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Abstract: To evaluate the efficacy of antibacterial protease combined with silver dressing on biofilm reduction and
healing in chronic wounds. A pilot, single-blinded randomized controlled trial was conducted. Fifty-six participants
with chronic wounds were recruited and randomized (1:1) to the experiment group (antibacterial protease solution +
silver dressing, AP) or a control group (0.9% normal saline + silver dressing, NS). The interventions were carried out
once two days and the wounds were monitored for 28 days. The wound tissue samples were collected. The bacteria
and extracellular polymeric substance in the biofilm of the wound tissues were pathologically checked by transmis-
sion electron microscope (TEM) and confocal laser scanning microscope (CLSM). The wound volume reduction rate,
Pressure Ulcer Scale for Healing (PUSH) score, pH and temperature were measured. After treatment for 28 days, in
the AP group, bacteria and extracellular polymeric substance in the biofilm of the wound tissues decreased more
significantly than those in the NS group when observed by CLSM (P < 0.001). Furthermore, the AP group displayed
more significant reduction in the wound volume reduction rate, Pressure Ulcer Scale for Healing Score (PUSH) and
pH compared to the NS group (P = 0.030, 0.023, 0.015, respectively). There were no statistical differences in
wound temperature between the groups (P = 0.422). The application of antibacterial protease combined with silver
dressing showed higher efficacy of the biofilm reduction in chronic wounds.
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Introduction charides, extracellular proteins, extracellular
DNA, water, surfactants and lipids, and acts as

Chronic wounds are wounds that cannot heal in a stabilizing scaffold to support the three-

a timely and effective way according to normal
procedures after 4 weeks of clinical treatment,
for example, diabetic foot ulcers (DFU), pres-
sure injury, traumatic ulcers, arterial ulcers and
venous ulcers [1, 2]. Chronic wounds do not
heal within the expected time frame because
they remain in the inflammatory phase of the
wound-healing process. Previous studies indi-
cated that many chronic persistent infections
were the result of the biofilm mode of microbial
growth [3, 4]. Within the biofilm, bacteria are
cocooned in a self-produced extracellular ma-
trix, which accounts for 90% of the biomass [4].
The matrix comprises extracellular polymeric
substance (EPS), which includes exopolysac-

dimensional biofilm structure [5, 6]. This par-
ticular structure protects bacteria in the biofilm
from antibacterial agents, the surrounding envi-
ronment and the host's immune response,
increasing their resistance to antibiotics by a
factor of 1000 compared with the planktonic
status [2]. Biofilms exist widely in chronic
wounds, and the incidence has increased annu-
ally. As early as 2008, James et al. [4] found
that 60% of chronic wounds displayed biofilm
infection. Recent studies have shown that the
incidence of biofilm infection in chronic wounds
has reached 60%-100% [2, 4, 7, 8], represent-
ing a major challenge for clinical professiona-
Is when treating chronic wounds. In addition,
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Khalid et al. [8] found that all five acute DFU
wounds in his study contained biofilms, an inci-
dence rate of 100%, compared with only 6% for
acute wounds (one out of 16 acute wound
specimens) in James et al. study [4]. The stud-
ies of Gurjala and Li et al. [9, 10] showed that
Staphylococcus aureus could rapidly develop
and form a mature biofilm within 6-24 hours
after inoculation on an acute-wound model of
rabbit ears. According to the above findings, it
might also be an increasing trend of incidence
for biofilm infections in acute wounds. However,
there is currently no consensus on the optimal
treatment of biofilm-infected wounds.

Silver dressing, broad-spectrum antibacterial
dressing is commonly used in clinical practice
and has a significant effect on killing bacteria
and a certain capacity to resist biofilm in vitro
[11, 12]. However, silver dressing alone is not
ideal in controlling chronic-wound infection or
promoting wound healing [13]. Lysozyme has
been demonstrated to have a good efficacy
against biofilm when tested in vitro [14-18]. In
the present study, we performed a pilot study
combining lysozyme with silver dressing to treat
biofilm-infected chronic wounds. The wound tis-
sue samples were collected. The bacteria and
extracellular polymeric substance in the biofi-
Im of the wound tissues were pathologically
checked by transmission electron microscope
(TEM) and confocal laser scanning microscope
(CLSM). The wound volume reduction rate,
Pressure Ulcer Scale for Healing (PUSH) score,
pH and temperature were also measured.

