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ABSTRACT: This work aimed to develop a glycerol antimicrobial peptide nataral < _ . N

. : . et ’ GI at37°C, 12 hours
latex film (NRL-GI-AMP film) for the treatment of skin wound infections. The . T— '
contents of this work mainly include investigating the effect of adding glycerol (GI) - "l’)'l?",‘:iurc‘}{‘:n
and an antimicrobial peptide (AMP) on the physical and chemical properties of NRL- | NRL-GI film ¥
natural latex (NRL) and analyzing the cytocompatibility, bacteriostatic activity, and p ntibacterial

activities

infected wound healing promotion of the NRL-GI-AMP film. The results showed 0‘}‘;)':'3&& e ANRL-GL-AMP
that the addition of GI resulted in more pores in the internal structure of the NRL \ T T film

film, while the addition of G(LLKK);L AMP did not change the structure and AMP Pr%l‘]i‘ucﬁgn

properties of the NRL film. Compared with that of the NRL film, the infrared ?t e 12riours
spectrum of the NRL-GI-AMP film did not produce new characteristic peaks, « , .

indicating that GI and AMP were non-covalently cross-linked with NRL. Addition N Y Y Y e Y e Y

of 10% GI reduces the toughness of the NRL-GI-AMP film by 62.0%, increases the 4 N N ‘ -
water vapor transmission rate by 8.95 mg/(cm*h), and reduces the water : i '
absorption and water retention distributions by 33.0 and 24.7%, respectively. AMP in the NRL-GI-AMP film could be released
continuously for 40 h, and the release rate was about 45%. The NRL-GI-AMP film showed good biocompatibility and antibacterial
activity and promoted the healing of infected wounds. Therefore, the NRL-GI-AP film has potential application in the development
of dressings to inhibit skin wound infection and promote wound healing.

B INTRODUCTION dressings to promote wound healing is currently a commonly
used method.'" In order to promote wound healing rapidly, it

The protective epidermis of a wound will be lost due to skin
is necessary to develop wound dressings with antibacterial and

damage, and pathogenic bacteria can directly enter the wound,

resulting in serious infection of the wound and a serious threat anti-inflammatory activities, biocompatibility, and skin friend-
to human health." For example, the infection of burns, diabetic liness.

foot, and postoperative wounds remains the leading cause of Natural latex (NRL) is a liquid compound secreted by Hevea
death in patients;” in particular, foot ulcers in diabetic patients oleifera, and it is extremely easy to obtain in the region where
take a lon§ time to heal, which increases the risk of wound rubber trees are grown.'” NRL is mainly composed of long
infection.” The common pathogens of wound infection are poly-chain (cis-1,4-polyisoprene) particles, which accounts for
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and more than 90% of its content; it also contains some other
other pathogens. The traditional drug for treating bacterial substances, such as proteins and fatty acids.”® At present, the
infections is antibiotics, but the long-term use or even abuse of application of NRL has entered various parts of people’s life,
antibiotics has led to the emergence of drug-resistant such as latex gloves, latex headrests, latex mattresses, and so
bacteria.>® Therefore, it is increasingly urgent to find an forth.'*'> NRL is a material with good biocompatibility that
alternative to antibiotics. Antimicrobial peptides (AMPs) are not only possesses tissue repair properties but also acts as a
one of the most potential alternatives.” AMPs are polypeptide solid carrier for compounds with pharmacological activ-
compounds with a wide range of sources and can be isolated ities."®'” In addition, NRL has good film-forming properties,

from microorganisms, animals, plants, and even marine
organisms.” AMPs facilitate pathogenic bacteria develop drug
resistance much slower compared to antibiotics, and most
AMPs have broad-spectrum antibacterial activity, which not
only inhibits bacteria but also inhibits fungi and viruses.” In
addition, AMPs also have anti-inflammatory, wound healing,
and cosmetic functions."’ ;

Natural wound healing is usually very slow, which will “ @
expose serious wounds to air for a long time and increase the
chance of pathogenic infections. Therefore, the use of wound

but its wide application in films is limited due to its stronger
elasticity and higher compactness.'® Therefore, a plasticizer is

Received: October 31, 2022
Accepted: December 16, 2022
Published: December 28, 2022

