in biomedical community because of its abilities to mod- 

ulate signal transduction, protein phosphorylation, and gene expression that enable its anti-inflammatory, anti- 

allergy, and anti-apoptotic activities. However, controllable and local delivery of hydrogen molecules to tissues 

still remains challenging. Here, we propose a new method of delivering molecular hydrogen directly to human 

skin cells by designing a hydrogen-generating patch that releases hydrogen in surrounding environment as a 

product of chemical reaction of aluminum and carbon hydroxide in presence of water. We show that in the pres- 

ence of molecular hydrogen the cells viability, expression of collagen, and migration efficiency of cells increase, 

thus suggesting that hydrogen can be used to promote better and faster healing of skin issues such as wounds 

and bruises. 
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ntroduction 

Molecular hydrogen has been shown to act as an important phys-

ological regulatory factor with antioxidative, anti-inflammatory, and

nti-apoptotic effects on cells composing various biological tissues and

rgans [1-5] . Consequently, many efforts were recently directed to de-

igning and testing the hydrogen-based therapy. Notably, in the majority

f previous studies, the hydrogen was usually delivered as a food or wa-

er supplement. As a result, this minimized the effectiveness of hydrogen

elivery directly to the area of the treatment needs thus emphasizing the

ecessity for a new approach for hydrogen generation. 

Positive effect of hydrogen on wound healing process has been

emonstrated in animal models and human pilot studies [3-7] . However,

n these studies, hydrogen was delivered to the skin either via inhala-

ion, intravenous injection of hydrogen infused saline, or consumption

f hydrogen-rich water. These methods of delivery of hydrogen could

e used only in special medical facility and by medical personal and /

r offer very limited control of an administered dose. 

In previous studies, prominent positive effects of the hydrogen-rich

ater treatment were documented in experiments conducted with a hu-

an skin [4 , 5] and animal skin [6 , 7] though no success in localizing

he hydrogen delivery was demonstrated before. We addressed this chal-
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enge and reported a new method of local H 2 delivery to the human skin

ells by designing a hydrogen-generating patch that can be attached di-

ectly to the skin [8] . The hydrogen generation was activated by adding

ater to the mixture of aluminum and calcium hydroxide powders that

romotes chemical release of hydrogen through the plastic packaging of

he patch. Our results demonstrated increase in hydrogen concentration

n the surrounding cell culture medium up to 350 ppb that remains sta-

le over 6 hours duration. Presence of molecular hydrogen in the cell

ulture media improved human skin cells viability, increased produc-

ion of collagen, and enhanced the cells migration ability. Our results

emonstrate a new concept for implementing the hydrogen therapy and

rovide a promising route for hydrogen use in treating skin damages. 

xperimental procedure 

reparation of Hydrogen generating powder 

Hydrogen generation powder as a major component of the patch was

repared to stabilize the effectiveness and duration of hydrogen release

o surrounding environment. For this, purchased from Sigma Aldrich

luminum (~5 μm particle size) and calcium hydroxide (Ca(OH) 2 , ~3

m particle size) powders were mixed by ball-milling in 1:6 relative
edu (D. Zhu). 
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Fig. 1. (a) Scanning electron microscopy 

(SEM) image and x-ray photoemission spec- 

troscopy analysis of (b) Ca and (c) O1s spectra. 
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eight concentration to create a non-active hydrogen-generating pow-

er ( Fig. 1 ). Calcium hydroxide powder has a tendency to agglomerate

hus slowing down the hydrogen release and prolonging the operation

ife of the patch once water is added to the powder and reaction with

luminum and water is initiated. Hydrogen generation was activated

mmediately prior to the tests by adding double distilled (DD) water to

he dry powder mixture. A detailed overview of the hydrogen release

echanism is provided below. 

