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Fungal infections are everlasting health challenges all over the world, bringing about great ﬁnancial and medical burdens. Here,
inspired by the natural competition law of beneﬁcial bacteria against other microbes, we present novel living microneedles
(LMNs) with functionalized bacteria encapsulation for eﬃcient fungal infection treatment. The chosen beneﬁcial bacterial
components, Bacillus subtilis (B. subtilis), which are naturally found on the human skin and widely used for food processing,
can get nutrients from the skin and escape from the immune system with the help of microneedles. Besides, the encapsulated B.
subtilis can continuously produce and secrete various potential antifungal agents which can directly bind to fungal cell surfaceassociated proteins and destruct the cell membranes, thus avoiding drug resistance. After immobilization in the LMNs, the
bacteria can stay within the LMNs without invasion and the encapsulated bacteria together with microneedles can be removed
after application. Thus, the side eﬀects, especially the risk for subsequent bacterial infections, are controlled to a minimum to
ensure security. In addition, strong penetrability of the microneedles enhances penetration of antifungal agents, and their
heights can be adjusted according to the infected depth to acquire better therapeutic eﬀects. These features make the LMNs
potentially valuable for clinical applications.

1. Introduction
Fungal infections, caused by various fungi such as dermatophytes, Candida sp, and Malassezia sp, may invade all kinds
of tissues, organs, and implanted instruments in the human
body and aﬀect 20-25% of the population worldwide [1–3].
These fungal eﬀects on human health are spiraling, and the
global mortality rates of fungal diseases now exceed that of
malaria or breast cancer [4, 5]. To eliminate fungal infections,
many kinds of strategies have been developed, such as topical
cream, oral antifungal drugs, suppository, and even surgery
[6–10]. Among them, antifungal drugs such as azoles are
the most typical and widespread frontline strategy used in
humans [11, 12]. However, the fungal pathogen control is
ephemeral by the antifungal drugs because the highly plastic
genomes and rapid reproduction ability of fungi enable them
to generate variants and quickly develop resistance to the
chemicals [13, 14]. Besides, the antifungal drugs may cause
lots of adverse drug reactions, including hepatotoxicity, gas-

trointestinal dysfunction, drug eruption, and anaphylaxis
[15–17]. Additionally, although most of the antifungal drugs
are lipophilic in nature, their high molecular mass leads to
poor penetration and in turn causes low concentration
achieved in cutaneous tissues, resulting in relapse of infections and frequent administration [18–20]. Therefore, eﬀective antifungal therapy that can hinder emergence of
resistance, minimize side eﬀects, and enhance the penetration is still anticipated.
In this paper, inspired by the natural competition law of
beneﬁcial bacteria and other microbes, we proposed novel
living microneedles (LMNs) with functionalized bacteria
encapsulation for fungal infection treatment, as schemed in
Figure 1. In nature, the predominant bacteria can eﬀectively
repel, block, and interfere with other microbial reproduction
and preempt living space through rapid, mass reproduction
and colonization [21–23]. During this process, they could
secrete abundant antimicrobial agents to enhance competitiveness [24, 25]. Thus, these beneﬁcial bacteria have been
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Figure 1: Schematic illustration of the application of the LMNs for fungal infection treatment. (a) The antifungal capability of the LPs
released from B. subtilis. (b) The enhanced permeation of antifungal agents to the infected tissue directed by the microneedles.

observed with a wide range of bioactivities including antimicrobial, anticancer, immunosuppressive, and antimycoplasma [26–28]. However, the living bacterial therapy is
often less than ideal due to uncontrollable bacterial sequelae,
intrinsic bacterial toxicity, limited drug production, and contraindication with other therapies. In addition, it is challenging to colonize bacteria into the target site and protect them
from the immune system to ensure eﬀective therapeutic
eﬀects [29, 30]. Therefore, living bacteria still lack eﬀective
formulation and are rarely employed for practical treatment.
Here, we presented porous, localized, convenient, and
painless hydrogel microneedles to realize living bacteria
encapsulation and fungal infection treatment. The porous
hydrogel microneedles were fabricated from photocured poly
(ethylene glycol) diacrylate (PEGDA) and the sacriﬁced polyvinyl alcohol (PVA) component. The resultant porous

