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1. Introduction

First aid is crucial for patients with 
sudden illnesses, such as myocardial 
infarction, severe hypoglycemia, and 
stroke.[1] In these situations, the patients 
may face an extreme risk of death if treat-
ment is not provided promptly; thus, time 
is life in these cases.[2] However, there are 
still a large number of deaths worldwide 
caused by a lack of timely resuscitation, 
which results from the shortage of emer-
gency equipment around the patient, the 
inability of the patient to call for help, 
or traffic congestion.[3] Moreover, drug-
based first aid is mainly dependent on 
intravenous or subcutaneous injection of 

Timely administration of key medications toward patients with sudden 
diseases is critical to saving lives. However, slow transport of first-aid 
therapeutics and the potential absence of trained people for drug usage 
can lead to severe injuries or even death. Herein, an unmanned aerial 
vehicle (UAV)-mediated first-aid system for targeted delivery (uFAST) is 
developed. It allows unattended administration of emergency therapeutics-
loaded transdermal microneedle (MN) patches toward patients to relieve 
symptoms by a contact-triggered microneedle applicator (CTMA). The 
implementability and safety of the uFAST for first aid is demonstrated in 
a severe hypoglycemic pig model by automatically delivering a glucagon 
patch with immediate and bioresponsive dual release modes. This platform 
technique may facilitate the development of UAV-mediated first-aid treat-
ments for other sudden diseases.
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emergency drugs, while this process always needs to be oper-
ated by professionals. In addition, inappropriate administration 
of the syringe needles for injections by patients may cause sec-
ondary injury, such as the risk of residual needle fracture in the 
skin, infection, as well as inflammation.[4]

Herein, we describe an unmanned aerial vehicle (UAV)-
mediated first-aid system for targeted delivery (uFAST) that can 
achieve autonomous administration of emergency medication 
without the involvement of additional or conscious persons 
(Figure 1a). The UAV can be initiated by an emergency signal 

Adv. Mater. 2023, 35, 2208648

Figure 1.  Schematic and characterization of UAV-mediated first-aid system for targeted drug delivery (uFAST). a) Schematic of uFAST. Once the UAV 
receives the emergency signal, it takes off immediately and reaches the patient to release the CTMA, which subsequently autonomously administers 
the MN patch into the skin for targeted drug delivery. b) Schematic of the components of the uFAST, including a UAV, a CTMA, and an MN patch. The 
MN patch is fixed onto the CTMA, which is secured in the UAV. c) Physical diagram of the CTMA and MN patch. d) Schematic of the CTMA. When the 
CTMA is untriggered, the pre-compressed spring (red) pushes the slidable base (black), and the tension spring (blue) pulls the bridge (purple) that 
is locked by the trigger (orange) and prevents the base from sliding out. Once the trigger touches the skin surface, it rises up to unlock the bridge, 
and the base is ejected out by the compressed spring. e) Simulation-predicted (dashed line) and experimentally measured (solid line) impulse of the 
CTMA with different spring wire diameters (WD) at RH of 0.5 m (n = 4). f) Simulation-predicted (S, dashed line) and experimentally measured (E, solid 
line) impulse of the CTMA with and without spring (1.5 mm WD) at RH from 0.1 m to 0.7 m (n = 4). In (e,f), data are presented as mean ± standard 
deviation (s.d.).
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with the positioning information from the patients, and it is 
able to reach the vicinity of the positioning signal based on 
an online calculated trajectory with real-time obstacle avoid-
ance capability. In this system, we utilize a microneedle (MN) 
patch as an emergency device because MNs  can provide con-
venient, safe, and efficient administration. Such transdermal 
formats can be tailored to achieve rapid drug release from a dis-
solvable tip as well as bioresponsive controlled release from a 
crosslinked matrix.[5] Of note, in order to adapt the MN patch 
to the UAV and realize UAV-mediated drug administration, a 
contact-triggered microneedle applicator (CTMA) is designed to 
provide a sufficient force to insert MNs upon contact with the 
skin (Figure  1b,c). When the UAV searches and identifies the 
patient, it hovers at a proper height and subsequently releases 
the CTMA to apply the drug-loaded MNs  into the skin for 
emergency care.

We further demonstrate the implementability and safety of 
the uFAST for first aid in a severe hypoglycemia disease model. 
Hypoglycemia is a common side effect occurring in people with 
diabetes receiving insulin treatment, and severe hypoglycemia 
may lead to coma, brain damage, or even death.[6] As severe 
hypoglycemia often leads to sudden fainting or occurs while 
sleeping at night,[7] the continuous glucose monitoring system 
(CGMS) on diabetic people that is able to real-time alert hypo-
glycemia could  serve as the danger signal source to pair the 
uFAST for timely administration of the glucose-elevating drug 
(glucagon).[8] In order to ensure accurate dosing of glucagon, a 
dual-mode microneedle patch (DM-MN) is developed to realize 
an immediate release of a basal dose as well as a sustained 
glucose-dependent release of a subsequent dose. In an insulin-
overdosing hypoglycemic diabetic minipig model, we further 
substantiate that the uFAST integrated with DM-MN could 
facilitate a timely aid in minutes, to alleviate the risk of severe 
hypoglycemia.