Upon water adding, a water suspension of food-grade calcium hy-

roxide, Ca(OH) 2 , “slaked lime ”, is created. When the suspension is

ixed with aluminum powder, the following set of chemical reactions

s activated: 

 l 2 O 3 + 3 Ca ( OH ) 2 = C a 3 
(
Al O 3 

)
2 + 3 H 2 O , 

 Al+ 6 H 2 O = 2 Al ( OH ) 3 + 3 H 2 ↑ , 

 Al+ 3 Ca ( OH ) 2 = C a 3 
(
Al O 3 

)
2 + 3 H 2 ↑ , 

nd 

 Al ( OH ) 3 + Ca ( OH ) 2 = Ca 
[
Al ( OH ) 4 

]
2 . 

Note that metallic Al is usually covered by a thin layer of aluminum

xide. The first reaction describes the removal of a thin film of aluminum

xide present of the surface of aluminum powder. The second and the

hird reactions lead to the release of molecular hydrogen and this release

roceeds until all metallic aluminum is consumed. For a complete third

eaction, the ratio of the weight of aluminum to calcium hydroxide is

:4, However, in the patch, we used a ratio 1:6 due to the low solubility

f calcium hydroxide in water. Reactions occur with a small amount of

eat, which is insignificant for the experiment. 

reparation of Hydrogen generating patch 

To control the release of hydrogen and avoid exposure of cells to

ther components of the reactive mixture, the hydrogen generating

atch (Patch Model 19-1) was designed. Specifically, the procedure was

s following: a) 150 mg of powder was added into the low-density

olyethylene (LDPE) bag (patch) with a cotton mesh inside, b) 3 ml

f DD water was added directly to the patch to activate the set of

hemical reactions c) the patch was sealed using an impulse bag sealer

Medtronic) to prevent leaking of the mixture to the surrounding envi-

onment; d) the patch was immersed in the cell culture media for fur-

her measurements. PE material for the patch design was chosen based

n previous reports indicating high hydrogen diffusion through the PE

lm [9] . 

In addition to hydrogen-generating patches, similar patches but only

ith calcium hydroxide powder (without aluminum powder) were de-

igned for control tests (Control patch). During the control tests, similar

rocedure of water addition and sealing of the patch was used. 

reparation of Hydrogen-Rich Media 

Serum-free EMEM media was treated with hydrogen by submerging

ydrogen-generating patch into the 50 mL centrifuge tube with 25 mL
2 
edia and incubating this media with the patch for 6 hours. For the

ontrol experiments a Control patch was submerged in the tube with

he media. To treat the cells with Hydrogen 0.1 mL of the treated media

as aliquoted and placed into each well of 96-well plate. For the Control

.1 mL of Control Hydrogen-untreated media was used. 

ell viability test 

BJ fibroblast cells (CRL2522, ATCC) after incubation were seeded

nto 96-well plate at 5000 cells per well. Cells were cultured overnight

t 37°C and 5% CO 2 . After the incubation the original medium was

iscarded and 0.1 mL of serum-free EMEM media treated with Hy-

rogen patch or Control patch was added into each well, 6 wells for

ach treatment. Serum-free Hydrogen-treated or Control EMEM media

as replenished every 2 h to maintain the same hydrogen level which

as measured and confirmed using a Trustlex ENH-2000 Hydrogen Me-

er (http// www.trustlex.co.jp ). Potential heat generation and tempera-

ure increase were negligible as confirmed by the temperature measure-

ents. The described above experiment design allowed avoiding any

irect contact of the cells with the Hydrogen or Control patches and

herefore eliminated a potential heat effect on the cells. The media was

eplenished in each well three times and, after 6 hours, the media was

iscarded from each well and cell viability test was performed with MTT

eagent according to the protocol described earlier [10] . 

odel of wound closure 

For the wound closure experiment, BJ fibroblast cells (CRL2522,

TCC) were cultured in the 6-well plate in Eagle’s Minimum Essentia

edium (EMEM, ATCC) for 24 hours to reach 90% confluence. Wound

as created by 1000 μL tips. Pictures of wound were taken using an

bjective with 4 × magnification at the beginning of the experiment.

hen, the medium was changed to the serum-free EMEM treated by H 2 -

eneration patch or Control patch. These media were prepared in 50

L centrifuge tube by placing the H 2 -generating patch or the Control

atch inside 25 mL of media as presented in Fig. 1 (a). Medium extract

reated with H 2 -generating patch or Control patch was added to the 6

ell plates after taking pictures at different time point. The width of

ound was measured by ImageJ software. 

