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Activity of antibacterial protein from maggots
against Staphylococcus aureus in vitro and in vivo
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Abstract. Maggots (larvae of Lucilia sericata) have shown
therapeutic effects on refractory wounds infected with
bacteria, yet the bacterial killing mechanisms are unclear.
Herein, we report the isolation and purification of an antibac-
terial protein from maggots (MAMP). MAMP demonstrated
inhibitory activity against both standard strains and clinically
isolated antibiotic-resistant strains of Staphylococcus aureus
in vitro. The topical use of MAMP effectively decreased
the viability of S. aureus and promoted wound healing in
an S. aureus mouse skin infection model. MAMP exerted
its antibacterial activity via a bactericidal mechanism based
on observations using scanning electron and transmission
electron microscopy. MAMP interacted with the bacterial cell
membrane and disrupted the cell surface structure. In addition,
MAMP had weak hemolytic activity at a high concentration.
Taken together, MAMP exhibits potential use as a topical
agent for treating bacterial infections.

Introduction
Antibiotic resistance has become a serious and increasing

threat to human health. For example, it is estremely difficult to
treat infected wounds caused by antibiotic-resistant pathogens
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using common antibiotics (1). There is an urgent need for the
development of new antibacterial agents. Natural product
anti-infectious agents are attractive options.

Maggot (fly larva) therapy with the larvae of Lucilia
sericata is an effective and simple method for cleaning
infected and necrotic wounds (2-8). Its use dates back to
the beginning of civilization, and it became popular and
prevalent for the treatment of chronic or infected wounds
worldwide during the 1930s (2). With the introduction and
production of antibiotics in the 1940s, however, the academic
and clinical interest in this biosurgery was unfortunately
lost. In the 1990s the rising incidence of antibiotic resistance
resulted in the renaissance of maggot therapy. Despite the
repeated falling out of favor and the persistent public disdain
which hamper its acceptance, the practice of maggot therapy
is on the rise, attributed to its efficacy, safety and simplicity.
Our group has performed successful maggot bio-debridement
on diabetic foot ulcers, pressure ulcers after spinal cord
injury and infected wounds after forearm replantation (7,8).
Sherman (3) and Mumcuoglu (4) have confirmed that maggot
therapy benefits patients through rapid wound debridement
and elimination of infection. Recently, there is an increasing
interest in investigating antimicrobial protein from maggots
(MAMP) that belongs to the family of antimicrobial peptides
(AMPs). Several reports have described that the maggot
contains a diversity of bioactive proteins with antimicrobial
function, either in the whole body or in the excretion/secre-
tion (9-11).

AMPs have broad-spectrum activity against a wide
range of micro-organisms including viruses, Gram-
positive and Gram-negative bacteria, protozoa, yeasts and
fungi (12,13). However, the mechanisms of action for its
effects on infected wounds remain unclear. Staphylococci
are common commensal bacteria of the skin (14) and are also
an important pathogen in foreign-pathogen infections (15).
The Gram-positive Staphylococcus (S.) aureus is a major
human pathogen of many nosocomial infections, including
life-threatening diseases such as toxic shock syndrome, endo-
carditis and chronic infected wounds (16). The emergence of
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multidrug-resistant strains of S. aureus, such as methicillin-
resistant S. aureus (MRSA), has intensified the need for the
development of new treatment modalities.

In the present study, we purified antimicrobial proteins
from the body of maggots with ultrafiltration, and then
investigated their in vitro and in vivo biological activities
and the mechanisms of action on infected wounds caused by
S. aureus. The results provide a basis for the further develop-
ment of AMP-based therapy.

Materials and methods

Ethical considerations concerning the human subjects and
animal use and care. The present study involving human
participants was reviewed and approved by the Clinical
Research Ethics Committee of Dalian Medical University,
Dalian, China. Written consent was obtained from each of
the participants who provided blood samples voluntarily for
the study. All animal experiments were in accordance with
the NIH Guide for the Care and Use of Laboratory Animals,
and the protocols were reviewed and approved by the
Committee on Research and Animal Care of Dalian Medical
University.