microneedles could isolate and protect encapsulated living
bacteria from the host immune system and continuously
get nutrients from the skin to maintain bacterial activity
[31–35]. Thus, by encapsulating a safe gram-positive bacteria
Bacillus subtilis (B. subtilis) that are naturally found on the
human skin and commercialized in the food industry, functional LMNs, which could eﬃciently produce and secrete a
range of potential antifungal agents such as lipopeptides
(LPs), directly extract fungal cell surface-associated proteins,
destruct the cell walls, and kill the target fungi, were achieved.
Through in vitro investigation, we have demonstrated that
the bacteria were immobilized in the LMNs without invading
outside while still exhibiting excellent antifungal capability.
Besides, as the LMNs were fabricated ﬂexibly, their height
could be adjusted according to the depth of fungal infection,
enhancing penetration of antifungal agents to the target site.
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Figure 2: Viability and morphology of B. subtilis cultured in the microneedle patch. Immunoﬂuorescent staining of the bottom (a), middle
(b), and top (c) of the LMNs.

In addition, the LMNs together with the encapsulated bacteria could be removed after application to avoid adverse eﬀects
caused by the left bacteria. Thus, the side eﬀects of the LMNs
were found to be controlled to a minimum, especially the
occurrence and development of subsequent bacterial infections. These features make the LMNs valuable in practical
fungal infection treatment and promising for various disease
treatments.

2. Results
In a typical experiment, the porous microneedles were fabricated from an aqueous solution of biocompatible polymer
poly (ethylene glycol) diacrylate (PEGDA) and polyvinyl
alcohol (PVA) via a micromolding approach. The crosslinked PEGDA-based matrix could enhance the stiﬀness of
the microneedles for eﬃcient penetration through the skin,
as well as enable sustained release of antifungal agents from
the microneedles for maintaining high local concentrations
in pathological tissues. In addition, the dispersive PVA component was sacriﬁced after contacting with body ﬂuids and
discharged with the metabolism of the epidermis, inducing
pores in the photocured PEGDA hydrogel microneedles
(Figure S1). The resultant porous microneedles could
enhance nutrient transport from the skin to maintain
bacterial activity. Furthermore, the thickness of the infected
skin varies a lot due to diﬀerent degrees of hyperkeratosis

of the stratum corneum. To meet the demands of
application in diﬀerent skin parts, the microneedles with
diﬀerent base sizes and heights could be easily fabricated
(Figure S2) by changing the parameters during the
micromolding process. In this experiment, the selected
microneedles were fabricated into a 15 mm by 15 mm patch
with a 20 by 20 microneedle array, and each needle was
pyramid-shaped with a base size of 230 μm by 230 μm and
a height of 500 μm.
To fabricate LMNs, living bacteria were encapsulated in
the PEGDA solution and then integrated into the microneedles. The gram-positive bacteria, B. subtilis 3610, were
employed as the optimal bacterial component based on a tradeoﬀ between their antifungal activity and the fact that they
are nonmodiﬁed strains and the natural wild type. They are
naturally found on the human skin, and their commercial
strains have been marketed for the production of pharmaceutical proteins and for foodstuﬀ processing. Such bacteria
were uniformly dispersed in the PEGDA solution and solidiﬁed in the negative mold by ultraviolet (UV) light to fabricate LMNs. To evaluate activity of B. subtilis in the LMNs,
immunoﬂuorescence imaging of cross and lengthwise sections of the LMNs was conducted (Figure 2 and Figure S3).
A large number of living bacteria stained with green
ﬂuorescence could be observed, indicating that B. subtilis
could keep their viability after UV irradiation. Moreover,
the integrity of the microneedles maintained well in
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Figure 3: The in vitro antifungal capability of the LMNs. (a) Antifungal activity of microneedles, LMNs, B. subtilis, and KCZ against C.
albicans. (b) Photo of the fungistatic zone formed between B. subtilis and C. albicans. (c) Fungistatic zone formed by the LMNs. (d)
Fungistatic zone formed by the B. subtilis solution. Scale bar in (b) was 1.5 mm, in (c) was 3 mm, and in (d) was 8 mm.

