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The aim of this randomized controlled trial was to eva-
luate the wound-healing effect and antimicrobial pro-
perties of a novel stabilized hypochlorous acid solu-
tion on acute wounds, using a suction blister wound
model. One suction blister was raised and de-roofed
on each forearm in 20 healthy volunteers. Stabilized
hypochlorous acid/control (sterile 0.9% NacCl) solu-
tions were assigned to either wound by randomization.
Wounds were irrigated and treated on days 0, 2 and
4. Re-epithelialization was assessed blindly by digital
planimetry, and bacterial growth was assessed as the
number of colony-forming units cultured from surface
swabs. Hypochlorous acid solution increased the de-
gree of re-epithelialization on day 4 by 14% compa-
red with the control solution (95% confidence inter-
val (CI) 6.8-20%, p=0.00051) and was not inferior
(p<0.0001) to the control solution on day 10 (0.3%,
95% CI -1.3-1.9%). Median bacterial counts were
lower with stabilized hypochlorous acid compared
with control and were further reduced after irrigation
and treatment of both groups on day 4, but remained
lower in the stabilized hypochlorous acid group com-
pared with the control group. This study demonstrat-
es immediate and durable antimicrobial action and a
beneficial effect on acute wound healing after irriga-
tion and treatment with a stabilized hypochlorous acid
formulation.
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ontamination of acute surgical or non-surgical
wounds may lead to infection and poor wound
healing (1, 2). Irrigation decontaminates wounds, and
its effectiveness depends on the pressure and volume
of the solution applied (3). Antimicrobial substances
are commonly applied in modern wound management.
A novel wound irrigation solution, composed of
0.016% hypochlorous acid (HOCI) stabilized in 0.25%

SIGNIFICANCE

Antimicrobial compounds are often used in wound mana-
gement. Although most of these show the desired anti-
microbial activities, many are cytotoxic toward cells invol-
ved in the wound-healing process. Stabilized hypochlorous
acid is a simple, but effective, broad-spectrum antimicrobi-
al compound without known resistance issues when dosed
at optimum concentration and duration. In standardized
human acute wounds, stabilized hypochlorous acid ap-
pears to promote re-epithelialization and control the bac-
terial bioburden. These findings suggest that hypochlorous
acid is a promising antimicrobial agent. Further studies are
warranted to identify indications in which uncontrolled bac-
terial growth is a clinical issue.

acetic acid (CH,COOH) buffer at pH 4.2-5.0 (SoftOx
Solutions AS, Oslo, Norway) was introduced recently
(4). HOCI is indistinguishable from the endogenous
substance produced by phagocytic cells. The mode of ac-
tion of HOCI solution is the physical removal of foreign
bodies, debris, and microorganisms through the flushing
procedure and by its antimicrobial activity (5). There is
a delicate balance between the desired toxicity against
microbes without harmful effects on the host cells (6).
Cellular studies indicate that stabilized HOCI can in-
crease wound healing at appropriate concentrations (7).
In a murine model, stabilized HOCI (0.015%) showed
anti-inflammatory effects and beneficial effects on cuta-
neous wound healing (8). In an exploratory clinical study,
irrigation and topical application of HOCI solution to
split-thickness skin graft donor sites indicated beneficial
effects on epithelialization without raising major safety
concerns apart from pain reactions to topical HOCI (4);
however, this study was uncontrolled (4).

To follow up on these promising findings, an open-
label, evaluator-blinded, non-inferiority, paired study
was performed, in which the stabilized HOCI solution
was compared with sterile saline (0.9% NaCl; Irri-
flex, Fresenius Kabi AG, Bad Homburg, Germany). A
suction-blister injury wound model was chosen because
it allows the assessment of epidermal regeneration with-
out causing scarring (9—16). The primary objective of
the current randomized controlled trial (RCT) was to
evaluate wound healing, and the secondary objectives
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were microbiological control, pain levels and safety
with stabilized HOCI vs control treatment. The primary
endpoint was the degree of re-epithelialization (%) on
day 10. Secondary endpoints included the degree of
re-epithelialization (%) on day 4, colony-forming units
(CFUs) prior to and after irrigation and treatment on day
4, and the subjective pain level directly after irrigation
and treatment on days 0, 2 and 4.

