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A B S T R A C T

A gradient porous microneedle array (GPMA) is developed for transdermal drug delivery. A modified hot
embossing approach is proposed to fabricate the GPMA from poly (lactic-co-glycolic acid) powders within a
cavity array mold under the coupling combination of gradient thermal and pressure multi-fields. The porosity of
the microneedles is a gradient, and the pores are mainly distributed in the tip region. The liquid drug for-
mulation can directly be loaded in the pores of the microneedle tips by dipping. GPMA could penetrate into the
rabbit skin without breakage and the penetration force per microneedle is approximately 22mN. The GPMA can
diffuse a dry model drug, namely Rhodamine B, in vitro in the rabbit skin dermis. The GPMA can also effectively
deliver an insulin solution in vivo in diabetes rats, lowering the blood glucose levels. Above all, as a dry or liquid
drug carrier and a minimally invasive injector, the GPMA offers an effective alternative for transdermal drug
delivery.

1. Introduction

The microneedle array (MA) is one of the most promising trans-
dermal drug delivery systems in the pharmaceutical field [1–3]. The
MA has demonstrated enhanced efficacy by delivering various ther-
apeutic compounds across the skin barrier, with numerous advantages,
such as self-administration, minimally invasive nature, first-pass-me-
tabolism avoidance, enhanced safety and easy disposal [4,5]. The usage
of the MA for transdermal drug delivery has become a major research
direction in the past several decades.

At present, five different MA types have been developed for trans-
dermal drug delivery, namely solid MA, coated MA, dissolvable/de-
gradable MA, hollow MA, and porous MA [5–9]. Solid MA is normally
employed in the “poke with patch” delivery approach, the main lim-
itation of which is the requirement for a two-step application process,
resulting in practicality issues for patients [5]. The delivery strategy of
coated MA is “coat and poke” [10], and its main limitation is the re-
stricted dosage of the drug coated on the finite microneedle surface.
Dissolvable/degradable MA is prepared from a dissolvable/degradable

polymer in which drugs are embedded for controlled or rapid release in
the skin [10]. The delivery approach is “poke and release”, but it is
impossible to load and deliver liquid drugs directly. Hollow MA can
transport liquid drugs into the skin via its holes continuously, providing
an unlimited dose of drugs. Its delivery approach is “poke and flow”
[6]. The limitations of hollow MA are the complex fabrication process,
potential microneedle clogging, and requirement of a syringe to inject
liquid formulations [11,12]. As a single-unit drug delivery system,
porous MA contains numerous randomly distributed pores in which it
can load either a dry or liquid drug formulation [13]. A dry drug stored
in the pores can be hydrated with the interstitial fluid, resulting in drug
diffusion in the skin, while a liquid drug formulation can diffuse di-
rectly from the microneedle pores into the skin. Therefore, porous MA
facilitates transdermal drug delivery by means of two major ap-
proaches: “poke and release” and “poke and flow.” Above all, the de-
livery approaches of these five MAs exhibit their particular merits and
demerits with respect to transdermal drug delivery, and porous MA
provides a flexible and multifunctional transdermal drug delivery
system.
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However, research on the fabrication of porous MA for transdermal
drug delivery has received little attention, owing to its limitations in
terms of the complex fabrication process and low mechanical strength.
Several fabrication techniques have been employed to fabricate porous
MA from silicon, ceramics, metal, and polymers. Chen et al. [14] and Ji
et al. [15] proposed fabrication of the porous tips of silicon MA by
electrochemical etching for the transdermal delivery of high molecular
weight drugs. Silicon is already a brittle material and making it porous
further weakens its strength, resulting in easy breakage in skin upon
piercing. Maaden et al. [6] and the Luttge group [16–18] fabricated an
alumina ceramic porous MA using a micro-molding technique for drug
and vaccine delivery. The micro-molding technique offers the potential
for up-scaling the fabrication of porous MA [10]. These alumina porous
MA exhibited effective chemical and compression resistance, but were
also brittle and fractured easily upon manual skin piercing [17]. Yan
et al. [12] fabricated a Ti porous MA by an integrated process of wire-
electrode cutting and wet etching from a porous Ti wafer for insulin
injection. However, this fabrication process was costly and thus not
suitable for mass production. We [13] previously proposed the fabri-
cation of a Ti porous MA by modified metal injection molding tech-
nology for transdermal drug delivery. This porous Ti MA exhibited high
mechanical strength while its biocompatibility required further in-
vestigation. Park et al. [19] ultrasonically welded poly (lactic acid)
micro-particles to fabricate a porous MA for biosensing and tissue en-
gineering. However, this polymer porous MA was fragile and unable to
penetrate the skin. Liu et al. [20] fabricated a polymer porous MA by
interconnecting microchannels using photopolymerization within a
mold for rapid fluid transport. This porous MA exhibited sufficient
penetration strength in the skin, but this research focused little on
transdermal drug delivery. Overall, the cost-effective fabrication of a
porous MA with high penetration strength for transdermal drug de-
livery remains a challenge.

