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Abstract
We demonstrated for the first time that a marine-derived antimicrobial peptide (AMP),  Sph12-38, exhibit high antimicrobial 
activity against P. acnes with a minimum bactericidal concentration (MBC) value of 7 μM. Meanwhile,  Sph12-38 has no 
significant cytotoxicity to human keratinocytes (HKs) at its high concentration (33.5 μM). The topical application of sponge 
Haliclona sp. spicules (SHS) dramatically enhanced the skin penetration of  Sph12-38 up to 40.9 ± 5.9% (p < 0.01), which 
was 6.1 ± 0.9-fold higher than that of  Sph12-38 alone. Further, SHS resulted in the accumulation of most  Sph12-38 in viable 
epidermis and dermis. Further, the combined use of  Sph12-38 and SHS resulted in a cure rate of 100% for rabbit ear acne 
treatment in vivo for two weeks, while the one induced by other groups was 40%, 0% and 0% for SHS alone,  Sph12-38 alone 
and control group, respectively. The strategy of combined using AMP and SHS can also be applied in a rational designed 
topical delivery system for the management of other deep infection of the skin. The effectiveness of SHS by itself on the 
treatment of acne was also demonstrated by clinical trials. After 14 days of treatment by 1% SHS gel. The number of skin 
lesions decreased by 51.4%.
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Introduction

Acne vulgaris is a common skin condition caused by many 
factors and accompanied by inflammation, which can affect 
11% of adults and 85% of teenagers [1, 2]. The exact role of 
Propionibacterium acnes (P. acnes) in formation and acne 
formation remains controversial. However, it is regarded as 
a prime predisposing cause of acne. So far, all most chemo-
therapies against P. acnes have various side effects, includ-
ing local irritation and erythema [3] from the use of benzoyl 
peroxide; the liver damage and teratogenic effects [4] from 
the long term use of retinoids; dermatitis and infection from 
the use of salicylic acid [5], and among others. Antibiotics 
have been mainstay drugs for acne treatment for more than 
40 years [6], which however results in more than 50% of P. 
acnes strains resistant to antibiotics because of the long-term 
extensive use of antibiotics [7, 8]. Therefore, it is necessary 
to develop a novel topical antimicrobial treatment for acne 
which also does not cause P. acnes resistance.

Antimicrobial peptides (AMPs) have been extensively 
studied due to their broad-spectrum antimicrobial activ-
ity and low drug resistance rate [9]. In our previous study, 
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Sphistin (Fig. 1a), a histone H2A identified from hemocytes 
of Scylla paramamosain, its two truncated fragments  Sph12-38 
(Fig. 1b),  Sph20-38 (Fig. 1c), and AS-hepc3 (Fig. 1d) that is a 
hepcidin-like gene cloned from black porgy of Acanthopagrus 
schlegelii, exhibit high antimicrobial activity against bacte-
ria and yeast [10, 11]. However, their potential antimicrobial 
activity against P. acnes has not been investigated. Moreover, 
the topical application of AMPs for acne treatment has rarely 
been reported. The treatment of subcutaneous diseases infected 
by bacteria or fungi have always been a worldwide medical 
challenge. The pathogen like P. acnes generally resides deeply 
at the sebaceous gland in the mid-dermis, AMP as a class of 
hydrophilic macromolecular drug, can not reach the deep skin 
layers at their therapeutic concentrations because of the excel-
lent defensive function of the stratum corneum (SC). Sponge 
Haliclona sp. spicules (SHS, Fig. 1e) have been proved that it 
can be applied topically as novel silicon microneedles in the 
field of skin drug delivery [12]. SHS can create plenty of long-
lasting micro-channels on the skin [13]. Moreover, SHS can be 
flexibly applied to any desired skin location. In combination 
with SHS, AMPs might penetrate into deep layers of the skin 
through these micro/nano-channels caused by SHS and then 
kill pathogens effectively.