The rate of wound closure was calculated as following: 

Rate of wound closure = (initial width - current width) / time period.

ollagen expression with Western Blot 

After wound closure experiment, cells from 6-well plate were har-

ested for protein extraction and Western Blot analysis. After measuring

rotein concentrations, protein samples were loaded into SDS-PAGE gel,

nd then transferred on to the polyvinylidene difluoride (PVDF) mem-

rane following instructions. The PVDF membrane was blocked with

% milk for 2 h at room temperature and incubated overnight with rab-

it polyclonal anti-Collagen I primary antibody (Abcam) at 4°C. Then

he secondary antibody, Donkey anti-rabbit IgG (H + L) from Jackson

mmunResearch Laboratories Inc., was added to the primary-antibody

reated PVDF membrane and incubated for 2 hours at room temperature.

http://www.trustlex.co.jp
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Fig. 2. Hydrogen patch preparation process. 

(a) Cotton mesh with the powder is placed in 

the plastic patch. (b) Water added to the patch 

directly before the experiment. (c) The patch 

filled with mixture of the powder and water is 

sealed using the vacuum sealer. Letter “c ” indi- 

cates the controlled patch without addition of 

aluminum powder. 
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Fig. 3. Measurements of hydrogen generation efficiency in cell culture media 

treated with Hydrogen-generating patch. The figure summarizes the hydrogen 

concentration measured in the cell culture medium as a function of time starting 

immediately after adding water to the powder and sealing the patch. The results 

indicate stable hydrogen concentration of ~350 ppb over a 6 hour period. 

Fig. 4. Cell viability hydrogen-treated cells and control cells when exposed to 

the serum-free media. The results indicate increased OD number for hydrogen- 

treated cells in contrast to control test. 

c  

w  

w  

s  

e  
ictures were taken using Bio-Rad imaging system. Band intensity was

easured with ImageJ software and analyzed with GraphPad software.

-actin was used as an expression control. 

ower of the Study and Statistical Analysis 

The one-way analysis of variance (ANOVA) and two independent-

amples t-tests using SPSS Statistics were used to analyze the data.

n both types of tests, samples after exposure to hydrogen-rich and

ydrogen-deficient culture media were analyzed with P < 0.05 to indi-

ate levels of statistical significance. 

esults and discussion 

The steps of the hydrogen-generating (or control) patch preparation

re summarized in Fig. 2: (a) the LDPE patches were loaded with the

ydrogen-generating (or control) powders, (b) water was added to the

ydrogen-generating patch to activate the hydrogen generation or to

he control patch for the control test, (c) the air was removed from the

atch as much as possible and the patch was sealed to isolate the powder

ixture from the environment. 

The stability of the hydrogen release in the cell culture media treated

ith the hydrogen patch was tested by was tested by Trustlex ENH-2000

ydrogen Meter. The continuous stable generation of hydrogen was ob-

erved for about 6 hours ( Fig. 3 ). The hydrogen concentration started to

ecline after 6 hours indicating reduced rate of chemical reaction pro-

ucing molecular hydrogen. The release of the hydrogen and its con-

entration during the tests were monitored using Trustlex ENH-2000

ydrogen Meter. Stability of the hydrogen concentration is attributed

o two competing processes, hydrogen generation and hydrogen disso-

iation from culture media to surrounding ambient environment [11] .

nce the hydrogen generation rate reduces due to complete conversion

f aluminum powder into stable compounds with calcium, the hydrogen

issociation to atmosphere dominates thus reducing hydrogen concen-

ration in cell culture media. The results of this hydrogen concentration

onitoring experiment were used to define the operational lifetime of

he patch model (Hydrogen patch) and establish the experimental pa-

ameters for testing the wound closure effectiveness and the cell via-

ility. During the experiments with the cell culture the release of the

ydrogen and its concentration during were monitored in the culture

edia using Trustlex ENH-2000 Hydrogen Meter. 