Bacterial strains. S. aureus (ATCC 25923, 29213 and
AB94004) was purchased from the China Center of Type
Culture Collection. Clinical isolates were obtained from
the Department of Clinical Laboratory, The First Affiliated
Hospital of Dalian Medical University, including penicillin-
resistant S. aureus 12SAU130, penicillin-resistant S. aureus
12SAU133, methicillin-resistant S. aureus 12SAU124 and
methicillin-resistant S. aureus 12SAU145.

Crude protein extract from maggots. Eggs of L. sericata
were collected from the eyes of Scomberomorus niphonius
and were disinfected in 1% sodium sulfite solution for 3 min,
followed by 3% Lysol disinfectant for 5 min. The disinfected
eggs were transferred to sterile vials for cloning. The third
stage L. sericata larvae were placed in 3.5% methanol/normal
saline solution for 5 min, 2% hydrogen peroxide solution
for 3 min, and 5% dilute hydrochloric acid solution for 5 min.
Following a two-step disinfection, larvae were homogenized
by a mortar in precooling TAE buffer solution (1:3 v/v). The
homogenate was then centrifuged thrice at 12,000 x g at 4°C,
for 30 min. The supernatant was collected and used as a crude
protein extract.

Purification of the crude protein extract. The crude extract
was primarily passed through a 30-kDa cut-off ultrafiltra-
tion membrane on a Labscale™ TFF System (Millipore,
USA). The filtrate was then ultrafiltrated by a 10-kDa cut-off
ultrafiltration membrane, and the filtrate (<10 kDa) and the
cut-off fluid (10-30 kDa) were obtained for further testing.

Determination of protein concentration. The protein concen-
tration was determined by the Bradford method (17) and
bovine serum albumin (BSA) was used as the standard. The
standard curve was established as follows: y = 0.0082x - 0.0035
(R?=0.9995) [where the x-axis represents the protein concen-
tration and the y-axis represents the optical density (OD)].
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The final concentration of protein in subsequent assays was
50 pg/ml.

Antimicrobial assays in vitro

Identification of the antimicrobial peptide from maggots
(MAMP) using a turbidometric (TB) assay. The TB assay was
modified from that of Thomas et al (18). S. aureus (ATCC
25923) was grown, washed in PBS and adjusted to a concentra-
tion of 10° CFUs in fresh tryptic soy broth (TSB). The crude
protein extracts, cut-off fluid or filtrate (200 ul) were mixed,
respectively, with 22 ul of 10% peptone water and the pH was
measured. One hundred and fifty milliliters of the samples was
incubated with 30 ul of the bacterial suspension in triplicate
in a 96-well microtiter plate (Nunc; Fisher Scientific UK,
Leicestershire, UK). Samples were incubated at 37°C for 24 h,
and the optical density at 589 nm (OD589) was measured every
3 h. Controls consisted of 1% peptone water and were adjusted
with 1 M NaOH to equalize the pH of the samples. All data
points were subsequently blanked against time zero to account
for the opacity of the samples. The sample subjected to the
lowest OD value was identified as the antimicrobial peptide
from the maggots (MAMP), and was used in the subsequent
experiments.

Minimum inhibitory concentration (MIC) analysis. The
MIC of MAMP was determined by a microdilution assay in
96-well microtiter plates according to the broth microdilution
guideline of the Clinical and Laboratory Standards Institute
(CLSI) (19). Overnight-cultured S. aureus (ATCC 25923)
was diluted with Luria-Bertani (LB) medium to 10*-10° CFU/
ml. The bacterial suspension and the serially diluted MAMP
were added to 96-well plates at a ratio of 4:1 in a final volume
of 100 ul. The microplates were incubated at 37°C with
continuous shaking. After 16 h, the optical density at 630 nm
(OD630) was measured with a microplate reader. Vancomycin
and penicillin were used as controls. The MIC values were
determined at the zero optical density concentration. All
experiments were repeated at least three times.