In this study, we developed a novel gradient porous MA (GPMA)
with high mechanical strength for skin penetration and transdermal
drug delivery. The GPMA was fabricated from poly (lactic-co-glycolic
acid) (PLGA) powders, using a modified hot embossing approach within
a cavity array mold, under the coupling combination of gradient
thermal and pressure multi-fields. The fabrication process was found to
be simple and cost-effective. The distribution of pores in the micro-
needle was a gradient. The liquid drug formulation can be loaded di-
rectly and rapidly in the tip pores by dipping. The MA drug delivery
efficacy is usually limited by incomplete insertion and extended period
required for drug dissolution [21–23]. A drug loaded in the tips can
interact directly with the interstitial fluid, thereby enhancing the uti-
lization ratio and drug release velocity. PLGA has been used extensively
in the biological field owing to its biocompatible, bioactive, and bio-
degradable nature. GPMA made from PLGA offers the advantage that
broken microneedles left inside the skin will eventually disappear [6].
In the following sections, the GPMA fabrication process is analyzed, and
the GPMA morphology and pore distribution are observed. Moreover,
the penetration performance of GPMA is measured. In vitro diffusion of
dry Rhodamine B in rabbit skin and in vivo delivery of an insulin so-
lution in diabetes rats are investigated.

2. Experimental

2.1. Ethics statement

All animal procedures conducted in this work were reviewed, ap-
proved, and supervised by the Institutional Animal Care and Use
Committee (IACUC), Sun Yat-sen University (Approval Number:
IACUC-DD-16-0901).

2.2. Material preparation

PLGA powders (lactide/glycolide ratio of 50: 50, molecular weight

range of 60–130 kD, and average particle diameter of 50 μm) were
bought for the fabrication of GPMA. The Rhodamine B was purchased
from Aladdin, China. Streptozotocin (Sigma, USA) and insulin (bovine
pancreas, CAS: 11070-73-8, Shanghai, China) were purchased for the
animal experiments. The liquid drug loading volume in the GMPA patch
could be measured by a weighing method. The insulin was dissolved in
dilute acid, and insulin solutions with different concentrations were
prepared in advance and stored at −20 °C. Once the in vivo transdermal
drug delivery was performed, certain volumes of insulin solutions with
different concentrations were dipped in the GMPA. Samples of 0, 2.5, 5,
and 10 IU insulin-loaded GPMA were prepared.

Fresh rabbit skin was prepared for the ex-vivo skin penetration and
transdermal drug delivery. A New Zealand rabbit (male, 3 months old,
3.0 kg) was purchased from the Xinhua Experimental Animal Farm
(Huadu District, Guangzhou, China). The rabbit was mercifully killed
by an intravenous injection of pentobarbital. The hair was removed,
and the skin was cut into squares with a size of 20× 20mm and
thickness of 2.5 ± 0.1mm. Sprague-Dawley (SD) rats (female,
200 ± 20 g) were provided by the Experimental Animal Center of Sun
Yat-sen University, China.