Materials and methods
Participants

During the period from March 2017 to June
2018, 56 patients with chronic wounds were
recruited at the Outpatient Wound Care Center
of Nanjing General Hospital of Nanjing Military
Region. This trial was registered with the
International Clinical Trial Registration Platform
(ICTPR) via the Chinese Clinical Trial Registry
(ChiCTR1800019687).

Inclusion criteria

Wounds that had not healed for more than 4
weeks [1]; in the case of DFU, patients had nor-
mal blood glucose during the previous 2 weeks.
Wounds that met six clinical characteristics
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that may indicate the presence of bacterial bio-
film: treatment failure despite using appropri-
ate antibiotics or antiseptics; delayed healing;
cycles of recurrent infection/exacerbation; ex-
cessive moisture and wound exudate; low-level
chronic inflammation; low-level erythema [19];
Age > 18 years; voluntarily participation in the
clinical research and provision of signed in-
formed consent.

Exclusion criteria

Presence of severe heart, lung, kidney or liver
complications or critical iliness, life-threaten-
ing conditions, including shock; patients with
bleeding disorders or bleeding tendency; sec-
ondary to systemic infections or other infec-
tions requiring systemic antibiotic treatment;
pregnant or lactating women; presence of auto-
immune disease or taking hormones.

All selected patients signed an informed con-
sent form before starting the study. According
to a list of numbers generated by computer
software, all patients were randomly assigned
to two groups. An independent third-party
research group prepared the randomization list
and the sealed envelopes. The patients in the
AP and NS groups respectively received lyso-
zyme and 0.9% normal saline (NS) solution for
the wetting compress on the wound bed as the
comparator.

Experimental and control group interventions

This study followed the Consolidated Statement
of Reporting Trials (CONSORT). This was a non-
blind, two-arm, randomized controlled trial with
an intervention group treated with antibacterial
protease solution (AP) and control group treat-
ed with 0.9% normal saline (NS).

All the selected patients were under the respon-
sibility of a trained wound nurse. The dressing
was changed in compliance with the principle
of aseptic operation and the moist healing the-
ory. In brief, the wound-care process included
the “six steps” of “assessment, cleaning, de-
bridement, wet compressing, dressing filling
and packing”. The first step is to assess and
measure the wound, which is recorded. In the
wound assessment process, the area, depth,
color, odor, direction and depth of the under-
mining or tunnel and the amount of exudate
were determined and recorded. In the second
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step, the wound bed was cleaned using 0.9%
NS from the outside to the inside, while 5-6 cm
of skin around the wound was cleaned using
0.5% povidone iodine solution from the inside
to the outside. In the third step, different
debridement methods were applied as needed.
For loose slough, use hemostatic forceps and
forceps for scratching; for adherent compact
slough or scab, use autolysis debridement or
sharp debridement such as scissors and
blades. In the fourth step, in the experimental
group, antibacterial protease solution (lyso-
zyme 40000 £+ 8000 U/ml, lysostaphin: 1.0 £
0.2 U/ml, pH 5.58, Shanghai Gaoke Biological
Engineering Co., Ltd., Shanghai, China, Inter-
national patent number: PCT/2006/001640,
US 8241901) was used to soak the sterile
gauze. The soaked gauze was applied to the
wound bed (keeping the gauze wet, but without
excess solution) and beyond the wound edge
for 1-2 cm for 10 minutes. In the control group,
0.9% normal saline was used to wet compress.
The rest of the procedure was the same as for
the experimental group. The dressings in the
fiftth step in two groups were both nano silver
dressings (Nanjing Jindi Puhui Pharmaceutical
Technology Co., Ltd., Nanjing, China), which
covered 1-2 cm beyond the wound edge and
fully contacted but did not compress the wound
bed. In the sixth step, the wounds were wrapped
by using sterile gauzes. The dressings were
changed every other day. The treatment and
observation duration in both groups was 28
days. The treatment was stopped immediately
if any adverse reactions occurred, such as
allergies.