Antimicrobial assays in vivo

Experimental animals. Female BALB/c mice weighing
18-20 g were provided by the Animal Experimental Center
of Dalian Medical University and housed one per cage for
one week before study in a room with controlled environment
(12 h/12 h light/dark cycle, 23+2°C and relative humidity
70%). They were also given free access to standard laboratory
diet and water.

Gel preparation. MAMP was prepared in gel form in 0.5%
hydroxypropylcellulose to a final concentration of 5 mg/ml.

Mouse skin abrasion and infection model. The activity of
MAMP against S. aureus in vivo was determined according to
the method of Cao et al (20) with minor modification. Briefly,
mice were injected with 150 mg/kg of cyclophosphamide
4 days before infection, and with 100 mg/kg of cyclophos-
phamide 1 day before infection. After being anesthetized,
the dorsal skin of the mice was shaved, and abrasions were
produced in a 1x1 cm? area using a blade. These abrasion
wounds damaged only the stratum corneum and the upper
layer of the epidermis, but not the dermis. Five minutes
later, the wounds were inoculated with 20 ml of S. aureus
(ATCC 25923) (10" CFUs). One group of mice was sacrificed
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4 h after infection to control for the infectious dose. Four
hours after infection, the wounds of the other mice were
smeared with 20 ml of 2.5 mg/ml MAMP gel or a placebo
control gel (0.5% hydroxypropylcellulose). The treatment
lasted for 4 days, with two peptide gel applications being
performed daily (morning and evening at 8 h intervals). At
the end of the study, the mice were sacrificed, and the wound
area of the skin was immediately excised and homogenized.
Suitable dilutions of the homogenates were plated on LB
plates to determine the number of living bacteria (CFUs).

Histological examination. After the animals were eutha-
nized, biopsy specimens of the excised wound area of the skin
were collected and immediately fixed in phosphate-buffered
formalin. The biopsy specimens were then embedded in
paraffin and stained with hematoxylin and eosin for patho-
logical analysis.

Determination of the antibacterial mechanism

Membrane permeability. The assay was modified from
that of Marri et al (21). S. aureus was grown, washed in PBS
and adjusted to a concentration of 1x10® CFUs in fresh TSB.
Ten microliters of 1x MIC MAMP, 10 ul of ortho-nitrophenyl-
galactoside (ONPG) and 30 ul of the bacterial suspension
were mixed in triplicate in the wells of a 96-well microtiter
plate. Triton X-100 was used as the positive control. Samples
were incubated at 37°C for 3 h, and the optical density at
405 nm (OD405) was measured every 30 min.

Observation of the effect of MAMP on S. aureus using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). S. aureus was grown overnight
to mid-logarithmic phase and diluted to a final density
of 1x10® CFUs. The culture was centrifuged at 8,000 x g
for 10 min; the supernatant was removed and 1 ml of
1x MIC MAMP was added to the bacteria, resuspended and
cultured at 37°C for 6 or 12 h. After centrifuged at 8,000 x g
for 10 min for the second time, the supernatant was removed
and the bacteria precipitate was fixed in cold (4°C) 2.5% (v/v)
glutaraldehyde in PBS (0.15 M, pH 7.2) for 24 h, and washed
3 times in PBS at 4°C. The bacteria were then dehydrated
through an ascending series of acetone solutions, critical point
dried, placed on aluminium stubs, sputter coated with gold,
and then viewed under a field emission scanning electron
microscope (JSM-6360LV, Japan). After dehydration, some
bacteria were embedded in Epon-Araldite resin mixture, and
then cut with an ultramicrotome. The sections were stained
with uranyl/lead and viewed under a transmission electron
microscope (JEM-2000EX, Japan).