2. Results

2.1. Design and Characterization of the Autonomous Drug 
Delivery System

The autonomous drug delivery system consists of the CTMA, 
the release unit, the gimbal camera unit, and the base plat-
form attached to the bottom of the UAV. The detailed delivery 
gear design for the UAV is shown in Figure 1b. We equipped 
the release unit for locating the CTMA (Figure S1, Supporting 
Information), the onboard ultra-wideband (UWB) sensor for 
measuring the relative distance to correct the position of the 
patient, and the gimbal camera for identifying the patient to 
obtain the releasing point. The core part of the drug delivery 
module is the CTMA which administers the therapeutics into 
the body via a MN array patch (Figure  1c). The CTMA was 
designed and built to be lightweight (75 g), reducing the pay-
load during flight to increase the first-aid distance. Meanwhile, 
due to the necessity of the powerful force in MN patch appli-
cation, a contact-triggered system was designed to release the 
pre-stored energy. The CTMA is mainly composed of trigger 
elements, energy storage elements, and a MN patch. The 
schematic diagram of the CTMA is shown in Figure  1d and 

Figure S2, Supporting Information. When the trigger at the 
bottom of CTMA touches the skin surface, the springs can 
release sufficient energy to eject the slidable base so that the 
MN patch  attached can be inserted into the skin. After com-
pleting the first-aid task, the CTMA can be readily reused by 
pulling back the wrench.

Considering the administration mode of the MN  patch, 
sufficient pressure lasting for a period of time is essential for 
successful penetration. To this end, we evaluated the insertion 
performance of the CTMA by the integral of force with time 
(impulse). The impulse 

I generated by the CTMA was calculated as I  = mv1  − mv0, 
where m was the mass of the CTMA, and v0 and v1 were the 
velocities of the CTMA before and after applying respectively.

The simulation (see details in the Experimental Section; 
Equation (S1) and Figure S3, Supporting Information) predicted 
that the CTMA with the thicker springs or released from a 
higher position could generate a greater impulse (Figure 1e,f).[9] 
Real-world experiments were further conducted to validate the 
hypothesis (Figure  1e,f; Videos S1 and S2, Supporting Infor-
mation). The high-speed camera was used to measure the 
velocity of the CTMA (Figure S4, Supporting Information). As 
it was difficult to reset the CTMA when wire diameter (WD) > 
1.5  mm, the springs of 1.5 mm WD were selected in the fol-
lowing study to evaluate the performance of CTMA at different 
release heights (RHs).

In the final process of identification, the height of the uFAST 
determines the accuracy of the operating localization position. 
Due to the ground effect, the uFAST cannot hover stably at a 
relatively low position. Considering the magnitude of generated 
impulse, an optimized RH value of 50 cm was selected in the 
following experiments.

2.2. Combination of CTMA and Microneedle Patch

The MN patch was immobilized on the CTMA through fric-
tional force by cutting a pinhole in the MN patch slightly larger 
than the bottom area of the trigger element. Taking advantage 
of the pressure-sensitive films, the MN patches implementation 
comparison on the minipig skin between manually pressing 
and CTMA could be revealed directly, indicating the pressure 
generated by CTMA was uniform compared to that generated 
manually (Figure  2a). In addition, the hematoxylin and eosin 
(H&E)-stained section image further validated the insertion of 
the MNs into the minipig skin by CTMA (Figure 2b).

Furthermore, the MN insertion process was captured under 
high-speed photography (Figure 2c; Video S3, Supporting Infor-
mation). The slow-motion video of the MN  insertion process 
exhibited three main stages, that is, descending, triggering, 
and inserting. In Figure 2d and Video S4, Supporting Informa-
tion, the device fixed by glue (springs were invalid) was tested 
under the same experimental conditions but could hardly insert 
the MNs. With the aid of the high-speed camera, it could be 
perceived that the base corner touched the skin first in most 
cases, resulting in the putting straight of CTMA. After that, 
the springs could eject the base out during pose adjusting and 
provid sufficient force to deform the skin to fit the MN patch 
(Figure 2e).