‘®

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c07008

W ACS Publications 1505 ACS Omega 2023, 8, 1505-1513


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruonan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongyu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangkai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhou+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Senhe+Qian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c07008&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07008?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07008?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07008?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07008?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07008?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c07008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

needed to improve its tensile and structural properties.
Glycerol, also known as glycerin (GI), is not only used in
the cosmetic industry'® but also used as a plasticizer to
improve the mechanical properties of polymer materials to
obtain better flexibility.”” Previous literature has reported that
adding GI to NRL can increase the flexibility and wettability of
latex films.”" In addition, GI, as a plasticizer, can increase the
porosity of the internal structure of the polymer material film.
Mbituyimana et al.”* added GI to the bacterial cellulose film,
and the fibrous structure of the film became looser and had
more pores, which provides favorable conditions for the
effective release of the drug in the polymer material film.

In this study, GI was used to modify NRL to prepare a
glycerol natural latex film (NRL-GI film) to reduce its
elasticity, increase its porosity, and improve the performance
of the film dressing.”” At the same time, G(LLKK);L AMP was
added to the NRL-GI film to develop a glycerin antibacterial
peptide film (NRL-GI-AMP film) with antibacterial and
wound healing functions.'”**

B EXPERIMENTAL SECTION

Synthesis of an AMP. G(LLKK);L AMP was synthesized
by the solid-phase method.”> The synthesized product was
separated by reversed-phase high-performance liquid chroma-
tography (RP-HPLC, Jiangsu Hanbon Science & Technology
Co., Ltd.) on a C18 preparative column (30 mm X 250 mm).

Synthesis of the NRL-GI-AMP Film. NRL was placed in a
centrifuge tube and centrifuged at 12,000 rpm for 10 min. After
centrifugation, the precipitation at the bottom was removed to
reduce allergic reactions caused by high-molecular-weight
proteins.”® After three times of centrifugation, a relatively
stable and pure NRL colloid component was obtained. GI and
NRL were mixed according to the volume ratios of 0, S, 10, 15,
and 20% and shaken well using a mixer, and then 2 mL of the
mixture was added to a 7.5 cm X 1.6 cm mold. After drying in
an oven at 37 °C for 12 h, the tensile properties were measured
by a texture analyzer (GT3 texture analyzer; Brookfield, USA),
and the effect of GI addition on the tensile properties of the
NRL films was evaluated. On the basis of optimizing the ratio
of GI addition, the effect of G(LLKK);L AMP addition on the
tensile properties of the NRL-GI-film was further analyzed;
that is, the NRL-GI-AMP film with G(LLKK);L AMP
concentrations of 0, 200, 600, 800, 1200, and 1600 xg/mL
was prepared, and the tensile properties were measured.

Cytotoxicity Analysis. The NRL-GI-AMP film-forming
solution with G(LLKK),L AMP concentrations of 0, 200, 600,
800, 1200, and 1600 pg/mL was prepared, and 50 uL of the
film-forming solution was dropped on a glass plate to prepare
the NRL-GI-AMP film and ultraviolet-sterilized after drying.
The sterilized NRL-GI-AMP film was then transferred to a
sterile 96-well plate, and 200 uL of the MEF cell suspension
(about 5000 cells) was added and then placed in a carbon
dioxide cell incubator for culture. After 12 h, 20 uL of the
CCK-8 reagent was added, and after shaking, it was placed in a
carbon dioxide cell incubator for 4 h. Then, the NRL-GI-AMP
film was taken out from the 96-well plate, and the absorbance
at 450 nm was measured with a microplate reader.”” The cell
viability is calculated by eq 1.

[OD(x) — OD(0)]
[OD(N) — OD(0)]

Cell viability = X 100%

1
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where OD(x) is the absorbance of the mixture of the MEF cell
suspension (the NRL-GI-AMP film at the bottom of the wells)
and the CCK-8 solution, OD(0) is the absorbance of the
mixture of the culture medium (no NRL-GI-AMP film at the
bottom of the wells) and the CCK-8 solution, and OD(N) is
the absorbance of the mixture of the culture medium (the
NRL-GI-AMP film at the bottom of the well) and the CCK-8
solution.