MATERIALS AND METHODS

The study was approved by the Danish Medicines Agency and
the Committee of Health Research Ethics in the Capital Region
of Denmark (H-20035973) and carried out at the Copenhagen
Wound Healing Center, Department of Dermatology, University
of Copenhagen, Copenhagen, Denmark, in accordance with the
Declaration of Helsinki. The trial was submitted to ClinicalTrials.
gov as NCT04771819 on 23 November 2020.

The study design, treatment procedures and assessment of tre-
atment effects are summarized in Fig. 1. Inclusion of participants
was performed by 2 investigators (EAB and LS). Treatments and
clinical assessments were performed by the study nurses.

Participants

The inclusion criteria were subjects in the age range 18—60 years,
who had healthy forearm skin, and provided informed written
consent. The exclusion criteria were diseases that may interfere
with wound healing (e.g. diabetes and autoimmune diseases);
active skin disease; daily smoking; pregnancy; systemic immu-
nosuppressive treatment; uncontrolled pain that may interfere
with the study outcome as judged by the investigator; allergy to
hypochlorous acid, acetic acid or any other remedies/material
used; participation in other clinical investigations; inability to read
or understand Danish; and any other conditions that may make
follow-up or investigation inappropriate or the subject unsuitable
for study enrolment. Subjects who met all inclusion criteria and
none of the exclusion criteria were included.

STUDY DESIGN

Wounding X

Irrigation/treatment X X X

Pain (VAS) X X X

Digital photography x X X X

Swabs for CFU X

Adverse events X X X X X
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Fig. 1. (a) Study design. (b) Treatments were randomized to the wound on the left or right forearm of the subjects, who served as their own controls. (c)
Digital photographs were taken with an iPhone with an attached macro lens (days 0 and 4) or Handyscope (days 10 and 17) for blinded measurements
of wound area and determination of re-epithelialization, and a sterile swab was used to quantitate colony-forming units (CFUs). Figure created with

BioRender.com (Biorender, Toronto, ON, Canada).
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Induction of epidermal wounds

The NP-4 model manufactured by Electronic Diversities (Finks-
burg, MD, USA) was used to induce 1 10-mm blister in the middle
of the volar aspect of each forearm (15, 17). The instrument was
set to a negative pressure of 400 mmHg. The epidermal roof of
the formed blisters was excised with a sterile scalpel.

Randomization, treatment, and subject-reported pain on days 0,
2 and 4

After induction of the 2 wounds, the wound on the left arm was
randomized to irrigation and treatment with either stabilized HOCI
or saline control, and the wound on the right arm received the
opposite treatment to the wound on the left arm. Randomization
codes were obtained from a separate list. The allocation sequence
was computer-generated (SAS Statistical Software, SAS Institute,
Cary, NC, USA). Distribution of the 2 treatments between the left
and right arms was equal in the enrolled subjects. The solutions
(i.e. 100 ml stabilized HOCI or 120 ml sterile saline) were poured
onto the wound for 5 s from the containers held 10 cm above the
wound, as shown in Fig. 1b. Then, the wound was covered for 15
min with sterile non-woven swabs (OneMed, Helsinki, Finland)
soaked in the solutions. The subject-reported visual analogue
scale (VAS) pain intensity was then assessed on a scale ranging
from 0 to 10 cm, where 0 cm was equal to no pain, and 10 cm
was the worst imaginable pain for the subject. Finally, the wound
was covered with an island dressing composed of a non-adherent
absorbent pad in the centre of a vapour-permeable, but water- and
bacterial-proof, transparent adhesive film (Leukomed® T plus,
BSN Medical GmbH, Hamburg, Germany).

Digital photography and image analysis for determination of re-
epithelialization

On days 0, 4, 10, and 17, wounds were photographed before app-
lication (day 0) and after removal of the island dressing. Overview
images of the wounds and a millimetre scale bar with the subject
number, left or right forearm, date, and an arrow pointing toward
the hand and parallel to the arm applied adjacent to the wound
were acquired by a digital camera (iPhone 5/5S, model: A1753),
as shown in Fig. 1c. On days 0 and 4, close-up images of the
wounds were taken with a macro lens (21x; Olloclip, Foothill
Ranch, CA, USA) attached to an iPhone (18). On days 10 and
17, a Handyscope (FotoFinder Systems GmbH, Bad Birnbach,
Germany) was connected to the iPhone (18). The device captures
digital images (polarized light) at 20x magnification. A 5-mm
calibration scale was included in each image. The wound on the
left arm was photographed first.