Wound volume reduction rate

The wound length, width and depth in two
groups were determined using the same mea-
suring ruler on day O (DO, pre-treatment), day
14 (D14) and day 28 (D28), from which the
wound volume was calculated. The wound vol-
ume reduction rate = (pre-treatment wound vo-
lume-post-treatment wound volume)/(pre-treat-
ment wound volume) x 100%.

Pressure Ulcer Scale for Healing (PUSH) score

The PUSH score was initially used to quantita-
tively evaluate the state of pressure ulcers
once weekly [20]. This scoring method has
since been applied to other types of chronic
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wounds [21]. The PUSH score includes three
components: wound area, exudate amount and
tissue type. When the PUSH score is reduced,
treatment is considered effective, whereas
when the PUSH score remains constant or is
increased, the treatment is considered ineffec-
tive. When the PUSH score turned to be “07, it
meant that wound has healed [22]. Conse-
quently, the PUSH score was used to measure
wound healing status.

pH and temperature

The wound pH and temperature were deter-
mined by using the same type of pH paper (Test
Paper Factory No. 3, Shanghai, China) and non-
contact infrared thermometer (Yuyue Medical
Instrument Co. Ltd., Jiangsu, China) immediate-
ly after the removal of the wound dressing on
DO (pre-treatment), D14, and D28. The temper-
ature of the wound center and some spots
around the wound in directions at 3 o’clock, 6
o'clock, 9 o’clock and 12 o’clock were deter-
mined and the mean value was calculated as
the final wound temperature [23].

SEM and CLSM
Specimen collection and storage

A 2 mm (width) x 10 mm (depth) tissue punch
biopsy was obtained from the edge of each
wound after cleaning the wound with 0.9% NS
at every dressing change. Tissue biopsy sam-
ples were obtained from all participants at the
baseline (DO) and D28. Following the removal,
tissue samples were rinsed vigorously in a
phosphate-buffered saline (PBS) bath to
remove any coagulated blood and reduce the
number of planktonic microorganisms. For
SEM, tissue specimens were immediately fixed
in 2.5% glutaraldehyde (LeiGen biotechnology
Co. Ltd., Beijing, China) in a refrigerator at the
temperature of 4°C. For CLSM, tissue speci-
mens were embedded in optimal cutting tem-
perature (OCT) compound (Thermo Fisher
Scientific, USA) and stored in a refrigerator at
the temperature of -8°C

SEM

The wound tissue samples fixed in 2.5% glutar-
aldehyde were dehydrated by using an increas-
ing ethanol gradient of 50%-100% and dried
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under vacuum for 6 hours. The dried samples
were adhered to the double-sided tape on the
sample holder, and a gold conductive film was
platted on the surface of the sample by vacuum
ion sputtering. Finally, the samples were ob-
served and photographed by SEM using a
Hitachi 3500 model (Japan). The scanning elec-
tron micrograph of each sample was scored
based on the amount of bacteria/biofilm ob-
served by using an arbitrary five-point scale as
described previously [24]: O = no bacteria
observed; 1 = single individual cell; 2 = small
microcolonies (approximately 10 cells); 3 =
large microcolonies (approximately 100 cells);
4 = continuous film; and 5 = thick continuous
film.

CLSM

Frozen biopsy tissues embedded in OCT com-
pound were sectioned to a 5 ym thickness and
mounted on cationic slices. The slices were
rinsed with PBS three times for 5 minutes each
and labeled with 5 pg/ml concanavalin A (Con
A, Thermo Fisher Scientific) for 1 hour in the
dark at room temperature [25]. Then the slices
were rinsed with PBS three times (5 minutes
each) and then Hoechst 33342 nucleic acid
stain (Thermo Fisher Scientific, USA) was
applied for 5 min in the dark at room tempera-
ture [26]. Finally, the slices were sealed with
anti-quenching agent. CLSM using a Leica TCS
SP8 (Germany) was performed to visualize the
fluorescence of each dye. The excitation/emis-
sion wavelengths were 405/420-503 nm for
the Hoechst 33342 in a blue channel and
560/570-630 nm for con A in a red channel.
Five visual fields were randomly selected for
each specimen, and the mean value was
obtained after using Image J software for fluo-
rescence quantitative analysis (National In-
stitute of Health, USA).