Hemolytic Activity Analysis. The hemolytic activity was
analyzed according to Wang et al.”® Defibrillated sheep blood
cells (2 mL) were centrifuged at 1000 rpm for 10 min, and the
supernatant was discarded. The precipitate was washed and
centrifuged several times by adding PBS until the supernatant
did not show red color. PBS was used to prepare a 2% (v/v)
red blood cell solution. A NRL-GI-AMP film of 1 cm?® was
immersed in 1 mL of PBS for 12 h. The leaching solution was
mixed with the 2% red blood cell solution at 1:1 (v/v) and left
at room temperature for 3 h, followed by centrifugation at
1000 rpm for 10 min. The deionized water group was used as
the positive control and the PBS group as the negative control.

Determination of the Water Vapor Transmission
Rate, Water Absorption Rate, and Water Retention
Rate. The water vapor transmission rate (W,,) was
determined using the method reported by Abbasi et al.*’
Deionized water (10 mL) was added to a conical flask with a
diameter of 2 cm at the mouth (the area of the bottle mouth is
S), and the bottle mouth was wrapped with the prepared NRL
film, NRL-GI film, and NRL-GI-AMP film, and the total mass
(my) was measured. The total mass (m,,) was measured again
after placing it in a 37 °C oven for 12 h, and h was 12 h. The
water vapor transmission rate (W,,) is calculated by eq 2.

My, —
SXh

My

Mo = @)

The water absorption and water retention rates of the films
were determined using the method of Sun et al.’® The NRL
film, NRL-GI film, and NRL-GI-AMP film were prepared; the
films were cut into 1 cm X 1 cm specifications and dried at 40
°C to a constant weight. Their mass was determined as Wj,
The films were soaked in deionized water for 60 min, and then
filter paper was used to absorb free water on the surface. Their
mass was determined as Wy, The films were then placed in a
centrifuge tube with a filter screen and centrifuged at 3500 rpm
for 3 min, and their mass was determined as W_.

The water absorption (W,) and water retention (W,) rates
are calculated by eqs 3 and 4, respectively.

Weo — W,
T/V;zi( @ =) 1005
60 3)
_ W W o
W, = ———2 X 100%
Weo — Wo (4)

Analysis of Thermal and pH Stabilities of Tensile
Properties. The NRL-GI-AMP film was exposed to different
temperatures (—20, 4, 20, 30, 40, 50, and 60 °C) and different
pH values (4, S, 6, 7, 8, 9, and 10) for 24 h, respectively, and
the tensile properties were measured.

AMP Release in the NRL-GI-AMP Film. The concen-
tration of G(LLKK),L is taken as the abscissa, measurement of
its absorbance at 229 nm is taken as the ordinate, and the AMP
standard curve is drawn. The NRL-GI-AMP film was put into
sterile water, the absorbance was measured at regular intervals,

https://doi.org/10.1021/acsomega.2c07008
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Figure 1. Effects of GI and AMP additions on the tensile properties of NRL films. (A) Stress—strain curve of the NRL-GI film, (B) stress—strain
curve of the NRL-GI-AMP film, (C) Young’s modulus of the NRL-GI film, and (D) Young’s modulus of the NRL-GI-AMP film. *indicates a

significant difference (p < 0.05).
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Figure 2. SEM images of the NRL film, NRL-GI film, and NRL-GI-AMP film.

an equal amount of phosphate buffer was added after each
suction, the amount of AMP released at different times was
calculated according to the standard curve, and the AMP
release curve was drawn.

Inhibition Zone Test. A NRL-GI-AMP film with a
G(LLKK),L concentration of 600 ug/mL was prepared, and
a round film with a diameter of 7 mm was cut with a hole
punch. After ultraviolet sterilization, the plate method was used
to conduct the inhibition zone experiment to observe and
analyze the antibacterial effect of the NRL-GI-AMP film on S.
aureus and E. coli.

Pl Flow Analysis. S. aureus and E. coli cell suspensions in
the logarithmic growth phase were treated with the leaching
solution obtained by soaking the NRL-GI-AMP film for 40 h,
and the concentration of the cells was controlled to be 10*—
10° cfu. The NRL-GI-AMP film leaching solution was used as
the experimental group, and PBS was used as the control
group. The cells were collected and stained with PI for 10 min
in the dark, and the number of dead and viable cells was

1507

determined using a CytoFLEX flow analyzer (Beckman-
Coulter).