In this work, we investigated the potential antimicrobial activ-
ity against P. acnes of four AMPs, including Sphistin,  Sph12-38, 
 Sph20-38 and AS-hepc3. More importantly, we showed the 
effect of AMPs in combination with SHS on the Acne treat-
ment. This study demonstrated a potential strategy to exploit the 

antimicrobial properties of AMPs by topical delivery using SHS, 
thus pushing on their translation from lab to clinic.

Material and method

Chemicals and animals

All AMPs were synthesized by GLORY CHEMISTRY Co., 
Ltd. (Shanghai, China). The strain of P. acnes (ATCC6919) 
was purchased from Guangdong microbial culture collection 
center (Guangzhou, China). Clindamycin and Doxycycline 
Hyclate were purchased from Sigma (St. Louis, MO, USA). 
Human keratinocytes (HKs) from foreskin were purchased 
from PromoCell (Heidelberg, Germany). The porcine skin 
was purchased from YinXiang Group Co., Ltd. (Xiamen, 
China). 1% clindamycin gel was purchased from SuZhou 
Fourth Pharmaceutical Factory Co., LTD. (SuZhou, China). 
AnaeroPack was purchased from Mitsubishi Gas chemical 
company (Tokyo, Japan). The Scotch® Transparent Tape 
was purchased from 3 M Corporation (Saint Paul, MN, 
USA). Tissue OCT-Freeze Medium was purchased from 
Sakura (Torrance, CA, USA). And all other chemicals used 
in this study were of analytical grade and were purchased 
from Sinopharm Group Co. Ltd. (Shanghai, China).

New Zealand white rabbits were purchased from Vital-
river Laboratory Animal Technology Co., Ltd. (Beijing, 

Fig. 1  Visualization of AMPs and SHS. a  Sphistin; b   Sph12-38; c   Sph20-38; d  AS-hepc3. 3D protein structures of AMPs were predicted by 
I-TASSER website and built by PyMol 2.4; e SHS by SEM observation
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China). All animal experiments were conducted according 
to the guidelines of “Regulations on the administration of 
laboratory animals of Xiamen University” and approved by 
the Institutional Animal Care and Use Committee of Xiamen 
University (ethics approval number XMULAC20190002).

Bacterial culture, antimicrobial activitystudy,  
in vitro cytotoxicity study, stability study of  Sph12‑38

All AMPs were verified by mass spectroscopy, respectively 
(Supplemental Figure S1). These experimental procedures 
are described in detail in the Supplementary Materials.

Skin penetration study in vitro

This part of experiment was performed according to the pub-
lished experimental method [13]. In details, the porcine skin 
(YinXiang Group Co., Ltd., Xiamen, China) was removed 
subcutaneous fatty tissue and hair shaft carefully. Skin was 
rounded by the punch (36 mm in diameter). The conductivity 
through the skin was measured to ensure its integrity with a 
multimeter (FLUKE, Shanghai, China) [14].

Franz diffusion cell system (YuYan SV12, Shang-
hai, China) was used for in vitro skin penetration study. 
PBS (0.05 M) was added to receptor compartment. Skin 
disk was fixed on receptor compartment under occlusive 
condition. For SHS group, 10 mg of SHS was massaged 
on the skin by a handheld massager (300 r/min) at 0.3N 
pressure. Then 150 μL of PBS or FITC-  Sph12-38 solution 
(1 mg/mL) was added onto the skin surface. All the skin 
samples on the Franz diffusion cells were immersed in a 
37 °C water circulating pump (YuYan SV12, Shanghai, 
China) for 16 h. The penetration of FITC-  Sph12-38 in 
different skin layers was analysed with the tape-stripping 
method [13, 15]. Briefly, the stratum corneum (SC) was 
stripped 10 times consecutively. The stripped tapes were 
collected according to the following scheme: SC 1 = first 
strip, SC 2 = second to fifth strips, and SC 3 = sixth to 
10th strips. After tape-stripping, the viable epidermis was 
separated carefully from the dermis layer with a surgical 
scalpel. The dermis was then cut into small pieces. Then, 
FITC-Sph12-38 was extracted from separated skin layers by 
using a mixture of methanol and PBS pH 7.4 (1:1, V/V) 