Ethics

This study was approved by the Ethics Com-
mittee of Jinglin Hospital, the Affiliated Hospital
of Nanjing University Medical School (2014-
GJJ-115).

Statistical analysis

Data were analyzed by using a Statistical Pa-
ckage for the Social Sciences (SPSS; IBM Ver-
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sion 22.0, 2013, USA) database. All the mea-
surement data are expressed as the mean *
standard deviation. When the measurement
data did not conform to the normal distribution,
a T-test analysis was used to compare the dif-
ferences between the two groups. Otherwise,
Mann-Whitney U test was applied for the com-
parison. Counting data were analyzed by the
Chi-square test. The PUSH score, pH and tem-
perature were determined in triplicates and
analyzed statistically by repeated analysis of
variance (ANOVA). Differences were considered
statistically significant when P < 0.05.

Results

We recruited 56 patients (28 in each group),
while 9 out of the total 65 patients screened
were excluded for personal reasons. Further-
more, one patient in the AP group and two in
the NS group did not complete the 4-week
treatment process because of the change of
the treatment methods (the patient of the AP
group received a surgery on D21, while the two
patients of the NS group underwent negative-
pressure wound therapy on D11 and D15
respectively). However, their previous recorded
outcomes were included in the overall results
assessment to maintain the principle of inten-
tion to treat.

Patient characteristics and initial wound as-
sessment

The characteristics of sex, age, body mass
index and comorbidities were similar in the two
groups. There were six types of chronic wounds
contained in each group, including traumatic
(32.8%) and arterial ulcers (7.1%) being the
most and least frequent wound types respec-
tively. The distribution of wounds by type was
also similar in both groups. The comparative
analysis did not find any significant difference
between the groups. Initially, we recorded the
duration of each wound and used professional
clinical wound tools to assess the size, depth,
pH and temperature of the wound as described
above. There were no statistically significant
differences between the two groups (Table 1).

Reduction of wound volume

In both AP and NS groups, the size and depth of
the wounds were determined on D14 and D28.
Analysis using T-test for two independent sam-
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Table 1. Patients and wound characteristics at the initial assessment (baseline)

Recruited patients NS group (n =28) AP Group (n = 28) P-value
Gender 274%
Male 16 (57.14%) 19 (67.86%)
Female 12 (42.86%) 9 (32.14%)
Parameters Mean + SD Mean + SD
Age (average) 59.19 + 13.65 57.30 + 14.63 .106**
Body mass index (BMI) 22.31+£3.79 22.58 + 3.09 214%*
Wound duration (Days) 82.71 + 88.04 88.11 +73.74 275%*
wound volume (cm?) 7.67 +6.40 8.09 + 6.83 523%**
PUSH score 11.11 + 2.50 11.61 +2.32 A439%**
Temperature (°C) 32.94 +1.19 32.66 + 2.03 787*
pH 7.29 +0.23 7.32+0.19 193 *
Comorbidities T1BF R x*
None of Hypertension and Diabetes Mellitus 20 (71.43%) 16 (57.14%)
Hypertension only 4 (14.29%) 5 (17.85%)
Diabetes Mellitus only 2 (7.14%) 4 (14.29%)
Both 2 (7.14%) 3 (10.71%)
Wounds types B73****
Pressure injury 4 (14.29%) 3 (10.71%)
DFU 4 (14.29%) 2 (7.14%)
Venous ulcer 8 (28.57%) 6 (21.43%)
Arterial ulcer 1(3.57%) 3(10.71%)
Arteriovenous ulcer 2 (7.14%) 5 (17.85%)

Traumatic ulcers

9 (32.14%)

9 (32.14%)

*P-value obtained through the x2 test; **P-value obtained through the Mann-Whitney U test; ***P-value obtained through the
T-test for 2 independent samples; ****P-value obtained through the Fisher’s exact test. P < 0.05 refers to statistic difference.
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Figure 1. Wound volume reduction rate comparison between the NS and
AP groups. (A) Shows the wound volume reduction rate in the NS and AP
groups on day 14 and (B) on day 28.