Adv. Mater. 2023, 35, 2208648

 15214095, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202208648 by Z
hejiang U

niversity, W
iley O

nline L
ibrary on [29/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2023 Wiley-VCH GmbH2208648  (4 of 10)

www.advmat.dewww.advancedsciencenews.com

As the RHs may influence the CTMA drop position, we 
tested the positioning accuracy of CTMA-delivered MN patch 
both in vitro and in vivo. It demonstrated that the MN patch 
drop position was moved away from  the release position as 
the RH was increased (Figure S5A,B, Supporting Informa-
tion). With the RH of 50  cm, the average releasing position 
error (distance from the release position to the center of the 
MN path drop position) could be controlled within 2.44  cm 
in vitro (Figure S5A, Supporting Information) and 4.6  cm in 
vivo (Figure S5C,D, Supporting Information), respectively. The 
minimum circle area encompassing all MN patch positions was 
considered as the minimal dimension, which could be con-
trolled in a circle with a radius of 4.31 cm in vitro (Figure S5A, 
Supporting Information) and 9.22  cm in vivo (Figure S5D, 
Supporting Information). These results suggested that precise 
and area targeted drug delivery with the MN patch could be 
achieved by CTMA.

2.3. Preparation and Characterization of the Glucagon-Loaded 
DM-MN Patch

Glucagon is available as an emergency medication to treat 
severe hypoglycemia by stimulating the breakdown of liver gly-
cogen to increase blood glucose levels.[10] In order to prevent 
an overdose of glucagon, a DM-MN patch with a bilayer struc-
ture was developed. The DM-MN was comprised of two action 

modules: the MN tip made by the water-soluble polymer could 
immediately release glucagon to rapidly raise the blood glucose 
once inserted into the skin; the MN body made by glucose-
responsive polymeric matrix could sustainedly provide addi-
tional glucagon subsequently in a glucose-dependent manner 
to achieve better blood glucose regulation and prevent the blood 
glucose becoming too high or staying too low. The DM-MN 
patch was prepared by a two-step fabrication method based on 
two types of silicone MN molds. The immediate release module 
of DM-MN was first prepared from a mixture of glucagon (GC) 
and N-vinylpyrrolidone (NVP) by the in situ photopolymeriza-
tion at 4 °C, and the glucose-responsive release module was 
subsequently fabricated from the mixture of the glucagon 
analog (GA), NVP, ethylene glycol dimethacrylate (EGDMA), 
(4-((2-acrylamidoethyl) carbamoyl)-3-fluorophenyl) boronic acid 
(3FPBA), and 2-(dimethylamino) ethyl acrylate (DMAEA) by the 
same method (Figure 3a,b; Figure S6, Supporting Information).

The prepared DM-MN patch was made up of a 20 × 20 array 
of microstructures with a central spacing of 800  µm between 
the adjacent needles. The base width and height of the needle 
tip arrays were 400 and 500 µm, and the base width and height 
of the needle body array were 400 and 400  µm, respectively 
(Figure S6, Supporting Information). The fluorescence micros-
copy images of the DM-MN revealed the bilayer structure of 
the fluorescein isothiocyanate (FITC)-labeled GC loaded needle 
tip and the rhodamine-B-labelled GA loaded needle body 
(Figure  3c). The successful assembling of the two modules 

Adv. Mater. 2023, 35, 2208648

Figure 2.  Combined administration of the CTMA and MN patch. a) Visualization of the contact force by the pressure-sensitive films. Scale bar: 1 cm. 
b) Representative hematoxylin and eosin (H&E) stained sections of MNs penetrating into the minipig skin by different methods (manually and CTMA). 
Scale bar: 500 µm. c,d) The process of the MN patch administration by the CTMA with spring (c) and without spring (d) through the high-speed 
photography (imaging at 1800 frames per s). Scale bar: 1.2 cm. e) Representative force diagram of the CTMA with spring when it touched the skin 
surface. Scale bar: 1.2 cm.
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was further confirmed by scanning electron microscopy (SEM) 
images (Figure 3d), whereby the two modules were tightly con-
nected (Figure S7, Supporting Information). In addition, the 
fracture force of the DM-MN was determined as 0.307 ± 0.013 N  
per needle by a tensile compression machine (Figure S8, Sup-
porting Information), which was sufficient to penetrate the 
skin.[5g,h]

To achieve immediate release of GC for hypoglycemic emer-
gencies, the MN tip was fabricated by the polymerization of 
NVP without the crosslinker. As shown in Figure 3e, more than 
75% of GC could be released in ≈2 min, while less than 20% 
of GC was released even in 10 min from the polymeric matrix 
crosslinked by EGDMA. Phenylboronic acid was selected as the 
glucose-sensitive unit in the glucose-responsive release module. 
It could reversibly interact with glucose to form negatively 
charged cyclic boronic esters under hyperglycemic conditions, 

while dissociating to the uncharged group under hypoglycemic 
conditions, which led to an increased positive net charge within 
the MN polymeric matrix due to the presence of amino groups 
in DMAEA units (Figure 3b). As the isoelectric point (pI) of nat-
ural glucagon is ≈7.1,[11] it has weak electrostatic interaction with 
the charge-switchable MN matrix in a physiological environ-
ment (pH 7.4). Therefore, a positively charged glucagon analog 
was synthesized by introducing two basic amino acids, argi-
nine, to the C-terminus of glucagon. The resulting GA had an 
isoelectric point of ≈9.3 (Figure S9, Supporting Information). 
In vivo studies revealed that GA had a similar glucose-raising 
capacity compared to native glucagon (Figure S10, Supporting 
Information). In the glucose-responsive release module with a 
1:0.8 ratio of 3FPBA to DMAEA, GA could be quickly released 
due to the electrostatic repulsion by the positively charged MN 
matrix under hypoglycemia, while the release rate slowed down 