In Vivo Experiments. C57BL/6 black male mice (26 + 2
g) were obtained from the Nanjing Qinglongshan Animal
Breeding Farm (Nanjing, China) and housed under standard
environmental conditions (22 + 2 °C, 55 + 5% humidity, and
12 h dark/light cycle each). All animals were housed according
to the guidelines outlined in the “Guide for the Care and Use
of Laboratory Animals”. All animal experiments were approved
by the Wannan Medical College (Wuhu, China) Animal Care
(approval number: 2021-LLSC-047). The hair on the back of
each experimental mouse was shaved off, and a shallow wound
with an area of about 1.0 cm® was cut. S. aureus (200 uL, 10°
cfu/mL) was inoculated to the wounds of mice for infection,
and the wounds were wrapped with gauze to prevent mice
licking each other’s wounds. After the wounds get infected,
they were wrapped with the NRL-GI-AMP film as the
experimental group, the NRL-GI film as the control group,
and gauze as the blank group (the wound was smeared with

https://doi.org/10.1021/acsomega.2c07008
ACS Omega 2023, 8, 1505—-1513
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Figure 4. (A) Plots of AMP concentration and absorbance and (B) release profiles of AMP in the NRL-GI-AMP film.

150 uL of PBS). Each group includes three parallels. The
wound images were obtained every 2 days.

B RESULTS AND DISCUSSION

Effect of GI Addition on the Morphology of the NRL-
Gl Film. To investigate the effect of GI addition on the surface
morphology of NRL-GI films, the surfaces of the films with GI
contents of 5, 10, 15, and 20% were compared with the films
without GI addition, as shown in Figure S1 (in the Supporting
Information). With the increase of the GI ratio, the NRL-GI

A

S.aureus

E."‘coiil '

Figure S. Inhibition zone of the NRL-GI-AMP film. (AB) are the
inhibition zones of E. coli and S. aureus, respectively; a and b show the
NRL-GI and NRL-GI-AMP films, respectively.
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film gradually changes from the transparent state to an opaque
light-yellow color. When the GI ratio was 15 and 20%, the
morphology of the film changed obviously, its surface became
uneven, and liquid GI was precipitated, indicating that the GI
carried by the NRL film was close to saturation. The results are
similar to those of the previous reports by Ghasemlou et al.*!
using GI to plasticize the Kefiran Gum (kefir polysaccharide)
degradable film. Hydrogen bonds can be formed between the
—OH of the plasticizer molecules and the —COOH and —OH
of the film material, thereby weakening the force between the
molecular chains of the film material and improving the
mobility of their molecular chains, but higher concentrations of
plasticizers can affect the cross-linking among the molecules of
the film material, leading to a decrease in its film-forming
properties.32

Effects of Gl and AMP Additions on the Tensile
Properties of NRL-GI Films. As a plasticizer, GI can affect
the stability of the internal structure of polymer materials,
resulting in changes in tensile strength.”” With the increase of
the GI ratio, the Young’s modulus of the NRL-GI film
gradually decreases, as shown in Figure 1A,C, indicating that
the softness of the NRL-GI film gradually increases. When the
GI ratio is less than 10%, the morphological characteristics of
the NRL-GI film are relatively stable, and the tensile force is
easier to be measured. However, when the proportion of GI is
more than 15%, the NRL-GI film becomes unstable and too
soft to measure its tensile force. Therefore, it is more

https://doi.org/10.1021/acsomega.2c07008
ACS Omega 2023, 8, 1505—-1513
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Figure 6. Effect of the NRL-GI-AMP film leaching solution on the viability of E. coli and S. aureus cells.
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Figure 7. Healing effect of the NRL-GI-AMP film on the infected wound.

5 Day

appropriate to add 10% GI. Previous studies have shown that
GI can improve the tensile properties of y-glutamic acid (y-
PGA) gellan gum-based films, but a very high proportion of GI
addition will reduce the tensile strength, elastic modulus, and
elongation at break of the films.>* The results show that adding
an appropriate amount of GI help to reduce the toughness of
the polymer material and improve its tensile properties.