ples showed a statistical difference in the
wound volume reduction rate between the two
groups on D14 (31.2% + 11.8% vs 41.7% *
20.2%, P = 0.028) (Figure 1A) and D28 (46.2%
+12.0% vs 56.5% + 21.1%, P = 0.030) (Figure
1B).
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Reduction of biofilm

The reduction of the biofilm
was visualized in chronic wo-
unds by SEM and CLSM. The
initial median values (DO) of
biofilm architecture in the NS
and AP groups viewed by SEM
were both 5 (thick continuous
film). On D28, the median value
was reduced to 3 (large micro-
colonies of approximately 100
cells) in the NS group (Figure
2A, 2C) and 2 (small microcolo-
nies of approximately 10 cells)
in the AP group (Figure 2B,
2D).

By CLSM and Image J software analysis, the
reduction in the fluorescence intensity of bacte-
ria between DO and D28 in the NS vs the AP
group was 7.29 + 1.80 vs 11.97 + 4.39 (P <
0.001) and for the EPS of 9.84 £ 3.30 vs 15.28
+ 5.51 (P < 0.001) (Table 3). Therefore, the
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Figure 2. Representative samples observed by scanning electron microsco-
py. (A) and (B) show large micro-colonies encased in thick extracellular ma-
trix in the NS and AP groups, respectively, on day O. Yellow arrows indicate
bacterial colonies and red arrows represent the extracellular polymeric sub-
stance (EPS) that surrounds the bacteria (biofilm score: 5). (C) Shows large
microcolonies without EPS or fibrous tissue (biofilm score: 3). (D) Shows
small microcolonies without EPS but fibrous tissue exists (biofilm score: 2).

reduction of bacteria and EPS were apparently
greater in the AP group (Figure 3A-C, 3a-c) than
the NS group (Figure 3D-F, 3d-f) after 28 days
of treatment.

PUSH score, temperature and pH

Repeated ANOVA was applied to compare the
differences among PUSH score, temperature
and pH by using SPSS 22.0 software. For the
PUSH score, there were statistical differences
in time factor, the interaction between time fac-
tor and group factor, group factor. This result
illustrated that PUSH score had a tendency to
change with time, the effect of time factor var-
ied with grouping and there was a statistically
significant difference in PUSH score (P, . <
0.001, Ptime+gr0up < 0.001, Pgroup = 0.023) be-
tween these two groups. Lysozyme effectively
reduced the wound pH (P, < 0.001,P . =
<0.001, P, = 0.015). However, there was no
significant difference in temperature between
the two groups (P, =0.833, P =0.183,

time time+group

P =0.422) (Table 2).

group
Discussion
By using a combination of clinical assessment

methods, SEM and CLSM, the universal pres-
ence of a biofilm in chronic wounds has been
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investigated. To the best of our
knowledge, this is the first time
that the combination of clinical
measurements and microsco-
py techniques have been ap-
plied to show that lysozyme
combined with silver dressing
can reduce the biofilm and,
therefore, accelerate chronic-
wound healing. In contrast to
silver dressing alone in the NS
group, AP group, which addi-
tionally included lysozyme so-
lution clearly reduced bacteria
and EPS in the biofilm as
observed by SEM and CLSM
(Figures 2 and 3). Furthermo-
re, the wound volume of the
AP group was reduced more
significantly compared with the
NS group. These results were
similar to previous in vitro stu-
dies. Ceotto-Vigoder et al. [16]
confirmed that lysostaphin tre-
atment (0.4 yg ml?) for 4 h
induced strong S. aureus bio-
film detachment and the death of most of the
sessile cells in vitro. When Wu et al. first dem-
onstrated lysostaphin activity against staphylo-
coccal biofilms, they proposed that the mecha-
nisms of biofilm elimination by lysostaphin
might include the rapid lysis of adherent cells
among others, which may be sufficient to des-
tabilize biofilm matrix and allow the detach-
ment of the adherent cells from the matrix [27].
A series of in vitro experiments similarly con-
firmed the inhibitory effect of lysozyme on dif-
ferent forms of bacterial biofilms. For example,
Hou et al. [17] combined lysozyme and liposo-
mal gentamicin (LLG) for the treatment of bio-
films, which indicated that LLG was more ef-
fective at disrupting established biofilms and
inhibiting biofilm formation by pathogens,
including gram-positive and gram-negative bac-
teria, than gentamicin alone. Therefore, lyso-
zyme was also able to act on biofilms. In our
study, it could be suggested that lysostaphin
and lysozyme as the constituents of the anti-
bacterial protease used in the experimental
group probably reduce biofilm synergistically.