overnight at room temperature. Afterward the dispersions 
were centrifuged (5000 r/min for 5 min) to pellet skin 
tissue. The supernatants were withdrawn and diluted if 
necessary for the next measurement. The FITC-Sph12-38 
concentration was measured by a fluorescence spectros-
copy (Thermo Fisher Varioskan LUX, MA, USA) with 
an excitation of 485 nm and an emission of 520 nm. The 
method was validated for linearity, accuracy and preci-
sion. The linear range of FITC-Sph12-38 during the meas-
urements was from 0.01 μg/mL to 10 μg/mL  (r2 = 0.9999).

Confocal microscopy study

The skin samples were cut into small pieces and imbed-
ded in optimal cutting temperature compound (Sakura, 
Tokyo, Japan) then frozen in liquid nitrogen for 60 s. The 
porcine skin was sectioned with a thickness of 20 μm on 
a Cryomicrotome (Thermo Fisher, CryoStar NX50, MA, 
USA). All samples were visualized with confocal micro-
scope (Carl Zeiss, LSM780NLO, Jena, Germany) with an 
excitation of 485 nm and an emission of 520 nm.

Acne treatment study in vivo

Twenty New Zealand white rabbit(female, 12 weeks old, 
weighting 2 kg to 2.5 kg) were used in this study. The mod-
eling method of rabbit ear acne was performed as described 
in Kligman method [16, 17]. Briefly, the whole experiment 
period was 28 days. On the day 7 ~ 14, each rabbit ear was 
injected with 50 μl of the suspension of P. acnes. Oleic 
acid was applied to each rabbit ear daily during this 28-day 
period [18]. 1% clindamycin gel was used as a positive con-
trol for this experiment. All rabbits were randomly divided 
into 4 groups, 5 in each group. For SHS and  Sph12-38 + SHS 
group, SHS (5.6 mg/  cm2) was applied to rabbit ear surface 
and massaged (0.3 N, 60 r/min) every 2 days. Saline (blank 
and SHS group), clindamycin gel (0.1 g/cm2, clindamycin 
group) or  Sph12-38 solution (1 mg/ml, 84.7 ul/cm2,  Sph12-38 
and  Sph12-38 + SHS group) was applied to rabbit ear surface 
daily for 14 days. Each rabbit ear was photographed every 
day. After treatment, all animals were sacrificed by air injec-
tion. The number, diameter, quantity and height of rabbit 
ear acnes were recorded to value the treatment effect. The 
calculation formula was as Eq. 1 [19].

(1)The clearance rate of lesions (%) =
the number of skin lesions before treatment − the number of skin lesions after treatment

the total number of skin lesions before treatment
× 100%
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Therapeutic efficacy of rabbit ear acnes was assessed as 
Eq. 2 [20]:

Cure: ≥ 90% clearance; Excellent response: 60 ~ 89% 
clearance; Good response: 20 ~ 59% clearance; Poor 
response: < 19% clearance or no significant response.

Finally, the effectiveness rate was calculated according to 
the following formula:

Histopathology study of rabbit ear acne

Rabbit ear tissue was cut off and imbedded in optimal cut-
ting temperature compound and frozen in liquid nitrogen for 
60 s. Rabbit ear tissue was sliced into 10 μm on a Cryomi-
crotome. Each sample was stained with hematoxylin and 

(2)
The effectiveness rate(%) =

cure cases + excellent response cases

total cases
× 100%

eosin and then imaged under the microscope (Carl Zeiss, 
Axio Imager A2, Oberkochen, Germany).