In contrast, the addition of G(LLKK);L AMP to the NRL-
GI film did not significantly change its tensile force curve and
Young’s modulus, indicating that the addition of the AMP had
little effect on the tensile properties of the NRL-GI film
(Figure 1B,D).

1509

Cytotoxicity of the NRL-GI-AMP Film. Although AMPs
have a certain killing effect on pathogenic bacteria, excessive
AMP concentrations tend to be toxic to mammalian cells.”
Therefore, in the NRL-GI-AMP film, if the G(LLKK),L. AMP
concentration is too high, it will lead to cytotoxicity, and if the
AMP concentration is too low, the film cannot achieve a good
bacteriostatic effect. When the AMP concentration in the film-
forming solution of the NRL-GI-AMP film is lower than 600
pug/mL, the MEF cell activity of the film remains above 80%,
and when the AMP concentration is higher than 600 ug/mL,
the cell viability is lower than 70%, so it is more appropriate to
add 600 pg/mL AMP to the NRL-GI film. The data are shown
in Figure S2.
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Hemolysis of the NRL-GI-AMP Film. The release of
hemoglobin can be used to evaluate the damage of the cell
membrane caused by materials.”® The hemolytic activity of the
NRL-GI-AMP film on sheep blood cells was investigated as
shown in Figure S3. The results showed that the red color of
the positive control indicated that hemolysis occurred, while
the transparent and colorless states of the negative control
indicated that no hemolysis occurred. Therefore, it can be seen
that the NRL-GI-AMP film leaching solution did not show
hemolysis, indicating that it did not damage the erythrocyte
membrane and had a good cytocompatibility.

Water Vapor Transmission Rate, Water Absorption
Rate, and Water Retention Rate of the Films. The water
vapor transmission, water absorption, and water retention rates
of several film materials were tested, and the calculation results
are listed in Table S1 and Figure S4. It can be seen from Table
S1 that the water vapor transmission rate of the NRL film is
relatively low, indicating that its surface structure is relatively
tight and water vapor is not easily permeable, while the water
vapor transmission rates of NRL-GI and NRL-GI-AMP films
are relatively high, increased by 318.87 and 337.74%,
respectively, compared with the control group. This may be
due to the decrease in the compactness of the film after GI
modification, which increases the air permeability and
facilitates the permeation of water vapor.”” Therefore, if the
GI-modified NRL film is used as a wound dressing, it is more
conducive to wound ventilation and promotes wound
healing.**

At the same time, the addition of GI has a positive effect on
the water absorption of the NRL film (Figure S4A). The water
absorption rate of NRL-GI and NRL-GI-AMP films was
significantly lower than that of the NRL film, which may be
due to the addition of GI which loosens the internal structure
of the NRL film, resulting in a decrease in the water absorption
rate of the film.”” The reduced water absorption can reduce the
swelling of the film and prolong its service life.”” Similarly,
Figure S4B shows that the water retention rate of NRL-GI and
NRL-GI-AMP films is also significantly lower than that of the
NRL film, which may also be related to the loosening the film
structure by GI. The lower water retention rate is beneficial to
the discharge of sweat after the film acts on the skin, which
increases the comfort of the skin.*’ In addition, it can be seen
that the addition of an AMP has no obvious effect on the water
vapor transmission, water absorption, and water retention rates
of the NRL-GI film.

SEM Image of the Films. Before adding GI and the AMP,
the surface of the NRL film is smooth, compact, and without
obvious pores (Figure 2A), which is consistent with the result
of Silva et al.*' that there are no pores on the surface of the
NRL film. Figure 2B,C shows the SEM images of NRL-GI and
NRL-GI-AMP films, respectively. It can be clearly seen that
there are many pores with different sizes on the surface of
NRL-GI and NRL-GI-AMP films, indicating that the addition
of GI can change the compactness of the NRL film structure.
The reason may be that a hydrogen bond is formed between
the —COOH of the protein and the —OH of GI in NRL,
which loosens the structure of the NRL film, resulting in more
pores in its surface structure.'®** In addition, there was no
significant difference in the surface structure of NRL-GI and
NRL-GI-AMP films, indicating that the addition of G-
(LLKK);L AMP did not significantly affect the compactness
of the NRL-GI film.
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FTIR of the Films. As shown in Figure 3A, there are five
peaks at 3417, 2945, 1651, 1033, and 862 cm™ in the GI
infrared spectrum, which are attributed to the stretching
vibration of —OH, the contraction vibration of —CH, and the
C—C bond, the stretching vibration of the C—O bond, and the
stretching vibration of the—CH bond, respectively. The same
five peaks appeared in the NRL film, but no obvious C—O
peak appeared at 1033 cm™. The above five peaks appeared in
the NRL-GI film, and the broad peak at 3417 cm™' may be
attributed to the vibration of the binding of —COOH of
protein in NRL and —OH in GL** Normally, when the two
substances are covalently bound and chemically reacted,
additional absorption peaks will appear,™ but no new infrared
absorption peaks appeared on the NRL-GI film, indicating that
GI and NRL may be non-covalently bound.