Hemolytic activity. Fresh human blood treated with MAMP
was centrifuged at 1,000 x g for 10 min, and the sediment
was washed three times in HEPES (pH 7.2) by centrifugation
at 1,000 x g for 10 min. The red blood cells were counted
and diluted to a concentration of 107-10% cells/ml and then
incubated at room temperature for 1 h with serially diluted
MAMP at a ratio of 4:1 in a final volume of 100 pl. Finally, the
ODS570 was measured with a microplate reader. HCs, values
were obtained according to the method of Cao ef al (20).
Saline solution at a concentration of 0.85% was used as the
negative control, and 0.1% Triton X-100 was used as the posi-
tive control.
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Figure 1. Antibacterial activity of maggot protein components against
S. aureus. The filtrate exhibited stronger inhibitory activity, as compared
with the crude protein extract from maggots, cut-off fluid and negative
control (P<0.05).

Statistical analysis. All experimental data are expressed
as means * standard deviation, and the differences among
various groups were analyzed by one-way ANOVA and then
Fisher's least significant difference t-test, using the SPSS
version 13.0 software (SPSS Inc., USA). P<0.05 was consi-
dered to indicate a statistically significant result.

Results

Antimicrobial activity in vitro. A comparison of the sensitivi-
ties of the S. aureus strains to protein extracts from maggots
was investigated using TB assay. All the test crude protein
extract, cut-off fluid and filtrate demonstrated significant
antibacterial activity against S. aureus, compared with the
controls. The crude protein extract and filtrate were more
effective than the cut-off fluid, and the filtrate exhibited the
strongest inhibitory activity (Fig. 1). Therefore, the filtrate was
identified as MAMP and used in subsequent experiments.

The MIC values for MAMP against S. aureus are shown
in Table I. MAMP showed an MIC value of 25 ug/ml in the
standard strains. The MIC values of MAMP were 100 and
200 pg/ml against penicillin-resistance S. aureus and MRSA,
respectively.

Antimicrobial activity in vivo. The antibacterial activity of
MAMP in vivo was determined by an S. aureus mouse skin
infection model. One group of mice was sacrificed 4 h after
formation of the infected wound, and the viable counts of
bacteria on the skin were measured as a control. The other
groups were treated and sacrificed 4 days after infection. The
bacterial colony counts in the mouse wounds in the MAMP
group were lower, when compared with these values in the
placebo-treated mice and the untreated mice (P<0.05; Fig. 2).

All of the mice were observed daily. On day 1 after infection,
the skin of the mice in the group treated with MAMP showed
slight signs of inflammation and was scabbed over (Fig. 3A),
while the wounded skin sections of the group treated with
placebo were characterized by a small amount of yellow
exudates and presented with blistering (Fig. 3B). Additionally,
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Table I. MIC values of MAMP against standard stains and clinically isolated antibiotic-resistant strains of S. aureus.

MIC (ug/ml)

Strains MAMP Vancomycin Penicillin
Standard strains

ATCC 25923 25 3.13 6.25
ATCC 29213 25 3.13 12.5
AB 94004 25 3.13 6.25
Penicillin-resistant strains

12SAU130 100 3.13 10,000
12SAU133 100 6.25 10,000
Methicillin-resistant strains

12SAU124 200 6.25 10,000
12SAU145 200 6.25 20,000

MIC, minimum inhibitory concentration; MAMP, antibacterial protein from maggots.

w o -~

Viable counts (LOG)

=1

MAMP 4 hafter Placebo Untreated
infection

Figure 2. Cutaneous viable counts of surviving S. aureus in infected wounds.
The antibacterial activity of MAMP in vivo was determined by an S. aureus
mouse skin infection model. The bacterial colony counts in the MAMP
group were lower, as compared with those in the placebo-treated mice and
the mice that were untreated. “Compared with 4 h after infection (P<0.05).

blisters and light tissue fluid leakage were observed in the
wounded skin sections of the untreated mice (Fig. 3C). Four
days after infection, the skin in the MAMP group was almost
closed, accompanied by a well-defined healing ridge (Fig. 3D).
However, the blisters in the group treated with placebo deterio-
rated and became larger (Fig. 3E). Moreover, the skin sections
exhibited a large amount of tissue fluid leakage in the untreated
group (Fig. 3F).