Clinical study of SHS for acne treatment

Trial 1: This experiment was conducted by Xiang 'an 
Hospital of Xiamen University approved by Medical Eth-
ics Committee of Xiamen University (Ethic Number: 
XDYX202305K24). Thirty subjects with grade I-II facial 
acne were recruited for the study and signed an informed 
consent form. SHS was made into a carbomer gel with a 
concentration of 1%. Designated area of skin was cleansed 
with 75% ethanol. 0.5 g SHS gel was applied to the affected 
area and massaged for 4 min every two days. After 14 days, 
ISGA (Investigators's static global assessment) grade and 
number of lesions was assessed by physicians to determine 
the efficacy of treatment.

Table 1  Bioactivities against P. acnes of Antimicrobial peptides and antibiotics

AMPs & 

Antibiotics

Amino acid sequence (N C)

Or molecular structure

MBC μM

P. acnes ATCC6919

Sph12-38 KAKAKAVSRSARAGLQFPVGRIHRHLK 7

Sphistin AGGKAGKDSGKSKAKAVSRSARAGLQFPVGRI

HRHLK

12

Sph20-38 RSARAGLQFPVGRIHRHLK 24

AS-hepc3 SPAGRNSRRRRCRFCCGCCPDMIGCGTCCKF 18

Clindamycin 0.2

Doxycycline 

Hyclate

0.2

MBC minimum bactericidal concentration
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Trial 2: Frobupre® Hydratation Absorption Improving 
Massage Gel (FB gel, record number: 2023000354) is an 
anti-acne product based on SHS. The acne removal efficacy 
of the FB gel was clinically verified by SGS-CSTC Technical 
services Co., LTD. Thirty-three subjects with grade I-II facial 
acne were recruited for the study and signed an informed con-
sent form. Designated area of skin was cleansed. 0.5 g FB gel 
(1% SHS) was applied to the affected area and massaged for 
4 min every two days. After 14 days, Images of the subjects' 
faces were analyzed by VISIA (CANFIELD, USA). The num-
ber of lesions was assessed by physicians to determine the 
efficacy of treatment. And the treatment effect of the product 
was also scored by the subjects.

Statistical analysis

All experiments in this study were performed in triplicate 
at least. All data were expressed as the mean value ± S.D. 

Two-tailed and unpaired Student’s t test were performed and 
p < 0.05 is considered to be significant. All image data was 
analyzed by Image J software.

Results

In vitro antimicrobial activity of AMPs against  
P. acnes

The antimicrobial activity of AMPs and antibiotics against P. 
acne were evaluated in vitro in terms of minimum bactericidal 
concentrations (MBCs).  Sph12-38 exhibited the lowest MBC 
values (7 μM) among all AMPs, which is approximately half 
that of Sphistin (12 μM). The MBC values of other AMPs 
were listed in Table 1. Both antibiotics, Clindamycin and 
Doxycycline Hydrochloride as positive controls, presented 
much lower MBC values (0.2 μM) compared to all AMPs.

Fig. 2  Morphological changes of P. acnes ATCC6919 observed with SEM induced by (a)Sph12-38; b Sphistin; c Sph20-38; d AS-hepc3; e Clinda-
mycin; f Doxycycline hydrochloride; g PBS after a 2 h incubation
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P. acnes morphological changes caused by AMPs 
and antibiotics

The P. acnes morphological changes caused by these AMPs and 
antibiotics at their MBCs in 2 h have been investigated by using 
scanning electron microscopy (SUPRA 55, ZEISS, Germany). 
After 20 min incubation (37℃, anaerobic conditions),  Sph12-38 
led to obvious bubbly protuberances on the surface of P. acnes 
(Supplemental Figure S2a), while all other testing groups did 
not result in obvious damage to the morphological structure and 
integrity of the bacterial. After 2 h incubation (37℃, anaerobic 
conditions), while P. acnes in PBS still had glossy and intact 
cell surface without any cell lysis or debris (Fig. 2g), P. acnes 
treated with  Sph12-38 (Fig. 2a) displayed obviously coarse cell 
membrane surfaces with a high degree of cell lysis and debris, 
which was comparable with P. acnes incubated with clinda-
mycin (Fig. 2e). In contrast, other AMPs had a relatively weak 
impact on the morphological shape of (Fig. 2b-d).  Sph12-38 as 
AMP of choice has been selected for further studies.