From the infrared spectra of AMP, NRL-GI, and NRL-GI-
AMP films in Figure 3B, it can be seen that the characteristic
absorption peak of AMP has a N—H peak at 3327 cm™’, and
the amide I band at 1647 cm™" appears. In the infrared spectra
of NRL-GI and NRL-GI-AMP films, the peaks at 2945 and
1651 cm™" are caused by the stretching vibration of —CH, and
the stretching vibration of the C—C bond, respectively. A
broad peak appeared at 3417 cm™', which may be caused by
the binding of —COOH of the protein in NRL and —OH in
GI; additionally, the N—H in the AMP binds to the —COOH
of the protein, which also leads to the emergence of wide
peaks. The characteristic peak of AMP also appears in the
NRL-GI-AMP film, and the position does not shift, indicating
that there is no covalent binding between the AMP and NRL-
GI-films.

Thermal Behavior of the Films. As shown in Figure S5,
the mass loss of the three films occurred from about 30 to 150
°C, which may be the evaporation rate of free water in the free
state. From 150 to 330 °C, NRL-GI film has a mass loss of
about 22%, and the NRL-GI-AMP film has a mass loss of
about 18%. The reason is that GI is a polyhydroxy organic
matter that is more easily evaporated.”” The mass loss of the
three films was obvious after 330 °C, which may be caused by
the scission of the main chain of NRL.* However, when the
degradation amount is the same, the temperature tolerance of
NRL-GI-AMP and NRL-GI films is lower than that of the NRL
film. It may be due to the addition of GI that makes the NRL-
GI and NRL-GI-AMP films non-resistant to high temperature
and easy to age.*® In addition, the AMP in the NRL-GI-AMP
film is a protein with a short-chain structure and has an
antiaging effect, so the heat resistance of the NRL-GI-AMP
film is higher than that of the NRL-GI film.*” Zhan et al.*®
reported that the addition of soy protein to natural rubber can
promote the construction of a vulcanization network, increase
the rigidity of the rubber, and reduce the breakage of the
rubber chain.

Effect of Temperature and pH on the Tensile
Properties of the NRL-GI-AMP Film. It can be seen from
Figure S6A,C that the temperature is too low or too high to
have a certain influence on the tensile properties of the NRL-
GI-AMP film. The Young’s modulus of the NRL-GI-AMP film
changes slightly when the temperature range is 20—40 °C,
indicating that its tensile properties are relatively stable in this
temperature range. Under freezing conditions, latex can
agglomerate, resulting in an increased mechanical tension,*
while higher temperature may cause the GI in the NRL-GI-
AMP film to migrate and exude, which also leads to increased
mechanical tension.
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With the increase of pH, the Young’s modulus of the NRL-
GI-AMP film first increased and then decreased, indicating that
its mechanical tensile force first increased and then decreased
(Figure S6B,D). When the pH was 9.0, its mechanical tensile
force is the largest, and when the pH is between 6.0 and 8.0, its
tensile properties are relatively stable. The main component of
NRL is cis-1,4-polyisoprene, which has obvious C=C bonds
and is prone to a halogenation reaction under acidic
conditions, resulting in insufficient stability of the NRL-GI-
AMP film.>” Weak bases can generally be used as stabilizers for
NRL, but under the condition of strong bases, the protective
layer of colloidal particles in NRL films will be damaged and
the stability of colloidal particles will be reduced.”’

