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In situ microbial aerodynamic microneedles (MM-MNs) represent an autonomous transdermal drug delivery 
platform that utilizes the gas generated by microbial metabolism (e.g., H2, NO, and H2S) to propel drugs 
into deep tissues, surpassing the penetration limits of traditional microneedles reliant on external stimuli 
(heat/light/mechanical force). By leveraging controlled microbial metabolism, MM-MNs enable energy-
independent, spatiotemporally precise delivery with enhanced targeting and bioavailability. Gas-driven 
propulsion combines with bioactive gas functions (e.g., NO-induced vasodilation and H2S-mediated 
anti-inflammation) to modulate disease microenvironments. The system’s biocompatibility (probiotic 
strains and Lactobacillus) and scalability (cost-effective patch design) further support its potential for 
localized therapies (skin diseases and tumors) with minimized systemic exposure. This innovation bridges 
microbial biotechnology and precision medicine, offering a paradigm shift in transdermal delivery.

   Microbial aerodynamic microneedle (MM-MN) systems rep-
resent a breakthrough drug delivery technology that mark-
edly improves the depth and targeting of drug delivery by 
combining gases generated by microbial metabolism with 
microneedle technology. Although traditional methods such 
as hyperthermia can enhance tissue penetration through physi-
cal diffusion, MM-MN systems exhibit unique advantages in 
multiple aspects. Firstly, MM-MNs do not rely on external 
energy devices such as lasers or ultrasound but instead rely on 
microbial metabolism to generate gases (such as H2 and NO) 
to drive drug delivery, greatly improving portability and long-
term therapeutic applicability (such as chronic wound care). 
Secondly, compared with the risk that hyperthermia is vulner-
able to the influence of tissue heterogeneity, which leads to 
uneven heat distribution, MM-MNs strictly limit the gas gen-
eration to the area of microneedle action through hydrogel 
encapsulation and strain metabolism regulation and use a 
short-half-life gas (such as NO, <5 min) to temporarily enhance 
the permeability of target blood vessels, achieving precise and 
controllable deep penetration, avoiding the diffuse damage of 
hyperthermia. Furthermore, MM-MNs not only enhance drug 
delivery efficiency through gas dynamics but also directly regu-
late the disease microenvironment by combining bioactive 
gases (such as NO promoting vasodilation and H2S being anti-
inflammatory). For example, in the psoriasis model, the hydrogen-
driven system simultaneously enhances calcipotriol permeation 
and inhibits local inflammation, while hyperthermia relies solely 
on a single physical mechanism. In addition, the system uses 
probiotics (such as lactic acid bacteria) and artificial intelli-
gence (AI) to dynamically regulate the metabolic rate, com-
bined with a thermosensitive microneedle barrier to prevent 

drug leakage, avoiding the risk of tissue overheating or degen-
eration that may be caused by hyperthermia. Finally, MM-MNs 
can be mass-produced as disposable patches with important 
cost-effectiveness, especially suitable for resource-limited sce-
narios. In summary, MM-MNs provide innovative solutions 
for deep drug delivery by integrating autonomous energy sup-
ply, synergistic biological functions, and precise control. MM-MN 
technology breaks through the limitation of traditional micronee-
dle technology in the depth of drug delivery by using the gas 
generated by microbial metabolism to push drugs through the 
skin and into deep tissues. Traditional microneedle technology 
relies on external physical stimuli (such as light, heat, and 
mechanical force) to push drugs through the skin [  1 ]. While 
MM-MNs provide a driving force through the natural meta-
bolic processes of microorganisms, such as the production of 
hydrogen by Escherichia coli [  2 ]. This innovative technology 
can substantially improve the depth of drug delivery. The advan-
tage of an MM-MN system is that it does not need external 
energy support and relies entirely on the metabolic activities 
of microorganisms to drive drug delivery [  3 ]. Thus, it provides 
a low-side-effect, efficient, and accurate treatment plan for pre-
cision medicine.