Fig. 3  Sph12-38 had no significant cytotoxicity to human keratino-
cyte cell line. a-e  Morphological changes of HKs after incubation 
with Sph12-38 at different concentrations for 24 h. The dosages were 
0 μM, 0.03 μM, 0.34 μM, 3.35 μM, 33.52 μM, respectively. f Histo-

gram of HKs survival rate at different  Sph12-38 concentrations after 
a 24  h incubation. p-values compared to control group: 0.03  μM 
group (p = 0.66), 0.34 μM group (p = 0.48), 3.35 μM group (p = 0.36), 
33.52 μM group (p = 0.46)

Fig. 4  The antibacterial ability of  Sph12-38 at its MBC under various 
temperatures and incubation times
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The cytotoxicity of  Sph12‑38 in human keratinocytes 
(HKs) in vitro

MTT assay has been performed to evaluate the cytotoxic-
ity of  Sph12-38 in human keratinocyte cell line at different 
 Sph12-38 concentrations in 24 h incubation. The morpho-
logical changes of HKs induced by  Sph12-38 at different 
concentrations (Fig. 3) have been observed by confocal 

microscope. The results showed that  Sph12-38 had no sig-
nificant cytotoxicity to human keratinocyte cell line at its 
high concentration (33.5 μM, p = 0.46).

Thermal stability of  Sph12‑38

The antibacterial activity of  Sph12-38 in terms of MBC at dif-
ferent temperatures was measured.  Sph12-38 at its MBC with 

Fig. 5  SHS enhanced the skin absorption of FITC-Sph12-38 in  vitro. 
a  skin absorption of FITC-Sph12-38 in different skin layers. SC1 is 
the first strip, SC2-5 is the second to fifth strips, and SC6-10 is the 
sixth to tenth strips. b  Skin penetration of FITC-Sph12-38 after SHS 

treatment in 16 h. c Skin penetration of FITC-Sph12-38 alone in 16 h. 
* p < 0.05, ** p < 0.01, *** p < 0.001. Values represent mean ± SD 
(n = 3)

Fig. 6  The treatment on rabbit ear acne in vivo for 14 days by using (a) the combination of SHS and  Sph12-38, b Clindamycin alone, c  Sph12-38 
alone, d SHS alone and (e) saline buffer
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up to 60℃ over 30 min can effectively inhibit the growth of 
P. acnes (Fig. 4). Even heated to 80 °C for 10 min,  Sph12-38 
was still thermally stable (Supplemental Figure S3), indicat-
ing a satisfying thermal stability of  Sph12-38.

Enhanced  Sph12‑38 skin delivery by SHS topical 
application in vitro

The in vitro skin absorption of  Sph12-38 was investigated by 
using FITC-Sph12-38. The skin absorption of  Sph12-38 was 
limited; only 6.7 ± 2.5% of FITC-Sph12-38 was absorbed 
into skin in 16 h in vitro. In contrast, SHS can dramatically 
increase the skin absorption of  Sph12-38 in vitro; totally 
40.9 ± 5.9% of the applied FITC-Sph12-38 penetrated into 
the skin, which was approximately 6.1 ± 0.9-fold (p < 0.01) 
higher than  Sph12-38 alone. Further, SHS led to the sig-
nificantly increased accumulation of  Sph12-38 in deep 
skin layers, including viable epidermis (4.6% ± 0.5%) and 

dermis (31.2% ± 4.9%), which were approximately three-
fold (p < 0.01) and 21-fold (p < 0.01) higher than those 
from  Sph12-38 alone, including 1.3 ± 0.7% and 1.2 ± 0.4% 
for viable epidermis and dermis deposition, respectively. 
The detailed skin penetration profiles of FITC-Sph12-38 
with or without SHS treatment were presented in Fig. 5a.