Release of AMP from the NRL-GI-AMP Film. Figure 4A
shows the standard curve of AMP concentration and the A,,g
nm absorption value, and its regression equation is y = 0.0421x
+ 0.0821; the release rate of AMP can be calculated according
to the regression equation. In the NRL-GI-AMP film, the
release speed of AMP was faster in the first 10 h, and the
release rate was about 30%; in 10—40 h, the release speed of
AMP in the NRL-GI-AMP film was significantly slowed down;
and after 40 h, the AMP release rate tends to be stable, which
is about 45% (Figure 4B). This result indicates that the AMP
in the NRL-GI-AMP film can be released slowly. Romeiro
Miranda et al.*” reported that the release rate of bovine serum
albumin reached 88% in the NRL film after 12 h. In addition,
Silva et al. reported that the release rate of voriconazole in the
NRL film reached 24.2% after 48 h. These results confirmed
that the NRL film is feasible as a drug-loaded sustained release
carrier, but different drugs have different release properties.

Antibacterial Properties of the NRL-GI-AMP Film. The
ideal drug carrier is that the drug contained in it can be
released slowly and exerts corresponding pharmacological
effects. For example, NRL dressings loaded with voriconazole,
which can release voriconazole slowly and efficiently, are used
in the treatment of skin ulcers with candida infection.”' It can
be seen from Figure 5 that the NRL-GI film had no inhibitory
effect on E. coli and S. aureus and did not produce an inhibition
zone, while the NRL-GI-AMP film had the inhibition zone
with different sizes against E. coli and S. aureus. It can be
proved that AMP can be effectively released from the NRL-GI-
AMP film to exert its antibacterial activity.

Killing Effect of the NRL-GI-AMP Film Leaching
Solution on Bacterial Cells. In order to further detect the
killing effect of the NRL-GI-AMP film on E. coli and S. aureus
cells, the uptake of PI by cells treated with the NRL-GI-AMP
film leaching solution was analyzed by flow cytometry. PI
cannot cross live cell membranes but can cross the cell
membranes of late apoptosis and dead cells and stain its nuclei
with red fluorescence. Therefore, the proportion of dead and
live cells can be analyzed by flow cytometry.””"” It can be seen
from Figure 6 that the NRL-GI-AMP film leaching solution has
a greater killing effect on S. aureus with a mortality rate of
75.75% while that of E. coli is 84.67%. Thus, we can see that
the leaching solution of the NRL-GI-AMP film has a strong
bactericidal activity on E. coli and S. aureus.

Healing Effect of the NRL-GI-AMP Film on Infected
Wound. A wound model of mice infected with S. aureus was
constructed to demonstrate the role of the NRL-GI-AMP film
in promoting healing of infected wounds in vivo, and the results
are shown in Figure 7. It can be seen from Figure 7 that after 3
days of treatment with the NRL-GI-AMP film, the wound
infection disappeared and the wound area decreased
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significantly; however, for the NRL-GI film group and the
blank group, the wounds were still seriously infected. When
treated with the NRL-GI-AMP film for 11 days, the wound was
almost completely healed, but for the NRL-GI film group and
the blank group, the infection persisted despite the reduced
wound area.

B CONCLUSIONS

In this work, the improvement of GI on the NRL film
performance is first investigated. The results show that GI can
not only improve the toughness of the NRL film, make it have
suitable softness, and overcome the shortcomings of poor
mechanical properties of hydrogel dressings but also increase
the porosity of the NRL film and improve its water vapor
transmission rate, water retention, and water absorption
properties to ensure the comfort when it acts on the skin.
Second, we used an AMP to enhance the antibacterial
properties of the NRL-GI film. Thanks to the fact that the
AMP in the NRL-GI-AMP film is not covalently bound to the
latex, the AMP in the film has better sustained-release
performance, and the use of AMPs to replace antibiotics can
effectively solve the problem of antibiotic resistance. Moreover,
the appropriate concentration of the AMP in the film can make
the NRL-GI-AMP film have good biocompatibility and
promote antibacterial and infected wound healing properties.
In conclusion, this study demonstrates that the NRL-GI-AMP
film has excellent properties as a wound dressing and can
effectively inhibit bacterial infection of wounds.
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