Adv. Mater. 2023, 35, 2208648

Figure 3.  Characterization of the glucagon-loaded DM-MN patch. a) Schematic of the fabrication process of a DM-MN patch from silicone molds using 
an in situ photopolymerization method. b) Mechanism of immediate GC release and GA glucose-responsive release from DM-MNs. c) Representative 
fluorescence microscopy images of the DM-MN patch containing the immediate release module (FITC-GC) and glucose-responsive release module 
(Rhodamine B-GA). Scale bar: 500 µm. d) Representative scanning electron microscopy images of the DM-MN patch. Scale bar: 500 µm. e) In vitro 
accumulated release of GC from the immediate release polymeric matrix with (w/) and without (w/o) the crosslinker of EGDMA in PBS at 37 °C (n = 
3). f) Pulsatile release pattern of GA by incubating in solution with different glucose concentrations of 50 and 200 mg dL−1 alternately. Each incubation 
time is 20 min. g,h) In vitro accumulated release of GC (g) and GA (h) from the DM-MNs in varying glucose concentrations at 37 °C, pH 7.4 (n = 3). 
In (e–h), data are presented as mean ± s.d. Statistical significance was determined by a two-tailed Student's t test. *P < 0.05, **P < 0.01.
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once returned to normoglycemia (Figure  3f; Figure S11, Sup-
porting Information).

The dual-mode release behavior of DM-MN patches was fur-
ther assessed in solutions with varying concentrations of glu-
cose. As shown in Figure 3g,h, the resultant DM-MN patches 
could realize a rapid release of glucagon and a sustained glu-
cose-dependent release of GA. In addition, the activity of the 
released GC and GA was similar to freshly dissolved native GC 
and GA in healthy mice (Figure S10, Supporting Information) 
because no additional extra organic solvent and the elevated 
temperature were involved during the fabrication process. 
The matrix-assisted laser desorption/ionization time-of-flight 
mass spectrum (MALDI-TOF-MS) analysis further confirmed 
that the released GC and GA remained intact throughout the 
polymerization process (Figure S12, Supporting Information). 
Moreover, the immediate release module showed insignifi-
cant toxicity at the various concentrations studied (Figure S13, 
Supporting Information), and the glucose-responsive release 
module that  was not dissolvable in vivo could be intactly 
removed from the skin.

2.4. In Vivo Studies of DM-MN Integrated uFAST 
in the Hypoglycemic Diabetic Pig Model

We further assessed the performance of the uFAST in an 
insulin-overdosing hypoglycemic diabetic minipig model 
regarding the minipig skin structure being similar to human 
skin.[12] Acute severe hypoglycemia in the streptozotocin-
induced type 1 diabetic minipig was developed by subcu-
taneous overdosing of insulin (0.035  mg kg−1). To achieve 
real-time and continuous recording of glucose levels in mini-
pigs, a continuous glucose monitoring system (CGMS) was 
affixed to the inside of the hind legs of the minipigs. When 
hypoglycemia occurred, the CGMS could alert and generate a 
danger signal to be transmitted to the uFAST. In this study, a 
manual signal containing the coordinate information was sent 
to the uFAST when the minipig got hypoglycemia. We used 
a visual-inertial system (VINS), a robust visual-inertial odom-
etry (VIO) framework, to localize the UAV,[13] and a newly 
developed trajectory representation named minimum con-
trol (MINCO) for trajectory planning.[14] Once the signal was 
sensed, the UAV took off equipped with the DM-MN patch. 
According to the target location signal and the obstacle map 
built from the real world, the UAV (FAST 330) could achieve 
automatic trajectory planning with obstacle avoidance capa-
bility.[15] Meanwhile, the destination was corrected online by 
relocating the signal source through onboard UWB sensors 
(Equation (S2) and Figure S14, Supporting Information). 
When the UAV reached the source of the signal, the UAV 
could accurately hover over the minipig through auto-iden-
tification based on the pre-trained YOLOv5 neural network. 
Then, the UAV fell to 50 cm above the center of the minipig, 
and released the CTMA to achieve DM-MN application into 
the skin of the minipig (Figure  4a; Video S5, Supporting 
Information). As shown in Figure 4b, the DM-MN effectively 
penetrated the skin of the minipig by uFAST.