Further, the skin absorption of  Sph12-38 was studied 
with a confocal microscope. The deep skin penetration 
and homogenous skin distribution of FITC-Sph12-38 in 
combined with SHS was observed (Fig. 5b), while FITC-
Sph12-38 alone was accumulated in the superficial layer of 
skin (Fig. 5c).

The treatment of acne in vivo by the combined use 
of  Sph12‑38 and SHS

To investigate the therapeutic effect of  Sph12-38 on acne, rab-
bit ear acne models in vivo have been established by inject-
ing 50 μL of P. acnes  (107 CFU/ml) into rabbit auricles. 
During the acne model establishment, the representative 
symptoms of acne and its inflammation occur in rabbit ears 
increasingly, including local swelling, redness, papules, 
comedones, cysts, nodules, and pustules (Fig. 6). By mac-
roscopic analysis, the combined use of  Sph12-38 and SHS 
showed the best therapeutic effect on acne compared to 

Fig. 7  The treatment of rabbit ear acne by using  Sph12-38 in combi-
nation with SHS. a  Characterization of rabbit ear acnes before (B) 
and after (A) treatment. b The effectiveness rate of acne after 14 days 
treatment from different strategies. c  Therapeutic effect of different 
strategies on rabbit ear acne. Values represent mean ± SD, n = 10. * 
represents p < 0.05, *** represents p < 0.001

◂

Fig. 8  Histopathological examination on the rabbit ear acnes before and after 14 days of different treatments. a before treatment; b the combined 
use of  Sph12-38 and SHS; b Clindamycin alone; d SHS alone; e  Sph12-38 alone; f Saline
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 Sph12-38 or SHS alone. The symptom of acne or its inflam-
mation in the ears disappeared after the 14 days treatment 
(Fig. 6a). In addition, decrescent follicular pores were dis-
tributed evenly in rabbit ears (Fig. 6a, 14 days treatment). 
In contrast, Clindamycin alone, SHS alone or  Sph12-38 alone 
led to much less effective therapeutic impact on acne after 
14 days treatment; the papules, comedones and cysts in rab-
bit ears still existed (Fig. 6b, c, d). In the case of control 
group (treated with saline buffer), while the local swelling 
and redness disappeared gradually due to the skin self-heal-
ing capability, cysts, nodules and pustules still existed in 
rabbit ears after 14 days treatment (Fig. 6e).

Rabbit ear acnes have been characterized in terms of acnes 
number, diameter and thickness by using electronic Vernier 
caliper before and after 14 days treatment (Fig. 7a). Compared 
to all other groups, the combined use of  Sph12-38 and SHS 
significantly decreased 80.4% (p < 0.001) of the acnes number 
and 11.6% of acne thickness after14 days treatment. In con-
trast, while Clindamycin alone only significantly decreased 
37.2% (p < 0.001) of the acnes number, SHS alone only sig-
nificantly decreased 56.1% (p < 0.001) of the acnes number, 
 Sph12-38 alone only significantly decreased 20.9% (p < 0.05) 
of the acnes number. In the case of saline group, while there 
was no significant change in the acne thickness and number, 
the acnes diameter increased significantly during treatment 
due to growth of acnes tardily. In addition, the effectiveness 
rate of acne treatment induced by different methods have been 
calculated. The combined use of  Sph12-38 and SHS led to an 
effectiveness rate of 100% for acne treatment, which is obvi-
ously much higher than all other groups (Fig. 7b and c).