phosphate-buﬀered saline (PBS, pH 7.4) after days 1, 3, and 7
(Figure S4), thus eﬀectively avoiding the escape of bacteria
brought about by the broken patch.
To demonstrate the practical value of the LMNs for clinical applications, the in vitro antifungal capability of LMNs
was evaluated using the disc diﬀusion method and was compared to that of empty microneedles, simple B. subtilis solution, and ketoconazole (KCZ) (Figure 3). A lawn of C.
albicans was spread on yeast peptone dextrose agar medium
at ﬁrst. Afterwards, tested solutions (B. subtilis and ketoconazole) were added on paper ﬁlter discs (6 mm in diameter),
while the LMNs and empty microneedles were directly cut
into the same size and then placed at the center of each dish
and incubated at 37°C for 48 h, respectively. The fungistatic
zone could be obviously observed between the B. subtilis
and C. albicans (Figure 3(b)). The LMNs demonstrated
antifungal activity comparable to the KCZ, while the control
microneedles did not exhibit antifungal activity (Figure 3(a)).
It was worth nothing that the fungistatic zone width of the
LMNs and B. subtilis solution was similar, but there was
almost no B. subtilis found escaping from the LMNs while
large amounts of the bacteria could be observed crawling
out of the paper ﬁlter disc (Figures 3(c) and 3(d),
Figure S5). This phenomenon indicated that the LMNs
could play an antifungal role while avoiding the subsequent
potential risk of bacterial infections.
The antifungal activity of B. subtilis against C. albicans
could potentially be attributed to several factors. The natural

secretion of LPs, especially surfactin, a most powerful biosurfactant that possesses a broad antifungal activity, is the key
factor and has drawn wide attention recently. The mechanism of surfactin against C. albicans has been associated with
extraction of cell surface-associated proteins and destruction
of the cell wall. A liquid phase mass spectrometer conﬁrmed
the presence of surfactin in the LMNs, in accordance with the
idea that surfactin played a constructive role in the exhibited
antifungal activity (Figure S6 and S7). In addition to surfactin,
which has been recognized as the most prominent surfaceactive biomolecule produced and secreted by B. subtilis, the
bacteria could also secrete a lot of other LPs with strong
antifungal properties, such as fengycin. In addition, the
LMNs could penetrate the mouse skin at the dorsal site
eﬃciently and release LPs controllably to both the surface
and the deep part of the skin for drug permeation
enhancement (Figure S8 and S9). The punctured sites could
return to normal after a few minutes, indicating neglectable
damage to the tissue (Figure S10).
The eﬃcacy of the LMNs was evaluated in vivo using a
mouse cutaneous fungal infection model. Fungal infection was
induced by smearing the 108/ml conidia suspension of C. albicans on the areas of damaged dorsal skins in the immunosuppressed mice. Afterwards, mice were randomly assigned to
control (phosphate-buﬀered saline (PBS)), microneedle, LMN,
and KCZ groups. On the 14 d postinfection, there was a thick
dark brown crust covering the inoculation sites in the control
and microneedle groups. In contrast, there was no obvious
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Figure 4: The in vivo antifungal capability of the LMNs. (a) Representative photos of the fungi-infected skin treated with PBS, microneedles, LMNs,
and KCZ. (b) PAS staining of fungi-infected tissue after 14 d. Yellow arrows indicated the pseudohyphae of C. albicans. Scale bar in (b) was 100 μm.

infection and the fur started to grow again in the inoculation
areas in both the LMN and KCZ groups (Figure 4(a)), indicating the less severe fungal infections.
To further investigate the biologic mechanism of the
treating process, histopathology was performed to assess
the exact situations of inﬂammation and infection. Periodic
Acid-Schiﬀ (PAS) staining was ﬁrst performed to evaluate
the fungal infection situation by observing pseudohyphae of
the C. albicans (Figure 4(b)). The pseudohypha of C. albicans
is the evading morphology of C. albicans in superﬁcial infection and can be stained to be magenta. Large amounts of
pseudohyphae could be observed in the control and microneedle groups as indicated with yellow arrows, showing the
successful establishment of fungal infections and void treatments. On the contrary, there was no pseudohyphae found
in the epidermis of the LMN and KCZ groups, indicating
the successful antifungal eﬀects. Furthermore, hematoxylin
and eosin (HE) staining was exploited to evaluate the inﬂammation condition. In the control and microneedle groups,
scabs composing of plenty of mononuclear and polymorphonuclear cells intermixed with ﬁbroblastic proliferation
formed in the epidermis (Figures 5(a) and 5(b)), indicating
severe inﬂammatory response (Figures 5(a) and 5(c)).
Adversely, in both of the LMN and KCZ groups, there were
little inﬂammatory cells in the epidermis, suggesting minimal
inﬂammatory response in the epidermis (Figures 5(a) and
5(c)). These results demonstrated that the LMNs could be
eﬀective in treating local fungal infections and other biomedical applications.