   To visually illustrate this concept, Figure  1  presents a sche-
matic overview of a microbial gas-powered microneedle sys-
tem. As shown in the figure, gases produced by microbial 
metabolism provide the driving force to actively propel drugs 
through the skin, resulting in deeper and more efficient trans-
dermal delivery compared to that of conventional microneedles. 
This innovative mechanism highlights the unique advantages of 
MM-MNs, including greater penetration depth, precise target-
ing, and energy independence.        
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   The working principle of MM-MN systems relies on the 
gas generated in the process of microbial metabolism [ 2 ]. For 
example, microorganisms such as E. coli produce hydrogen 
through their metabolic processes, and the pressure generated 
by this gas in the microneedle system can push drugs through 
the microneedles into the deep skin. Traditional microneedle 
delivery methods usually rely on the free diffusion of drugs 
through the epidermis and upper dermis. However, MM-MNs, 
driven by gas, can markedly improve the depth of drug delivery 
and achieve the penetration effect that traditional microneedle 
systems cannot achieve [  4 ]. The advantage of this method is 
that through the metabolic gas production of microorgan-
isms, the control of the drug delivery process no longer 
depends on external stimuli but is driven by the metabolic 
activities of microorganisms themselves, providing greater flex-
ibility and control.

   Another innovation of the MM-MN system is that it pro-
motes the delivery of drugs through the generation of gas by 
microorganisms and uses the physical effect of gas in the delivery 
process to increase the concentration of drugs in the target area. 
Experimental data show that the depth of drug delivery can 
reach 1,000 μm using a gas-driven microneedle system, which 
exceeds the delivery depth of the traditional microneedle system 
[ 3 ]. This development not only significantly improves the con-
centration of drugs in the target area but also improves the accu-
racy of treatment, especially in the field of treatment requiring 
precise drug delivery, such as skin diseases and local cancer [ 3 ].

   Microorganism-driven gas production capacity is one of 
the core strengths of the system. Studies have shown that 
﻿Enterobacter aerogenes (E. coli) can be effectively encapsulated 
in microneedles and continuously produce gas within hours. 
The generation of this gas drives the dissolution and release 
of the drug, and the sustained gas driving force can reach more 
than 0.04 N, which is enough to push the drug through the 
deep skin. Compared with traditional metal-based microneedle 
materials, the microorganism-driven gas system can continu-
ously provide a strong driving force and maintain a stable 
drug release rate and gas generation capacity [ 3 ]. The continu-
ous gas dynamics of the system can provide long-term impe-
tus for drugs, ensure that drugs can be precisely delivered to 
deep tissues, and overcome the depth limitations that tradi-
tional microneedles cannot achieve. In addition, the gases 
produced during microbial metabolism are not limited to 
hydrogen but may also include other gases that can further 
enhance the effectiveness of drug delivery.

   Compared to chemical-gas-producing microneedles, MM- 
MNs achieve sustainable and self-powered drug driving through 
microbial metabolism. For example, although an acid–base 
reaction system (NaHCO3/H

+ → CO2) can produce gas briefly, 
it cannot be sustained after the reagents are exhausted [  5 ], while 
engineered lactic acid bacteria can continuously generate NO 
using nitrate in the host microenvironment (>24 h) [  6 ]. In addi-
tion, microbial systems achieve dynamic controllability through 
synthetic biology tools such as inducible promoters and quorum 

Figure 1. Acupuncture microneedles loaded with microbial aerodynamic hydrogel for drug delivery (artificial intelligence [AI] generation).
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sensing, while chemical reaction rates are susceptible to envi-
ronmental fluctuations [ 5 ]. In terms of biocompatibility, MM- 
MNs avoid the irritating by-products of chemical systems (such 
as strong acids) and directly intervene in disease progression 
using the therapeutic function of gas itself (such as H2S anti-
inflammatory) [ 6 ], while CO2 serves only as a physical driving 
force and may even exacerbate local acidification [  7 ]. These dif-
ferentiated advantages highlight the unique value of MM-MNs 
in precision medicine.