Moreover, the conditions of sebaceous gland, inflamma-
tory cells and keratotic plug by histopathological examina-
tion have been evaluated. The destructive effect of acnes on 
rabbit ear tissues was observed with expended pilosebaceous 

unit, keratin filled follicle funnel and inflammatory cells 
infiltration (Fig. 8a). The combined use of  Sph12-38 and SHS 
obviously reduced the degree of inflammatory cell infiltra-
tion and expansion of pilosebaceous (Fig. 8b). In contrast, 
the infiltration of inflammatory cells and expansion of 
pilosebaceous still existed after 14 days treatment in other 
groups (Fig. 8c, d, e, f).

The treatment of acne in vivo human skin by SHS

Clinical evaluation results showed that the number of skin 
lesions of each subject were significantly reduced treated 
by SHS gel (SHS concentration 1%). The number of skin 
lesions (18.40 ± 8.43) decreased by 51.4% compared to 
the basal value (37.83 ± 9.83, p < 0.001, Fig. 9a). After the 
validation of clinical effect. Frobupre® Hydratation Absorp-
tion Improving Massage Gel (FB gel) with same concen-
tration (1%) has been designed. As for FB gel, clinical 
evaluation results showed that the number of skin lesions 
(11.21 ± 9.95) decreased by 37.7% compared to the basal 
value (17.99 ± 12.71, p < 0.001, Fig. 9a). Figure 9b (Day 0) 
and Fig. 9c (Day 14) represent the treatment effect of one of 
the subjects. The results of the self-assessment showed that 
94% of subjects were satisfied with the therapeutic effect of 
the product.

Discussion

Antimicrobial peptides (AMPs) are generally peptides 
with a broad spectrum of antibiotic activities against path-
ogenic microorganisms. AMPs have been the most promis-
ing alternative to antibiotics [21, 22]. AMPs derived from 
marine invertebrates are the main components of innate 

Fig. 9  SHS significantly cures human acne in vivo. a The number of skin lesions before and after SHS treatment. b The VISIA image before 
SHS treatment. c The VISIA image after SHS treatment. Values represent mean ± SD, n = 30. *** represents p < 0.001
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immunity in marine invertebrates (including crustaceans) 
and have various bio-activities, including anti-bacterial, 
anti-fungal, anti-viral or anti-parasitic functions. In addi-
tion, some AMPs, such as  Sph12-38, have anti-inflammatory 
and immunomodulatory activities [23].

AMPs against pathogens are so far known to be involved 
in several mechanisms, among which the membrane per-
meabilization is one of main mechanisms. Besides, some 
others have been also described, including inhibition of 
DNA/RNA/protein synthesis, inhibition of other intracel-
lular targets, influence of enzyme activity and so on [23–26]. 
As a cationic peptide,  Sph12-38 can adhere to the negatively 
charged P. acnes cell membranes by electrostatic attraction. 
 Sph12-38 led to obvious morphological changes of P. acnes in 
short time and subsequently resulted in cell lysis and debris 
in 20 min (Supplemental Figure S2a), suggesting that the 
primary mode of action of  Sph12-38 against P. acnes is the 
permeabilization of the bacterial cell membranes. On the 
other hand, the outer layer of keratinocytes does not carry 
a net charge since most lipids with negatively charged head 
groups are accumulated into the internal cytoplasm [27]. 
Thus, the cationic  Sph12-38 can selectively interact with 
negative charged P. acnes without binding to keratinocytes, 
which can eventually result in the rupture of P. acnes with 
no toxicity to keratinocytes (Fig. 3).

Although AMPs has the potential of wide bactericidal 
activity, rapid action and low resistance mechanism, there 
are still some problems in clinical application. Some anti-
microbial peptides such as Chionodracine becomes to be 
unstable above 60 °C [28]. In contrast,  Sph12-38 as a small 
molecule peptide shows a satisfying thermal stability. Under 
the condition of 80 °C heating for 10 min.  Sph12-38 can still 
effectively inhibit the growth of P. acnes at MBC.