3. Discussion
In summary, we have presented living beneﬁcial bacteria
encapsulated microneedles for fungal infection treatment.

The rapid emergence of multiresistant pathogenic fungi poses
a considerable threat to disease control across the world. The
ﬁrst severe problem related to fungal infections is that fungi
can resist drugs through target-site mutations, promoter changing, upregulation of eﬄux pumps, and activation of stress
response pathways. Hence, it is urgent to develop novel antifungal agents with a new mechanism of action, disturb the emergence of resistance, and discover new disease control strategies
to avoid overreliance on fungicides. Nature chooses the ﬁttest
to survive, and fungi are found to be naturally inhibited by some
bacteria through spatial competition and release of antifungal
agents, giving inspiration in dealing with fungal infection,
whereas living bacteria employed for fungal infection treatment
is seldom explored. Besides the drug resistance, fungal infections can also invade the dermis layer, fascia, mussel, and even
bone, as well as all organs or implanted devices beyond the stratum corneum. Thus, to deal with this problem, several strategies
including cream, paste, and oral administration are produced,
whereas their therapeutic eﬀects are limited by the poor permeation and lots of side eﬀects. Therefore, more eﬀorts are still
anticipated to develop new therapeutic strategies with no resistance, minimal side eﬀects, and high permeation.
Herein, we have fabricated localized, convenient, and
painless microneedles with living bacteria encapsulation to
solve the aforementioned problems. Through the bridge
established between microneedles and tissues, the encapsulated B. subtilis could get nutrients from the skin to maintain
activity and elude attack from the immune system. Afterwards, a range of potent antifungal agents were continuously
produced by the bacteria and secreted to the infected tissues
with no drug resistance. Owing to the inherent safety, the
immobilization of LMNs, and the easy removal after application, the bacteria may cause minimal side eﬀects. The strong
penetrability and ﬂexibility of the microneedles also

6

Research
Control

Microneedles

LMNs

KCZ

5

300
Skin inflammatory score

Thickness of the fungal scab

(a)

250
200
150
100
50
0

3
2
1
0

Groups
Control
Microneedles

4

LMNs
KCZ

(b)

Groups
Control
Microneedles

LMNs
KCZ

(c)

Figure 5: (a) HE staining of fungus-infected tissue after 14 d. (b) Quantiﬁcation of thickness of the fungal scab. (c) Quantiﬁcation of the skin
inﬂammatory score. Yellow arrows indicated the inﬂammatory cells. Scale bar in (a) was 100 μm.

imparted the LMNs with enhanced penetration of antifungal
agents to target infected sites. The therapeutic eﬀects of
LMNs on skin fungal infections have also been proved using
a mouse cutaneous fungal infection model. Apart from dealing with cutaneous fungal infections, the new strategies of
LMNs are promising to be applied to organ fungal infections
to overcome the limitations of oral administration caused by
the liver ﬁrst pass eﬀect. Furthermore, due to the diversity of
the bacterial functions, LMNs are also potential to be applied
to treat cancer, bacterial infections, virus infections, etc.
Thus, it is believed that the LMNs will be widely used in clinic
based on their excellent capabilities.

4. Materials and Methods
4.1. Materials. Poly (ethylene glycol) diacrylate (PEGDA,
average Mw = 700), 2-hydroxy-2-methylpropiophenone
(HMPP), and Rhodamine B were purchased from SigmaAldrich Corp. The B. subtilis 3610 and C. albicans (SC5314)
were received from Bena Biotechnology Co. Ltd. Male BALB/c
mice (6-8-week-old, 18-22 g) were treated in strict accordance
with the Beijing Administration Rule of Animals in China,
and all animal experiments in this study had received approval
from School of Medicine, Southeast University.
4.2. Fabrication of Microneedles. Microneedles were fabricated
by replicating uniform silicone molds purchased from WISE-