Following the application of the DM-MN patch via uFAST, 
the blood glucose of the hypoglycemic minipig rapidly returned 

to the normoglycemic range within 90 min, which was sim-
ilar to the groups that received DM-MN patches by pressing 
manually (Figure 4c). However, the minipigs without any treat-
ment remained in the hypoglycemic state for more than 6 h 
(Figure S15, Supporting Information). Through comparing the 
different first-aid manners, the DM-MN integrated uFAST 
was able to achieve a fast glucose-raising effect as well as the 
manual pressing method, significantly minimizing the dura-
tion of hypoglycemia and reducing the risk of fatal danger 
(Figure 4d).

We further examined the plasma concentrations of GC and 
GA in the minipigs. As shown in Figure  4e,f, the DM-MN 
patches administered by either uFAST or manual pressing 
could achieve a similar rapid release of GC and the respon-
sive release of GA (Figure S16, Supporting Information). GC 
released from the immediate release module reached the 
maximum blood concentration in 30 min, while GA from the 
glucose-responsive module reached the maximum blood con-
centration in 45–60 min, and the release rate of GA gradually 
decreased with the rise of blood glucose. We also monitored 
the change of the glucose levels in the blood using both the 
CGMS and glucometer, and found that blood glucose could 
reach the normal blood glucose range ≈60 min after the use 
of DM-MN, indicating a corresponding dependence on the 
concentration of GC and GA in plasma. The time for CGMS 
to detect the rise of blood glucose to the normal range was 
≈90 minutes (Figure S17, Supporting Information), which
may be related to the existence of lag in the detection of blood
glucose by CGMS.[16] Insignificant neutrophil infiltration and
inflammatory response were noted after treatment with the
DM-MN by both uFAST and manual pressing (Figure 4g).

3. Conclusion

In the last decade, the rapid development of unmanned aerial 
vehicles (UAVs) has realized the remarkably effective transport 
of medicines and emergency equipment due to their capa-
bility of spatially unrestricted, terrain-independent, and rapid 
arrival at targeted locations, greatly improving the survival 
rate of emergency patients.[17] Besides the rapid transport of 
emergency medicine, a timely medication administration is 
also indispensable for preserving life. Nonetheless, the current 
medical UAVs still require emergency patients to administer 
drugs on their own or other people around them to help, which 
is not feasible in many situations. Therefore, there is an urgent 
need to develop a UAV-based system that can not only identify 
the position of patients and reach them immediately but also 
achieve autonomous drug administration to relieve symptoms.

We have developed a UAV-assisted autonomous drug 
delivery system for first aid. Our uFAST consists of the UAV, 
the CTMA, and the MN patch containing emergency therapeu-
tics. Among them, the UAV could complete the reception of 
the emergency signal, generating trajectory to the target loca-
tion, obstacle avoidance, and target recognition; the CTMA 
enables autonomous drug delivery to provide first aid without 
additional assistant; the MN patch offers a fast-acting and 
smart drug delivery for the emergency patient. Both simula-
tion and real-world experiments indicated that CTMA could 

Adv. Mater. 2023, 35, 2208648
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provide a uniform and sufficiently powerful force for the 
microneedle to be firmly inserted into the skin. Moreover, the 
MN patch with dual modes could not only offer a basal dose 
of the emergency drug at the first time but also support with 
a subsequent glucose-dependent dose to prevent the potential 
side effect of overdosing. In vivo studies confirmed that the 
uFAST successfully implemented autonomous first aid in a 
hypoglycemic minipig model, which effectively prevented the 
continuous decrease in blood glucose and promoted its rise to 
the normal range.

Furthermore, in order to improve the insertion rate of the 
MNs into the uneven skin, the flexible materials could  be 
integrated at the bottom of CTMA, ensuring that CTMA can 
well fit the skin during the administration. In addition, wear-
able monitoring devices such as smart watches that can mon-
itor physiological signals including blood pressure and heart 
rate, can be further paired with the uFAST.[18] Once a dan-

gerous signal is identified by the wearable monitoring device, 
it could transmit the alert and position information to initiate 
the uFAST for first aid. Considering the impact of environ-
ment and positioning accuracy, several advanced detection 
or analysis regions could  also be further combined with the 
uFAST. For example, the radar-based system (OUSTER OS0) 
and thermal images could be applied for detection in difficult 
weather conditions.[14,19] The OpenPose system and Instance 
Mask Projection system could  integrate for detecting real-
time pose and delivering drugs to the targeted area (e.g., bare 
skin) to enhance the accuracy.[20] Meanwhile, other formula-
tions and administration approaches of drugs, such as trans-
dermal creams and aerosols, even new delivery devices[21] 
can  be integrated with the uFAST  to extend this platform 
of UAV-mediated drug delivery for emergency treatment of 
other sudden diseases and dangerous occasions associated 
with fires.