   In terms of gas selection, besides hydrogen, MM-MN sys-
tems can also learn from the characteristics of other bacteria 
and gases to further enhance the effect of drug delivery. 
Certain bacteria are capable of producing nitric oxide (NO) 
and hydrogen sulfide (H2S), gases that play important physi-
ological roles in the body. Nitric oxide helps to improve the 
bioavailability of drugs by dilating blood vessels, promoting 
blood circulation, and regulating immune response. In addi-
tion, nitric oxide can also promote the increase of local blood 
flow, thus improving the delivery efficiency of drugs. Hydrogen 
sulfide plays an important role in anti-inflammation, neuro-
protection, and tissue repair, which can enhance the target-
ing of drugs in the target area and improve the therapeutic 
effect. By selecting suitable bacterial species and optimizing 
their metabolic processes, the MM-MN system is able to uti-
lize these gases more efficiently, further improving the efficacy 
of drug delivery.

   The MM-MN system leverages diverse microbial gases to 
achieve multifunctional therapeutic effects. As summarized in 
Table  1 , hydrogen (H2) generated by E. coli provides both pro-
pulsion force and antioxidant support, while nitric oxide (NO) 
from engineered Lactobacillus enhances vascular permeability 
and immune modulation. Hydrogen sulfide (H2S), produced 
by modified Saccharomyces cerevisiae, further augments the anti-
inflammatory and regenerative effects. These gases synergize with 

drug payloads to address complex disease microenvironments 
(e.g., psoriasis and tumors), surpassing the single-mechanism 
limitations of traditional approaches. ﻿

   For example, safe microorganisms such as Lactobacillus and 
﻿S. cerevisiae can be genetically modified to continuously pro-
duce nitric oxide or hydrogen sulfide, which can help enhance 
the targeting and bioavailability of drugs. Some strains of 
﻿Lactobacillus can produce nitric oxide by reducing nitrate or 
nitrite, which not only h elps to dilate blood vessels but also 
increases the concentration of drugs in local tissues, especially 
in the treatment of diseases that need to promote local blood 
flow or immune regulation, which can further improve the 
efficacy of drugs. At the same time, S. cerevisiae and other 
strains can produce hydrogen sulfide by reducing sulfate, which 
plays an important role in anti-inflammatory, anti-tumor, and 
neuro-protection effects. The microbial gases, their sources, 
physiological roles, and proposed therapeutic functions in 
MM-MN systems are summarized in Table  2 .

   In terms of clinical applications, MM-MN systems have 
shown a wide range of potential, especially in the field of chronic 
disease treatment and local cancer treatment. MM-MNs can 
provide deeper and more efficient drug delivery, breaking 
through traditional methods’ limitations. For example, in the 
treatment of skin diseases such as psoriasis, microbe-driven 
drug delivery can not only improve drug permeability [ 8 ]. It 
can also reduce the side effects of drugs in the body, thereby 
improving the treatment compliance and quality of life of 
patients. In an experiment, calcipotriol was successfully delivered 
to a deeper layer of the skin via a hydrogen-driven microneedle 
system, notably relieving the symptoms of psoriasis and effec-
tively reducing side effects [ 6 ]. In addition, MM-MN systems 
can precisely deliver anticancer drugs to tumor tissues to 
reduce toxic and side effects to normal tissues, showing great 
potential in local cancer therapy.

Table 1. Comparison between MM-MNs and chemical gas production microneedles

Compared dimensions MM-MNs Chemical gas production microneedles

 Sustainability  Microorganisms continuously produce gas by 
metabolizing substrates such as glucose and nitrate, 
and the gas generation is synchronized with bacterial 
activity (up to 48 h) [ 3 ]

 Gas production relies on limited chemical reagents 
(such as NaHCO3 + H+), and gas depletion occurs 
after a single reaction [ 5 ]

 Controllability  AI real-time regulation [  16 ] or an inducible promoter 
(such as pH/hypoxia response) dynamically 
regulates gas production rate and duration [ 6 ,  11 ]

 The gas production rate is limited by the concentra-
tion of reactants and environmental conditions  
(such as pH and temperature), making it difficult to 
accurately regulate [ 5 ]

 Biocompatibility  Using probiotics (such as lactobacilli) and biocom-
patible gases (NO and H2S), without irritating 
by-products [ 6 ,  8 ]

 Strong acid/strong alkali reactions may cause local 
tissue irritation (such as residual HCl), and excessive 
accumulation of CO2 may trigger inflammation [ 5 , 7 ]