According to the data above, we first hypothe-
sized that the EPS of the biofilm was broken
down by lysozyme. Subsequently, silver dress-
ing killed the plankton bacteria released from
the biofilm. Finally, removal of the bacterial bio-
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Table 2. Wound PUSH score, temperature and pH after treatment

Reduction of biofilm by antibacterial protease

Group DO D14 D28 ime mesgroup sroup
PUSH score NS 11.11 +2.50 9.00 +2.49 6.14 +2.19  243.85 22.69 5.46
AP 11.61 +£2.32 6.57 £ 2.06 4.04 + 1.97
P-value <0.001 <0.001 .023
temperature NS 3294 +1.20 33.22+1.12 32.81+1.40 A8 1.73 .65
AP 3266+2.03 3261+1.12 33.03+1.46
P-value .833 183 422
pH NS 7.29 £0.23 7.30 £0.20 7.26 £ 0.22 16.74 9.00 6.35
AP 7.32 £0.19 7.20 £ 0.09 7.04 £0.14
P-value <0.001 <0.001 .015

P < 0.05 refers to statistic difference.

Table 3. Fluorescence quantitative analysis results comparing between DO and D28

Group Blue staining Red staining

DO D28 Difference value DO D28 Difference value
NS 2210+ 733 14.88+6.76 7.29 £ 1.80 34.28 £+ 9.38 24.52+ 10.48 9.84 + 3.30
AP 23.20+3.96 11.23+4.70 1197 +4.39 33.87+7.10 18.85+7.35 15.28 £+ 5.51
P-value < 0.001** < 0.001**

**P-value obtained through the Mann-Whitney U test; P < 0.001 refers to significant statistic difference.

film was achieved and there was no opportunity
for the plankton bacteria to reestablish the
biofilm.

In the present study, there was no difference in
temperature but a significant difference in pH
after intervention for 28 days between the two
groups (Table 3). Our data suggest that im-
proved outcome of the chronic wounds of the
AP group treated by lysozyme and the silver
dressing may be associated with the pH, an
important factor of the wound microenviron-
ment [28]. The pH of the antibacterial protease
solution in our study was 5.58. The Skin is
physiologically acid with a normal pH range of
4.8-6, mainly resulting from the organic acid
secretion by keratinocytes [29]. The normally
acidic surface pH helps protect the organism
from bacteria and fungi that require a pH > 6 to
thrive [30]. When disruption of the skin integrity
occurs, the pH of the wound’s surface tends to
increase because of the diffusion of more alka-
line interstitial fluids and of plasma extravasa-
tion from injured capillaries [29]. Furthermore,
biofilm formation causes an increase in pH
near the tissue surface, thereby delaying the
wound healing [31, 32]. A low pH environment
could increase oxygen release from the blood
compartment, which is particularly significant
for chronic wounds, because hypoxia repre-
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sents one of the most important factors that
impair the healing process [28, 33]. Additional-
ly, an acidic microenvironment is thought to
reduce the risk of infections and facilitate gran-
ulation tissue formation [34, 35]. By contrast,
an alkaline microenvironment impairs wound
healing by allowing bacterial infections and bio-
film formation [36].

Conclusion

In conclusion, antibacterial protease combined
with silver dressing can reduce biofilm forma-
tion and promote wound repair effectively.
Based on more clinical and experimental re-
search, this combined treatment could become
a potential anti-biofilm therapeutic strategy for
chronic wounds in the future.
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Figure 3. Representative samples observed by confocal laser scanning microscopy. Concanavalin A lectin was used
to stain exopolysaccharides (red) of EPS and Hoechst 33342 was applied to stain the bacterial nucleic acids (blue).
(A-C) and (a-c) are observations on days O and 28 in the AP group; (D-F) and (d-f) are observations on days O and
28 in the NS group.
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