Adv. Mater. 2023, 35, 2208648

Figure 4.  In vivo performance of the DM-MNs-integrated uFAST in an insulin-overdosing hypoglycemic diabetic minipig model. a) The working process 
of the DM-MN integrated uFAST in the minipig model. a-i) Autonomous take-off once the alert signal is received. a-ii) Automatic trajectory planning. 
Red track: optimized trajectory; Green track: global trajectory; Blue track: flight trajectory. Blue point: UWB sampling points. a-iii) Re-location. Blue 
point: UWB sampling points; Red point: corrected localization of minipig (the patient model). a-iv) Identification. a-v) Release of the CTMA. a-vi) 
Administration of the DM-MN patch toward the minipig skin. b) Top: photograph of DM-MN patch applied to the skin of the minipig by uFAST in (a), 
bottom: H&E-stained section of minipig skin penetrated by the DM-MN patch. Scale bar: 300 µm. c) Plasma glucose levels (PGLs) in insulin-overdosing 
hypoglycemic diabetic minipigs (n = 3) without treatment or with treatments by different methods, including the DM-MN patches administered manu-
ally or by uFAST as well as subcutaneous GC injection delayed by 30 min. Patch size: 2 cm × 2 cm. Insulin dose: 0.035 mg kg−1. GC dose in DM-MNs: 
1 mg. GA dose in DM-MNs: 3 mg. GC dose in injection: 1 mg. Black arrow, the time point of the DM-MNs administration. Red arrow, the time point 
of subcutaneous injection of GC. Gray area, PGLs below 70 mg dL−1 (hypoglycemic range). d) Duration of hypoglycemia in minipigs (n = 3) received 
different treatments. e,f) PGLs and plasma concentrations of GC and GA in minipigs (n = 3) treated with the DM-MN patches manually (e) or by 
uFAST (f). g) H&E-stained skin sections of minipig skin pre- and post-treatment of DM-MNs. Scale bar: 1 mm. In (c–f), data are presented as mean 
± s.d. Statistical significance was determined by a two-tailed Student's t test. *P < 0.05 and ****P < 0.0001.
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4. Experimental Section
Materials: All of the non-standard parts of CTMA were processed by

nylon 3D printing made by WeNext. The UWB sensors (LinkTrack PS-B 
and LinkTrck PTag) were purchased from Nooploop. The USB camera 
(KS2A543) was purchased from Kingcent. The servo motor (HT-S-2806) 
was purchased from Haitai Electromechanical. The steering motor 
(LX-15D) was purchased from Hiwonder. All chemicals were purchased 
from Aladdin unless otherwise specified and used as received. Glucagon 
analog (sequence: HSQGTFTSDYSKYLDSRRAQDFVQWLMNTRR) was 
ordered from GL Biochem Ltd. (Shanghai, China). Human glucagon 
(GC) was purchased from Bidet Pharmaceuticals (Catalog No. 
BD132093). Coomassie (Bradford) Protein Assay Kit was purchased 
from Thermo Fisher Scientific (Catalog No. 23200). Norland Optical 
Adhesive 86H was purchased from Edmund Optics (Catalog No. 
12–848). Glucagon human enzyme-linked immunosorbent assay (ELISA) 
kit was purchased from Thermo Fisher Scientific (Catalog No.EHGCG). 
(4-((2-acrylamidoethyl) carbamoyl)-3-fluorophenyl) boronic acid was 
purchased from AmBeed (Catalog No. A1194179). Streptozocin (STZ) 
was purchased from MACKLIN (Catalog No. S817944).

Autonomous UAV-Mediated Microneedle Delivery in the Forest: The FAST 
330 UAV was utilized to integrate the autonomous medicine delivery 
system in this study. The quadrotor was equipped with an Nvidia Xavier 
NX for onboard computing, an Intel RealSense D435 stereo camera pair 
for imagery and depth sensing, and a PX4 autopilot for stabilizing the 
drone and feeding inertial measurement unit data. A manual estimate 
was applied as a danger signal (based on CGMS) to send the initial 
approximate position information of the patient (minipig). To estimate 
and correct the localization of the patient, the relative distance between 
uFAST and the patient was measured by using the onboard UWB sensor. 
To further smooth the position of the patient based on the detection of 
YOLOv5, a lowpass filter was applied. Once the uFAST hovered stably at 
the expected position, the CTMA was released.