 Functional integration  Gas combines power drive and biological activity 
(such as NO promoting vasodilation and H2S being 
anti-inflammatory), synergistically enhancing 
therapeutic efficacy

 Gas (such as CO2) serves only as a physical driving 
force and lacks therapeutic function [ 5 ]

 Conversion potential  Can be designed as a disposable patch, without the 
need for external reagent supplementation. Bacterial 
self-destruct switch [ 11 ] ensures clinical safety

 Preloaded chemical reagents are required, and 
long-term storage stability is limited; Residual 
chemicals may require additional removal steps [ 7 ]

MM-MNs, microbial aerodynamic microneedles
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   To mitigate biosafety concerns, the MM-MN system now 
employs engineered Lactobacillus and S. cerevisiae as chassis. 
These strains are equipped with inducible promoters for 
context-dependent gas synthesis (e.g., pH-responsive NO pro-
duction) and programmed kill switches to ensure self-elim-
ination posttreatment. Such strategies align with Food 
and Drug Administration guidelines for live biotherapeutic 
products, enhancing clinical translatability while retaining 
gas-driven therapeutic efficacy.

   However, although the MM-MN system exhibits significant 
advantages, it still faces some challenges. First, the selection 
and optimization of microorganisms remains a key issue [  9 ]. 
Although E. coli can produce hydrogen efficiently, its potential 
pathogenicity and instability in different environments may 
pose a risk to clinical applications [  10 ]. Therefore, future research 
needs to focus on the selection of safer and more stable micro-
bial strains, such as genetically modified lactobacilli or yeasts, 
for better security and stability. Second, the precise release 
control of gas is still one of the difficulties in technical optimiza-
tion [ 5 ]. How to precisely control the release rate and amount 
of gas in order to better control the delivery of drugs is still the 
key to improving system stability and therapeutic effect. Future 
research can optimize the gas permeability of microneedle 
materials or combine smart response materials to regulate the 
metabolic process of microorganisms [ 11 ]. Precise control of 
gas release is achieved.

   Except for the precise delivery of MM-MNs, intradermal 
gas control behavior is also crucial. To solve the problem of 
intradermal gas control, the MM-MN system ensures accurate 
regulation through a multilayer strategy. Firstly, the micronee-
dles use gas-permeable hydrogel materials with adjustable 
porosity and limit the gas diffusion range by adjusting the 
cross-linking density to achieve localization. Secondly, the 
metabolic rate of genetically modified probiotic strains (such 
as lactic acid bacteria and brewing yeast) is matched with drug 
release kinetics, and the gas generation area is strictly restricted 
by microenvironmental conditions (pH and nutrient supply). 
Additionally, the AI-driven real-time monitoring system com-
bines sensors and machine learning algorithms to dynamically 
regulate metabolic activity, maintaining gas pressure within 
a preset threshold and ensuring that the depth of gas action 

is limited to the dermis layer. Regarding the safety risks of 
nonsystemic drugs, the system mitigates them through the 
following measures: calibrating the microneedle length to 800 
to 1,000 μm and verifying through in vitro pig skin experiments 
that 94% of drugs remain in the dermis layer. The microneedle 
tip introduces a thermosensitive polymer barrier that dissolves 
only upon contact with the skin to prevent drug penetration 
into the systemic circulation. At the same time, microbial gases 
(such as NO and H2S) have a short half-life (<5 min) and are 
rapidly metabolized, further anchoring therapeutic effects with 
local vasodilation and anti-inflammatory effects. A preclinical 
mouse model showed that the systemic drug concentration was 
below the detection limit, confirming local safety. In the future, 
the safety of bacterial strains (such as replacing them with bifi-
dobacteria) will be optimized and pH-responsive materials will 
be developed to dynamically block the generation of gases that 
penetrate unexpectedly deep.