After establishing the effectiveness and duration of the hydrogen re-

ease, we focused on exploring the bio effectiveness of hydrogen in im-

roving the viability of skin cells. For this, after the incubation, the skin
3 
ells were transferred to two wells of the serum-free media, one well

as with the hydrogen-rich media (hydrogen-patch) and another well

as with hydrogen-deficient media (control test). The cell viability re-

ults obtained using the MTT assay are summarized in Fig. 4 . The cells

xposed to the media with control patch (hydrogen-deficient media)
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Fig. 5. Wound closure assay of hydrogen- 

treated cell and control cells. (a) Optical im- 

ages of the wounds closures in case of con- 

trol and hydrogen-treated cells as a function of 

time. (b) Comparison of wound closure rated 

for hydrogen-treated cells and control cells. 

The scale bar is 250 μm. 
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Fig. 6. Collagen expression in hydrogen-treated cells and control cells. (a) Col- 

lagen expression level in hydrogen-treated cells and control cells (P < 0.05). (b) 

Calculated relative collagen/ 𝛽-actin values for the hydrogen-treated cells and 

control calls. 
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w  
emonstrate reduction in optical density (OD) number as it is expected

or serum-free media [12] . Meanwhile, treatment of cells with hydro-

en increases OD number even in the serum-free media. These results

onfirm the beneficial effect of hydrogen on the skin cells viability. 

To test the potential applicability of hydrogen patch to promote

uring of skin damage such as a wound, we also tested the migration

ctivity of the cells. For this, we replicated the wound by scratching

he cells of the well-plate. The cells migration to close the wounds in

ydrogen-rich and hydrogen-deficient environments was monitored

ver 9.5 hours ( Fig. 5 ). From optical images ( Fig. 5 a) one can see that

ells treated with hydrogen had higher migration resulting in a more

fficient wound closure. The changes in the width of the wound ( Fig.

 b) indicate that cell treated with hydrogen had about two times higher

ate of closure as compared to control test when the cells were exposed

o the hydrogen-deficient media. These results suggest that hydrogen

o not only promotes the viability of the cells but also accelerates the

ell migration to heal the damage. 

The growth of tissue around the wound site involves not only the

ngiogenesis process, when endothelial cells migrate in the area of the

ound, but also the collagen production or deposition by these cells

13 , 14] . The acceleration of the collagen deposition is important be-

ause it increases the strength of the wound and allows cells involved in

nflammation, angiogenesis, and connective tissue construction to grow

nd differentiate on the collagen matrix laid down by fibroblasts [15] .

nitially Type III Collagen and fibronectin are produced, but later Col-

agen III is replaced by the stronger Collagen I [13] .To complement the

ound closure experiment, we also tested the level of the collagen ex-

ression in hydrogen-treated and control cells. Fig. 6 summarizes west-

rn blot analysis results. The results indicate that collagen expression

n

4 
evel is significantly higher in cells treated with hydrogen as compared

o control cells. This suggests promoted skin cell repair activity in pres-

nce of hydrogen thus further confirming the effectiveness of the pro-

osed hydrogen patch in treating the skin damage. 

It has been demonstrated that upon in-vitro aging the keratocyte

igration into collagen gel matrix significantly declines which may

mpair corneal wound healing [16] . Increased viability of the cells

s therefore expected to further improve the wound healing process.

hese results indicate the hydrogen potential for effective and simple

ound healing as an alternative approach to previously reported

anocomposite cryogels [17] . 
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onclusion 

The repair of wounds is a complex biological process that involves

ctivation and synchronization of multiple biological pathways. Here,

e proposed a new method for local and effective delivery of hydro-

en to promote bioactivity of the human skin cells and to accelerate

he wound healing process. For this, we created a hydrogen generating

atch that can be directly applied to the skin to enable localization of

he hydrogen delivery to the skin cells. Design of the patch based on the

hemical reaction initiated in the mixture of aluminum, calcium hydrox-

de, and water, allowed controlled and prolonged release of hydrogen

ver the 6 hour duration. We demonstrated that hydrogen release from

he patch promoted cell viability, cell migration, and collagen release.

hese results indicate the hydrogen potential for better wound healing

hus indicating that hydrogen patch can be used for effective treatment

f skin damage. 
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