Histological observation demonstrated that on day 4 after
infection, the wounds treated with MAMP had no sign of
infection and collagen fiber was mature and well arranged,
with presentation of intact structure. In addition, regenerative
folliculus and sebaceous glands were detected in the fibrous
connective tissues (Fig. 4A). In contrast, the untreated group
and the placebo group lost nearly all of their epidermis, and
the dermis was infected to a certain extent (Fig. 4B and C).

Mechanisms of action

Membrane permeability. The membrane permeability of
S. aureus was determined by the optical density values. As
shown in Fig. 5, after 30 min the OD values in the MAMP
group and Triton X-100 group were higher than that of the
negative control group, indicating that MAMP increased the
membrane permeability of S. aureus and exhibited a lytic
activity against S. aureus.

Scanning electron microscopy. SEM indicated that normal
S. aureus was spherical and mellow in a grape cluster-
like arrangement. The surface was smooth with a distinct
boundary between the cells (Fig. 6A). After treated with
MAMP for 6 h, S. aureus exhibited depressions, and cracks or
holes formed on their surface (Fig. 6B). After 12 h, dramatic
morphologic changes were noted in S. aureus. The cell
membrane of S. aureus ruptured, and the contents oozed out
from the cells (Fig. 6C).

Transmission electron microscopy. TEM demon-
strated that the wall and membrane of normal S. aureus
were intact (Fig. 6D). After treatment with MAMP for 6 h,
S. aureus showed a slight depression (Fig. 6E). After 12 h,
the membrane integrity was largely damaged, resulting in
the release of the cell content upon cell wall disruption. The
residual cell walls showed a bacterial ‘ghost’ which was
displayed as a cavity, indicating the absence of cytoplasmic
contents and chromatin silk shift. Edema became widespread,
with noticeable gaps between the cell membrane and the
cytoplasm (Fig. 6F).

Hemolytic activity. The cytotoxicity of MAMP against
mammalian cells was detected by a hemolysis assay. The
results demonstrated that MAMP had weak hemolytic activity
at a high concentration, and the HC;, value of MAMP was
342 pg/ml. At 200 pg/ml, the hemolytic activity of MAMP
in human erythrocytes was lower than 30% (Fig. 7). At this
concentration, MAMP effectively inhibited the growth of test
bacteria, including MRSA.
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Figure 3. Manifestation of infected wounds after treatment with MAMP or placebo or untreated on days 1 and 4. (A) The wound showed a slight inflammatory
reaction. (B) Yellow exudates and blisters were observed. (C) There was a small amount of necrotic tissue in the wound bed, other than exudates and blisters.
(D) The wound was almost healed with a slight scar. (E) Blisters in the wound deteriorated and became larger. (F) The wound exhibited a great amount of

tissue fluid leakage without signs of healing.

Figure 4. Histological morphologies of the infected wounds in the different groups (H&E staining; magnification, x100). (A) Intact epidermis, mature col-
lagen fibers and regenerative folliculus and sebaceous glands were detected without signs of infection in the MAMP group. (B) The epidermis was nearly
destroyed with necrotic tissue and disorderly arranged collagen fibers in the placebo group. (C) The wound section showed obvious signs of infection, massive
necrotic substances and a thin granulation tissue layer without regenerative skin appendages in the untreated group. H&E, hematoxylin and eosin.
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Figure 5. Effects of MAMP on the permeability of the cell membrane of
S. aureus. The membrane permeability of S. aureus was determined by the
optical density value. MAMP and Triton X-100 increased the membrane
permeability of S. aureus, as compared with PBS (P<0.05).