The digital photographs were imported into ImageJ software
(ImageJ 1.52a, NIH, Bethesda, MD, USA) and were analysed
twice by a blinded investigator (MSA). The wound areas on day
0 (ADay o> day 4 (Amy ), day 10 (ADay ,») and day 17 (ADay ;) were
used to calculate the degree of re-epithelialization as a percentage
(%) using the following formula (15):

re-epithelialization (%) = (Apay o Apay x
where X=0, 4, 10 and 17.

YA, , % 100

y 0

Bacterial swabs and determination of colony-forming units

Sterile swabs (Z-Transwab®, MWE, Corsham, UK) were used for
sampling from the wounds on day 4 before and after irrigation/
treatment with the solutions on both arms, as shown in Fig. lc.
Swabs were rotated at an angle of 45° in the centre of the wound
3 times clockwise and then 3 times anticlockwise (15). The swab
stick was then immersed in 1 ml of the 2-Transwab transportation
system medium.
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The swabs were processed for CFU determination within 24
h by the Biofilm Test Facility, Department of Immunology and
Microbiology, Faculty of Health and Medical Sciences, University
of Copenhagen, Copenhagen, Denmark. Swabs were vortexed and
sonicated for 5 min, and 10-fold dilutions were performed in sterile
saline. One hundred microlitres of the samples were applied to
5% horse blood agar plates (Statens Serum Institut, Copenhagen,
Denmark) and to blue agar plates selective for Gram-negative
bacteria using a modified Conradi-Drigalski diagnostic substrate
(4, 15). The plates were incubated for 24 h at 37°C under normoxic
conditions. CFUs were counted visually per plate, and the results
are expressed as CFUs/swab. The analyses were performed without
knowledge of the origin of the swabs.

Sample size calculation

The sample size calculation was based on the primary non-inferi-
ority endpoint that normal wound healing (re-epithelialization in
%) after HOCI treatment was not inferior to the control treatment.
The A (absolute difference in the degree of re-epithelialization)
between the HOCI and control was calculated for each subject,
where a positive value means more re-epithelialization with HOCl
than the control and a negative value indicates the opposite. A A
value >—10% was considered non-inferior. A standard deviation
(SD) of 15% was assumed (10, 14, 15), and with a power of
80% (1-PB) and a significance level of 5% (a), 16 subjects were
needed. Twenty subjects were included to account for a dropout
rate of 20%.

Data management and statistical analyses

Data were entered into an eCRF (Clindox, Sevenoaks, UK) spe-
cifically designed for this study.

Continuous variables were analysed using a paired ¢-test. CFU
values were not normally distributed and were analysed using the
Wilcoxon signed-rank test. The correlation between CFUs before
treatment and the degree of re-epithelialization on day 4 was
assessed by the Spearman rank-order test. Two-sided statistical
analyses were performed using SPSS Statistics 26.0 software
(IBM, Armonk, NY, USA). Data are presented as the mean + SD
or A with 95% confidence intervals (95% CI) unless otherwise
stated. The statistical significance was set to p<0.05.

RESULTS

This RCT compared the effects of stabilized HOCI on
wound healing and antimicrobial activity with control in
a human wound-healing model.

Participant flow

The recruitment of participants started on 4 November
2020. Twenty remunerated healthy volunteers (age range
1859 years, 33 + 12 years), 11 males and 9 females, were
included consecutively from 23 November 2020 to 22
March 2021, and the last participant was completed on
8 April 2021. The participants received the allocated
treatments except 1 individual who did not attend the day
4 clinical visit due to COVID-19 quarantine, but provi-
ded digital images of the 2 wounds. Another participant
withdrew from the study after day 10 due to personal
reasons and was lost to the day 17 follow-up, but was
included in the intention-to-treat population.
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Clinical observations

On day 0, confluent blisters had formed in approximately
1.5 h, and the blister roofs were excised. The wound size
did not differ (p=0.14) between the HOCI (55 + 16 mm?)
and control groups (60 = 15 mm?).

Stinging, burning or pain reactions were reported by 10
subjects, strongest on day 0 for 9 subjects and strongest
on day 4 for 1 subject, immediately after irrigation with
stabilized HOCI. These sharp reactions were transient
and usually disappeared within seconds. The subjective
VAS levels were assessed directly after the 15-min
treatment period and were low, with a mean value on
day 0 0f 0.24 +0.52 cm for HOCI and 0.05 +0.22 c¢cm for
control, values on day 2 of 0.12+0.31 cm for HOCI and
0 cm for control, and values on day 4 of 0.08 +0.25 cm
for HOCI and 0.03 +0.11 cm for control; none of these
differences were statistically significant.