CARE Corp (Taizhou, China). 250 μl of PEGDA solution
(50% v/v, dissolved in deionized water) mixed with PVA
(10% v/v) and photoinitiator HMPP (1% v/v) was added to
the mold and kept in a vacuum pump for 5 min to fully ﬁll
the cavities of the mold. The mixture was then cured by UV
irradiation for 5 s under the UV-light system (EXFO OmniCure
SERIES 1000, 365 nm, 100 W). Finally, the resultant MN arrays
were gently peeled out of the mold. The size of the microneedle
patch was 15 mm by 15 mm, with a 20 by 20 microneedle array,
and each needle was pyramid-shaped with a base size of 230 μm
by 230 μm and a height of 500 μm. Notably, by changing diﬀerent molds, microneedles with diﬀerent base sizes, needle numbers, and heights could also be fabricated.
4.3. Fabrication of LMNs. A stock solution of B. subtilis which
was maintained at -80°C was added to an LB agar petri dish.
The plate was incubated in the incubator at 37°C overnight,
and then, one colony was transferred into a glass tube containing 5 ml of fresh LB. The B. subtilis culture was taken between
3 and 6 h at 37°C. LMNs were fabricated with a similar procedure and formula to microneedles by using the PEGDA solution containing 4 × 108 /ml B. subtilis in LB as the material.
4.4. Characterization of LMNs. The diﬀerent microneedles
replicated from silicone molds were observed under a stereomicroscope (JSZ6S, Jiangnan Novel Optics) and captured by
CCD (Oplenic digital camera). The integrity of the
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microneedles was recorded by immersing them in
phosphate-buﬀered saline (PBS, pH 7.4) after days 1, 3, and
7. Surfactin extraction from B. subtilis was evaluated by a liquid phase mass spectrometer (LCMS6120, Agilent Ltd.). Living bacteria in the LMNs were stained by SYTO and observed
by Opera Phenix (PerkinElmer Inc., UK).

and put into 4% paraformaldehyde overnight in preparation
for histological analysis. The histological tissues were stained
with hematoxylin and eosin staining (HE staining) and Periodic Acid-Schiﬀ staining (PAS staining).

4.5. Skin Penetration Test. The mice were anesthetized by
intraperitoneal injection of 5% chloral hydrate. An electric
clipper and depilatory cream were used to remove hair on
the back of the skin. The microneedles were then inserted
into the dorsal skin and remained tightly pressed for 1 min.
The dorsal skin was observed by using a stereomicroscope
(JSZ6S, Jiangnan Novel Optics) until the insertion marks disappeared completely. Rhodamine B was employed to simulate drugs and was encapsulated in the microneedles.
Rhodamine B-laden microneedles were inserted into the dorsal skin, and the drug permeation in the skin was observed by
Opera Phenix (PerkinElmer Inc., UK).

All data needed to evaluate the conclusions in the paper are
present in the paper. Additional data related to this paper
may be requested from the authors.

4.6. Antifungal Activity In Vitro. The fungus was cultured on
the yeast peptone dextrose agar medium for 48 h, and the
conidia were collected by PBS. The concentration of the
conidia suspension was diluted to 108/ml, and a volume of
50 μl of the 108/ml conidia suspension was spread on the yeast
peptone dextrose agar plate. The discs (6 mm in diameter)
loaded with 108B. subtilis and 10 μg ketoconazole, respectively,
and empty microneedles and LMNs with 108B. subtilis were
put onto the plate. The microneedles were cut into circles with
the same diameter of discs. The widths of the fungistatic zone
were measured after 48 h incubation at 37°C.
4.7. Antifungal Eﬀect In Vivo. The murine model of fungal
infections was established to evaluate the in vivo antifungal
eﬀect of LMNs. The establishment of the model started with
the induction of immunosuppression. Cyclophosphamide
was injected intraperitoneally by 150 mg/kg of body weight
on days 3 and 1 before the infection, and hydrocortisone
acetate was injected subcutaneously by 40 mg/kg of body
weight on day 1 before the infection to induce an immunosuppression state and increase the infected rate. The
immunosuppression state was maintained by injecting
cyclophosphamide by 75 mg/kg of body weight every 3 days.
The mice were anesthetized with isoﬂurane, and their back
was shaved for a 2 cm ∗ 2 cm square. The exposed skins were
rubbed with abrasive paper until the blood seeped out. The
infection was caused by smearing the 108/ml conidia suspension on the areas of damaged skins three times with sterile
swabs. Inoculation of the fungus to a moist, warm, and
blood-rich local wound could quickly result in the formation
of superﬁcial fungal infection lesions within 1 day.
The treatment started on day 1 postinfection. The mice
were once a day treated separately with 200 μl of sterile PBS
for control, 25 mg of 2% ketoconazole cream (containing
0.5 mg ketoconazole), microneedles, and LMNs (containing
108B. subtilis). Considering the similar therapeutic eﬀects
and less damage to the skin tissue, microneedles with a height
of 500 μm were chosen. The mice were sacriﬁced on day 14
postinfection, and the infected skin tissues were removed
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