   In the process of drug delivery, in addition to the dynamic 
action of driving drugs, the consumption of gases by microorgan-
isms can also provide unique therapeutic effects [  12 ]. For example, 
through the consumption of gas by bacteria, not only can drug 
delivery be promoted, but also negative-pressure suction can be 
achieved to further enhance the therapeutic effect. In the tradi-
tional vacuum aspiration technique, negative pressure is created 
by external equipment to promote local blood circulation, remove 
wound secretion, and accelerate cell regeneration. An MM-MN 
system can break the dependence of traditional negative-pressure 
suction technology on equipment and site and provide more 
efficient, flexible, and convenient treatment methods [ 7 ]. Gas 
consumption during bacterial metabolism can generate negative 
pressure, further promote local tissue repair, and enhance the 
depth and durability of drug delivery. In this way, drug delivery 
and local tissue repair can be performed simultaneously, improv-
ing the therapeutic effect [  13 ]. It is especially suitable for wound 
healing and chronic disease treatment [  14 ].

   The involvement of AI in the MM-MN system is also sig-
nificant [  15 ]. AI technology can accurately regulate the drug 
delivery process by monitoring the dynamic changes of micro-
bial metabolism in real time, combining with gas release rate, 
drug delivery depth, and other variables [ 16 ]. AI can track the 
generation and release of gases in real time with the help of 

Table 2. Microbial gases in MM-MNs: sources, physiological roles, and therapeutic functions

Microbial gas Microbial source Physiological role
Proposed function in  
MM-MN systems References

 Hydrogen (H2) ﻿Escherichia coli  
(natural producer)

 Antioxidant, 
anti-inflammatory

 Drives drug propulsion via 
gas pressure, enhances local 
tissue repair, and reduces 
oxidative stress

[3,6]

 Nitric oxide (NO)  Engineered Lactobacillus  
(via nitrate reduction)

 Vasodilation, immune 
modulation, antimicrobial 
activity

 Enhances drug bioavailability 
by improving local blood  
flow; synergizes with  
anti-inflammatory drugs

[8,16]

 Hydrogen sulfide (H2S)  Engineered  
Saccharomyces cerevisiae 
(via sulfate reduction)

 Anti-inflammatory,  
neuro-protective,  
promotes angiogenesis

 Amplifies drug targeting in 
inflamed/tumor tissues; 
supports tissue regeneration

[6,11]
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sensors and automatically adjust the metabolic activities of 
microorganisms through machine learning algorithms to ensure 
the accuracy and consistency of drug delivery. Through real-
time feedback and intelligent control, AI technology will be 
able to optimize microbial metabolic processes, achieve precise 
control of drug delivery, and provide more personalized and 
efficient treatment options.

   The acupuncture-microneedle-loaded hydrogel microsphere 
system proposed by Professor Wenguo Cui provides design 
implications for MM-MN systems, especially in terms of drug 
delivery depth and breadth [  17 –  19 ]. The acupuncture micronee-
dle system promotes the depth and breadth of drug delivery 
through the pneumatic force generated by microorganisms, 
which can achieve precise drug delivery in a wider range and 
provide a new idea for the clinical application of MM-MN sys-
tems. Combining the generation of microbial metabolic gases 
and negative pressure suction effects, MM-MN systems may be 
able to simultaneously achieve drug delivery and local tissue 
repair  in the future, further enhancing therapeutic efficacy [  20 ]. 
By doing so, it will further promote the widespread application 
of MM-MN.

   To sum up, MM-MN systems rely on their innovative drug 
delivery mechanism, precise drug controlled release capability, 
and microbial metabolism-driven mechanism [  21 ]. They show 
great potential for clinical application. The system not only 
breaks through the limitations of traditional microneedles but 
also provides a more flexible and accurate drug delivery scheme 
through the gas metabolism of microorganisms. Despite the 
challenges of microbial selection, safety control, and gas release 
regulation, MM-MNs are expected to become an important 
tool in the fields of precision medicine and multimodal ther-
apy, with the continuous development of microbiology, mate-
rials science, and drug delivery technology, which are widely 
used in chronic diseases, cancer treatment, and immuno-
therapy [  22 ]. Combined with negative-pressure suction and 
intelligent response technology, MM-MN systems may provide 
more efficient, safe, and personalized treatment for patients [  23 ]. 
To further promote the development of precision medicine and 
bring better treatment effect and experience to patients globally, 
further research and clinical implementation are essential.  
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