All wounds were moist on removal of the protective
dressing until day 4. The general impression of the
principal investigator (EAB) was that the HOCl-treated
wounds were less red than the control wounds. Wound
complications were rare, although mild abnormal inflam-
matory signs were observed on day 2 in 1 wound treated
with HOCI and in 2 wounds in the control group. Re-
presentative courses of treatment with HOCI and control
saline are shown in Fig. 2.

Wound-healing measurements

The HOCI solution increased the degree of re-epithelia-
lization compared with that of the control on day 4, with
an estimated absolute difference (A) in the degree of re-

ay 0

HOCI

NaCl

Day 4

epithelialization of 14% (95% CI1 6.8-20%, p=0.00051).
The individual re-epithelialization results from day 4 are
depicted in Fig. 3. On day 10, the estimated A was 0.3%
(95% CI-1.3-1.9%). The accompanying non-inferiority
p-value was <0.0001 (for primary data see Table SI).

Effect of sex on re-epithelialization day 4

The estimated A between males and females was 5.1%
(95% CI-10-20%, p=0.50) for HOCl-treated wounds
and 1.3% (95% CI —15-18%, p=0.87) for control-
treated wounds.

Bacteriology day 4

Surface swabs were taken from day 4 wounds for nor-
moxic culturing before and after treatment. In the HOCI
group, bacterial growth was detected in 12 wounds before
treatment and in 7 wounds after HOCI treatment. The
corresponding figures for the control group were 16 and
15 wounds. Median bacterial counts were significantly
lower with HOCI than the control and were reduced
after irrigation and treatment in both groups, but remain-
ed lower in the HOCI group, as shown in Table I (for
primary data see Table SII).

Correlation between re-epithelialization and colony-
forming units on day 4

There were no significant correlations between CFU
and re-epithelialization on day 4 in the HOCI group
(r=-0.073, p=0.77,n=19) or the control group (r=0.21,
»=0.39,n=19).

b -«

Day 10

g (7
i ' [Car ¥ o

Fig. 2. Course of treatment with stabilized hypochlorous acid (HOCI) or saline control (NaCl) on days 0 (before irrigation and application

of HOCI/NacCl), 4, 10, and 17. Scale bar: 6 mm.

Acta Derm Venereol 2022


http://medicaljournalssweden.se/actadv
https://doi.org/10.2340/actadv.v102.1624
https://doi.org/10.2340/actadv.v102.1624

ActaDV

ActaDV

5/7 E. A. Burian et al. “Effect of stabilized hypochlorous acid on acute wounds”

100
< 80+
c
o
% 60-
N
©
© 40-
S
S
2 20-
(14

0

HOCI NaCl

Fig. 3. Re-epithelialization paired data from the 20 volunteers on
day 4. Mean + standard error of mean (stabilized hypochlorous acid (HOCI),
58+3.6%); NaCl, 44+3.8%).

Adverse events

During the study, 8 adverse events were noted and jud-
ged unrelated to the HOCI solution; these manifested as
mild skin irritation reactions beneath the adhesive film
dressing in 4 patients. The other 4 adverse events were
erysipelas around the ear in 1 patient, another patient
had inguinal skin infection, and the third patient was
febrile and had hypertension. No serious adverse events
occurred.

DISCUSSION

This RCT demonstrated that wound healing (re-epithelia-
lization) after combined irrigation and treatment with
stabilized HOCI was not inferior to that of the saline
control on day 10. In contrast, re-epithelialization was
accelerated at an earlier stage with the stabilized HOCI
formulation. This finding was unforeseen, and it is pos-
sible that the early beneficial effect on re-epithelialization
resulted in a shortened time to complete wound closure.
Daily monitoring between day 4 and day 10 would have
been required to detect an effect on the time to complete
wound closure.

Table I. Bacterial counts (colony-forming units (CFUs)/swab) on
day 4 before and after irrigation and treatment with stabilized
hypochlorous acid (HOCI) and the control (sterile saline (0.9% NacCl))

HOCI (n=19) NaCl (n=19)

Before treatment, median (IQR) 70 (0-3,300) 11,500 (20-52,000) 0.015
After treatment, median (IQR) 0 (0-390) 1,100 (10-30,000) 0.0023
p-value 0.023 0.0044

p-value

IQR: interquartile range; CFUs: colony-forming units (derived from 5% blood
agar plates. No swarming from Gram-negative species such as Proteus sp. was
detected; thus, counting the blue plates was unnecessary).