CTMA Characterizations: To keep the consistency of the experiment 
conditions, the CTMA was released from the release device, and the 
device without spring was made by fixing the CTMA with its slidable 
base with glue. The impulse measuring test was performed using a high-
speed camera (PHANTOM Miro C210) to record images at the rate of 
4000 fps (Figure  S4, Supporting Information), whose interval time ∆t 
was 250 µs. The initial velocity v0 was determined by the RH h calculated 
as 20v gh= . The initial and the final frame numbers were manually 
determined with the interval of n  = 40. The initial frame referred to a 
frame at which the base of the CTMA first left the skin. The displacement 
∆x was defined as the distance between the center of gravity of the CTMA 
at the selected frame numbers. The generated impulse was calculated 
as: I = mΔv, where / 2 / | |1 0v v v x n t gh g g( )( ) ( )∆ = − = ∆ ∆ − .

Positioning Accuracy of CTMA: In the in vitro experiment, to precisely 
locate the MN patch position after using the CTMA, 40% gelatin was 
chosen as the skin model for the MNs position recording. The MN patch 
was fixed on the CTMA. After releasing the CTMA at different heights, 
the MN patch lodged into the gelatin to leave an imprint. Photographs 
of the gelatin with the MNs imprint were subsequently taken and the 
location of the MN patch position was depicted by CorelDraw for further 
analysis. In the in vivo experiment, the CTMA was assembled on the 
UAV. The CTMA was released when the UAV reached above the minipig 
by identifying the minipig. The release process of the CTMA and the 
position of the MN patch were recorded by the camera fixed on the UAV.

Blood-Glucose-Raising Effect of GA: GA and GC were dissolved in 
0.01 m HCl solution and configured into 1 mg mL−1 solution, respectively. 
The initial blood glucose of each mouse was measured by a glucometer 
(Accu-Chek Aviva). The GC and GA were injected subcutaneously 
into healthy C57BL/6 mice at a dose of 15  mg kg−1, followed by a 
measurement of blood glucose level after 15 min of injection. The animal 
study protocol was approved by the Institutional Animal Care and Use 
Committee at Zhejiang University.

Fabrication of DM-MN Patch: The DM-MN patch was prepared by 
press alignment and twice polymerization under ultraviolet irradiation. 
In brief, to prepare the DM-MN, a total of two microneedle molds were 

used: a 400 × 400  µm base and 500  µm height pyramid mold and a 
400 × 400 µm base and 400 µm height square prism mold, respectively. 
The needles in both molds were arranged in a 20 × 20 array with 
a spacing of 400  µm. The glucose-responsive part of the DM-MN 
was first prepared. The ethylene glycol dimethacrylate (EGDMA) 
(0.5 wt%) as the crosslinker and 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959) (1.5 wt%) as the photoinitiator 
were dissolved in N-vinylpyrrolidone (NVP) solution, followed by the 
addition of (4-((2-acrylamidoethyl) carbamoyl)-3-fluorophenyl) boronic 
acid (3FPBA) and 2-(dimethylamino) ethyl acrylate (DMAEA) in a molar 
ratio of 1:0.8 to the mixture. The mixture then placed under ultrasound 
until completely dissolved. Afterward, the GA (12 wt%) was dispersed 
in the prepared monomer, mixed thoroughly under ultrasonication, 
and the solution was directly deposited by pipette onto the surface of 
the square prism molds. Then, the molds were placed under vacuum 
for 20 min to allow the solution to fill the mold cavities. After removing 
the excess solution, the mold on an ice bath was placed under a UV 
curing lamp for 5 min of photopolymerization (135 mW cm−2, 365 nm). 
The UV curable substrate (NOA 86H) was then added dropwise to 
the mold and cured under a UV lamp for 5 min to obtain the glucose-
responsive module of DM-MN. The immediate release module of the 
DM-MN was subsequently prepared in a similar manner. The mixture 
of the immediate release part contained only NVP, Irgacure 2959 
(1.5 wt%), and GC (10 wt%), and was deposited by pipette onto the 
surface of the pyramid mold. To integrate the immediate release module 
and glucose-responsive release module, the glucose-responsive release 
part was aligned and inserted into the pyramid microneedle mold filled 
with the immediate release module of the monomer solution under a 
stereomicroscope, and the mold was placed on an ice bath under a UV 
curing lamp for 5 min for photopolymerization (135 mW cm−2, 365 nm). 
The resulting patch was carefully separated from the mold and stored in 
the vacuum desiccator for further studies.

Microneedle Characterizations: The fluorescence images of the 
DM-MN were observed using a fluorescence microscope (Nikon). 
Nova Nano 450 field-emission scanning electron microscope (SEM) 
was applied to characterize the DM-MN patch. The DM-MN patch was 
sputtered with a gold/palladium target for 30  s prior to imaging. The 
mechanical strength of the microneedle was measured by pressing the 
microneedle against a stainless-steel plate. The initial gauge between the 
microneedle tip and the stainless-steel plate was set at 1.00 mm and the 
load cell capacity was 10.00 N. The top stainless-steel plate was moved 
toward the microneedle at a speed of 0.1 mm s−1. The failure force of the 
microneedles was recorded when the needles began to buckle.