Discussion

Maggot therapy, also known as bio-debridement, is a highly
successful clinical approach to the treatment of infected
wounds. With the rising occurrence of antibiotic-resistant
pathogens, maggot therapy has been widely utilized in
many countries (22,23). However, little is known concerning
the antibacterial mechanisms of maggots, in particular no
reports on the mechanism of healing promotion and the
effects on the bacterial ultrastructure exist. In the present
study, we isolated and purified MAMP using ultrafiltration
from the crude protein extract. Based on the TB assay, the
filtrate (<10 kDa) exhibited the strongest inhibitory activity
and therefore was identified as MAMP. The MIC values also
indicated that MAMP effectively inhibited the growth of
both standard S. aureus strains and MRSA. The inhibition
of standard strains and clinically isolated antibiotic-resis-
tant strains of S. aureus was in agreement with previously
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Figure 6. Micrographs of scanning electron and transmission electron microscopy of S. aureus. (A) SEM and (D) TEM indicate normal S. aureus character-
ized by grape-like clusters, intact membrane and plentiful cytoplasmic contents. After 6 h of treatment with MAMP, (B) SEM and (E) TEM indicate that
S. aureus exhibited slight depressions. After 12 h of treatment with MAMP, (C) SEM and (F) TEM indicated that S. aureus was obviously damaged with cell
wall disruption and release of cell contents. SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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Figure 7. Hemolytic activity of MAMP. The hemolytic activity of MAMP
was estimated by monitoring the increase in the absorbance at 570 nm after
incubating human red blood cells with different MAMP concentrations at
37°C for 1 h. The positive control was 0.1% Triton X-100, and 0.85% saline
was used as a blank.

published research, which determined the activity of maggot
secretions against bacterial liquid cultures (18). The results
obtained in the present study confirmed that the proteins from
maggots effective against S. aureus were of low molecule
weight (<10 kDa). Furthermore, the hemolytic activity of
MAMP has always been an obstacle to the application of
AMPs in the clinic (24). In our study, the weak hemolytic
activity observed in the experimental group demonstrated that
MAMP had little influence on normal human cells.

Recently, clinical success of maggot therapy in wound
healing has been well documented (25,26). However, little
is known about the role of MAMP in infected tissue repair
in vivo. In the present study, MAMP prepared in gel (0.5%
hydroxypropylcellulose) was applied to treat an S. aureus
mouse skin infection model, and the effect of MAMP upon
infected wounds of mice was investigated. At a dosage of
200 times the MIC in vitro, topical application of MAMP
resulted in the cure of a wound on the skin of mice infected
with S. aureus. Significant lower bacterial colony counts
were found in the MAMP group, compared with the controls.
Based on morphological and histological evaluations, MAMP
may have dual functions in the healing process: antibacterial
activity and improvement in wound healing quality; the latter
was evidenced by well-arranged collagen fibers, mature
fusiform fibrocytes, and regenerative folliculus and sebiferous
glands as observed in the MAMP group. In addition, the
MAMP-treated mice did not show any signs of restlessness or
scratching of the wound site, suggesting that MAMP did not
cause irritation or pain to the animals. These results in vitro
and in vivo imply that MAMP prepared in gel has potential
for clinical application to treat wounds infected with S. aureus
in a human setting.

Several antimicrobial peptides have been isolated and
identified from a variety of organisms (27-30). Their mode
of action includes disruption of membranes, interference
with metabolism, and the targeting of cytoplasmic compo-
nents (31,32). Several biolayer interaction and disruption
models have been proposed for those AMPs that depend on
membrane interference for their antibacterial activity, such
as ‘barrel-stave pore’, ‘carpet mechanism’, ‘toroidal pore’
and ‘disordered toroidal pore’ (33). However, there are no
reports concerning the influence of MAMP on the bacterial
membrane. In the present study, following the treatment of
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MAMP for 30 min, the membrane permeability of S. aureus
began to increase. Additionally, SEM and TEM examina-
tions further demonstrated the effects of MAMP on the
membrane structure of S. aureus, including cell membrane
rupture and release of cellular contents.

In conclusion, MAMP with a molecular weight of less
than 10 kDa, isolated and purified by ultrafiltration, had
antimicrobial activities against standard strains and clini-
cally isolated antibiotic-resistant strains of S. aureus in vitro
and in vivo. The possible mechanism of action included the
interaction with the bacterial cell membrane and disruption
of the cell surface structure. Our data strongly suggest that
MAMP can be developed as a topical therapeutic agent for the
treatment of bacterial infections in wound healing.
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