Acta Derm Venereol 2022

It should be emphasized that the accuracy of the
method (digital planimetry) used to determine re-
epithelialization has been validated against histological
assessment of 60 suction blister wounds on day 4 (15).
Evaluation of re-epithelialization on day 4 provides a
high degree of sensitivity to detect differences between
treatments (maximum sensitivity corresponds to 50%
re-epithelialization) (15).

Bacteria have been cultured from this wound type
previously and CFUs are higher in wounds than adjacent
skin on day 4 (15, 19, 20). The CFUs were significantly
reduced in wounds treated with stabilized HOCI than
with the control solution, which documents the durable
bacterial control with HOCI intervention. In addition,
CFU measurements directly after treatment showed a
further reduction in the bacterial bioburden. The species
recovered from the wounds was not determined. In other
studies, the growth of coagulase-negative staphylococci
dominated in these wounds (15, 19, 20).

The HOCI formulation contains acetic acid (0.25%) as
a pH stabilizing excipient. Acetic acid possesses antimi-
crobial activity and the minimal inhibitory concentrations
of acetic acid against different strains of Staphylococcus
aureus were determined in the range 0.16-0.31% (21).
Thus, the acetic acid component of the HOCI solution
may have contributed to the reduced CFUs.

Robson et al. (22) concluded that the increased wound
healing with topical HOCI (0.01%) treatment for 30 min
of non-infected and infected full-thickness wounds in rats
was accompanied by reduced bacterial bioburden com-
pared with that with saline. These beneficial effects were
not observed when wounds were exposed to HOCI for 24
h or at higher strengths (22). The current study results for
human wounds are strikingly similar to those in rodents.
In the same animal model, silver sulfadiazine showed su-
perior antimicrobial activity, but inferior wound-healing
capacity, compared with stabilized HOCI (22).

Wound irrigation with saline is an effective method of
wound cleansing and prevention of surgical site infec-
tions. Reduced bacterial load was documented after sa-
line irrigation, as has been shown in animal wounds (23).

The effect of the microbiota and wound healing per
se is debated (24, 25). The current study did not demon-
strate a correlation between bacterial colonization and
re-epithelialization. Re-epithelialization depends on ke-
ratinocyte proliferation and migration (26). /n vitro tests
showed that stabilized HOCI increased the migration of
keratinocytes (7). The total activity of collagenase matrix
metalloproteinase (MMP)-1 increases more than 100-
fold in these wounds (27) and appears to be obligatory for
keratinocyte migration (9, 27-29). Interestingly, HOCI
can convert non-catalytic latent MMP-1 into catalytic
MMP-1 (30) and may thus facilitate the movement of
keratinocytes during the re-epithelialization process.

Another possible mode of action of HOCI on wound
healing may be attributed to its anti-inflammatory
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properties (8, 31, 32), which could advantageously be
investigated by sampling cytokines secreted into cham-
bers placed over the wounds and filled with saline (33).
Interestingly, HOCI rescued the wound healing ability
of keratinocytes derived from the skin of patients with
Hailey-Hailey disease by reducing the levels of several
pro-inflammatory cytokines (34).

This study has some limitations and strengths. Al-
though the solutions were not masked, the wound areas
used for the re-epithelialization calculations were de-
termined by a blinded investigator, and the CFUs were
determined in a blinded fashion. Another advantage is
that the model allows comparison in the same indivi-
dual, which eliminates inter-individual differences in,
for example, basal cytokine and hormonal levels (35).
However, further studies are needed to assess the effect
and safety of stabilized HOCI treatment of wounds in-
volving the dermis.

No adverse events related to the use of topical HOCI
were observed. The suction blister wound model has been
applied to assess pain perception (36). The investigators
did not classify the brief immediate and transient sensory
reactions after topical HOCI application as adverse
events. The high hydrogen ion concentration may have
caused these pain reactions via acid-sensing ion channels
of' nerve endings (37, 38). Hyperalgesia may also be due
to the hypotonicity of the HOCI solution. Regardless of
causes, the pain scores would probably have been higher
if assessed immediately after irrigation of the wounds.
HOCI is unlikely to induce antimicrobial resistance.

In conclusion, stabilized HOCI is a promising topical
agent for the control of bacterial bioburden and the pro-
motion of wound healing. More studies are needed to
elucidate the mechanisms responsible for the observed
positive effects of stabilized HOCI on wound healing.
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