MALDI-TOF Spectra: GC was extracted from the immediate release 
part of the prepared DM-MN patch in PBS solution for 5 min, and GA 
was extracted from the glucose-responsive release part of DM-MN 
in 0.01 m HCl at 4 °C for 24 h. The spectra of the released GC, GC, the 
released GA, and GA were detected using an Ultraflextreme MALDI-TOF/
TOF system.

In Vitro Release Studies: To assess the immediate release of GC 
and glucose-responsive release of GA, the immediate release and 
responsive-release modules of the DM-MN patch were placed in 1 mL 
of PBS solution (pH 7.4), respectively, and incubated at 37 °C with gentle 
shaking (400  rpm) at different glucose concentrations (50, 100, and 
200 mg dL−1). At predetermined time points, 10 µL of supernatant was 
collected into 96-well plates and released GC or GA was quantified using 
the Coomassie (Bradford) protein assay (Thermo Fisher Scientific). 
Absorbance was detected at 595 nm on the Synergy H1 microplate reader 
(BioTek) and concentrations were calculated using GC (8-500 µg mL−1) 
or GA (8-500  µg mL−1) standard curves. The release patterns of GC 
and GA integrated in the DM-MN patch were performed in the same 
way, where the GC and GA were labeled with FITC and rhodamine B, 
respectively. The release of GC and GA was detected by a fluorometric 
method (GC: excitation wavelength: 490  nm, emission wavelength: 
520  nm; GA: excitation wavelength: 540  nm, emission wavelength: 
593 nm), and the concentration of FITC-labeled GC (0–500 µg mL−1) and 
rhodamine-B-labeled GA (0–500 µg mL−1) standard curve were used to 
calculate the concentration.
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Cytotoxicity of the DM-MN: The immediate release part of DM-MN 
was re-dissolved in DMEM medium and added to B16F10 cells for 24 h, 
and cell viability was detected using the CCK-8 kit.

In Vivo Studies Using an Insulin-Overdosing Hypoglycemic Diabetic 
Minipig Model: The animal study protocol was approved by the 
Institutional Animal Care and Use Committee at Zhejiang University. 
Three male Bama minipigs were used. Insulin-deficient diabetes was 
induced in minipigs by intravenous administration of STZ (150  mg 
kg−1). STZ was dissolved in freshly prepared sodium citrate–disodium 
citrate buffer (pH 4.5) under light-protected conditions at a final 
intravenous concentration of 75  mg mL−1 and was administered 
intravenously within 10 min. The successful establishment of an 
insulin-deficient diabetes minipig model was confirmed by monitoring 
glucose levels with a continuous glucose monitor system (CGMS, 
FreeStyle Libre, Abbott) affixed to the inner hind limbs of the minipig 
after 7 days of STZ injection. Diabetic minipigs were treated once 
daily with glargine insulin (0.3–0.8 U kg−1; Lantus; Sanofi) for glycemic 
control. Daily treatment was stopped 36  h before the experiment. All 
minipigs (25–30  kg) were fasted overnight before the experiment and 
an overdose of insulin (0.035 mg kg−1) was injected subcutaneously on 
the following day. After blood glucose level was at a hypoglycemic level 
(<70  mg dL−1), DM-MN was applied to the flanks of the minipigs by 
using different methods, and the doses of GC and GA in each patch 
were 1.0 and 3.0 mg, respectively. The minipigs were under anesthesia 
during the application of the patch. Before applying DM-MN, the hair 
on the lateral side of the minipig was shaved, and the microneedle was 
inserted into the shaved skin by hand pressing or by uFAST. To secure 
the patch on the skin surface, a 3M Tegaderm transparent film dressing 
was used to cover the patch. Before applying DM-MN through the 
uFAST, DM-MN was attached to a 3 M film dressing and secured to the 
CTMA. Blood glucose changes were continuously monitored by CGMS 
during the experiment. To verify that the elevated glucose and drug 
release were correlated, the concentrations of GC and GA in plasma 
were measured by ELISA and fluorometric methods, respectively. After 
applying the DM-MN patch in different ways, blood was collected 
from the anterior vena cava at the indicated time points and blood 
glucose levels were measured by using a glucometer (Accu-Chek Aviva 
glucometer, Roche Diabetes Care Inc.). The plasma was then extracted 
from blood by centrifugation (3000 rpm, 20 min) and stored at −20  °C 
until it was assayed.

H&E Staining: DM-MN patches were applied to the shaved skin of 
minipigs using different methods (manually and by uFAST), and 1 day 
after removal of DM-MN, the skin was obtained from the treatment 
site, fixed in 4% formaldehyde for 24 h, and sectioned and stained 
with H&E.

Statistical Analysis: All the results are presented as mean ± s.d. 
Statistical analysis was performed using a two-tailed Student's t-test. 
The differences between experimental groups and control groups were 
considered statistically significant at P <  0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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