The toxicity of AMPs is also one of the problems that 
limit its application. Generally, positively charged AMPs 
will be combined with negatively charged bacterial cell 
membranes and selectively kill bacteria. However, mamma-
lian cells may also be attacked by AMPs [29, 30]. Moreo-
ver, systemic administration of AMPs may affect the innate 
normal flora of the human body due to their broad-spec-
trum antimicrobial properties, which leads to an imbalance 
of human flora and the human body more susceptible to 
infection. Thus, topical administration by SHS is the most 
suitable application of AMPs, especially for local diseases 
such as acne.

As a hydrophilic biomacromolecule,  Sph12-38 alone can only 
penetrate into the superficial layer of skin (Fig. 5a). Thus, it 
cannot play an antimicrobial role in deep skin layers (Fig. 5c). 
To improve the topical and deep effect of  Sph12-38 against P. 
acnes, SHS was utilized topically to facilitate the accumula-
tion of  Sph12-38 into deep skin layers (Fig. 5b). And our in vivo 
experiment further confirmed the effectiveness of the combi-
nation of  Sph12-38 and SHS on the treatment of acne (Fig. 6).

Generally, inflammatory acne is one of contraindications to 
traditional microneedles such as Dermaroller and Dermastamp 
[31]. In addition, the metastasis of P. acnes from the lesion to 
the undiseased skin area and layers could occur during the tradi-
tional microneedling treatment, causing the aggravation of acne. 
In contrast, all these problems seem to be avoided by the use of 
SHS as a novel silica microneedle. First, SHS can only penetrate 
into skin SC layer so that it does not lead to bleeding and infec-
tion. Further, SHS can retain within skin over 48–72 h and get 
eliminated by natural desquamation [12], which does not result in 
the metastasis of P. acnes during the treatment. Moreover, no side 
effect was observed in our in vivo experiment using SHS alone or 
combined mixture of SHS and  Sph12-38, suggesting the satisfying 
safety of SHS topical application for acne treatment. In addition, 
SHS can create plenty of continuous microchannels within skin 
deep to viable epidermis, which could possibly increase the oxy-
gen penetration into skin to further inhibit the reproduction of 
anaerobiotic P. acnes. SHS could also promote the metabolism of 
the stratum corneum, thereby reducing the hyperplasia of the stra-
tum corneum associated with acne to a certain extent. This could 
be beneficial for acne treatment. Further, SHS could stimulate 
subcutaneous blood and lymphatic circulation and accelerate the 
metabolism of P. acnes toxins. Moreover, we found that SHS can 
induce immune cells to gather under the treated skin [12] and may 
contribute to the immune regulation of acne. The exact mecha-
nism of action of SHS on skin immunity should be investigated in 
detail in future studies. The effectiveness of SHS by itself on the 
treatment of acne was also demonstrated by our in vivo experi-
ment (Fig. 7) and clinical study (Fig. 9). This shows that SHS 
as a new biomedical material has a promising application in the 
field of acne treatment. Compared the therapeutic effects of SHS 
gel (1%) and FB gel (1%). After 14 days of treatment, the number 
of skin lesions decreased by 51.4% and 37.7%, respectively. The 
favorable therapeutic effect has led to the successful commerciali-
zation of SHS. As a new drug formulation, the clinical study of 
 Sph12-38 required a longer period. Clinical studies on  Sph12-38 for 
acne treatment will be investigate in future studies.

Conclusion

The study demonstrated the antimicrobial activity of a 
marine-animal derived AMP,  Sph12-38, against P. acnes. 
at its low concentration without any cytotoxcity to human 
keratinocytes at its high concentrations. Topical applica-
tion of SHS can facilitate the skin penetration and depo-
sition of  Sph12-38 in skin deep layers in vitro. Further, 
the combined use of  Sph12-38 and SHS resulted in the 
satisfying therapeutic outcomes on rabbit ear acne model 
in vivo. The strategy in this study of using AMP and SHS 
would be applied in a rational designed topical delivery 
system for the management of other skin diseases or deep 
infection of the skin.
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