2.3. Fabrication process of GPMA

A modified hot embossing method was developed for the GPMA
fabrication, as illustrated in Fig. 1. The detailed fabrication procedures
of the GMPA were as follows. (1) Fabrication of the cavity array mold
by laser micro-machining method [24]: the cavity array molds were
fabricated in one step by drilling on the top surface of 2mm thick
aluminum sheets with a laser beam, using a pulsed fiber laser engraving
machine (IPG, No. YLP-1-100-20-20-CN, Germany). A 12× 12 conical
needle-shaped cavity array was fabricated on the aluminum sheet under
a laser power of 20W, laser scanning speed of 500mm/s, and scanning
number of 1500. The fabricated molds were ultrasonically cleaned for
2 h. (2) Fabrication of GPMA by modified hot embossing method: The
top and bottom heating blocks were uniformly heated and maintained
at the temperatures of 65 °C and 50 °C, respectively. The cavity array
mold was placed on the bottom heating block. A certain amount of
PLGA powder was uniformly filled in the cavities and paved on the
cavity array mold surface. The top heating block was slowly com-
pressed on the PLGA powder at a force of approximately 800 N for
30min. Thereafter, the cavity array mold with the prepared GPMA was
removed and cooled at a temperature of 35 °C for approximately 5min.
Finally, the GPMA was peeled off from the cavity array mold. (3)
Plasma treatment of GPMA: the GPMA was treated with a plasma re-
actor (D T01, Suzhou, OPS Plasma Technology Co., Ltd). The reactor
was firstly pumped at a vacuum of 5–10 Pa. Then air was injected and
the pressure of reactor was maintained at 20 Pa. GPMA was plasma
treated at 250W for 10min. The GPMA morphology was observed with
an SEM (Quanta 400F, OXFORD, Holland) and digital camera (Canon,
Guangzhou, China).

Fig. 1. Schematic of modified hot embossing setup for the GMPA fabrication.
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2.4. Drug storage capacity test

Drugs can be stored in GPMA pores. The GPMA porosity was mea-
sured by the density method [25]. The drug storage capacity was in-
vestigated with a confocal laser scanning microscope (Zeiss 710, Ger-
many). All of the GPMA microneedles were immersed in a Rhodamine B
solution (1.5 ml, 0.2 wt%) for 2min, removed and air dried for 1 h in
the flow cabinet. The GPMA loaded with Rhodamine B was observed by
the confocal laser scanning microscope.

2.5. Insertion test

A mechanical loading setup was developed to investigate the GPMA
penetration performance, as illustrated in Fig. 2. A force sensor (Nano
17 Titanium, ATI Industrial Automation, USA) was assembled on a DC
linear motor (E-861, PI, Germany). The force sensor range and resolu-
tion were 14.1 N and 2.93 mN, respectively. The loading force and
displacement during the insertion process could be obtained by the
force sensor and linear motor, respectively.

The fresh rabbit skin was fixed on polystyrene foam, which was used
to mimic the soft tissue under the skin [26]. The GPMA was boned on a
force sensor. The linear motor with GPMA was moved towards the fresh
rabbit skin at a speed of 0.05mm/s. The loading force and displacement
were recorded simultaneously by self-developed software on the com-
puter. The insertion process was stopped once the loading force reached
10 N. The insertion test was performed at a temperature of 25 °C and
moisture of 90%. The punctured rabbit skin was observed with the SEM
(Quanta 400F, OXFORD, Holland).

2.6. In vitro dry drug diffusion performance

The dry drug diffusion performance of the GPMA in the rabbit skin

was investigated according to the following process: (1) The GPMA
microneedle tips were soaked in the Rhodamine B solution (1.5 ml,
0.2 wt%) for 2min, removed, and dried for 1 h in a flow cabinet. (2)
The fresh rabbit skin was fixed on polystyrene foam. The GPMA loaded
Rhodamine B was compressed on the rabbit skin under a force of ap-
proximately 5 N for 10min. The GMPA was removed from the rabbit
skin. (3) The punctured skin was observed by a microscope (BX51M,
Olympus, Japan). (4) The punctured skin was embedded in a medium
(O.C.T. Compound, SAKURA, Tissue-Tek ®American) to ensure optimal
cutting temperature, frozen at −25 °C, and cut into 10 μm thickness
slices in the vertical direction using a cryostat microtome (Leica,
CM1850UV, Germany). (5) The skin slices were observed with an in-
verted fluorescence microscope (Eclipse Ti-E, Nikon, Japan).

2.7. In vivo transdermal insulin delivery

For this experiment, 200 ± 20 g SD rats were selected. All rats were
fasted for 15 h but allowed to drink freely prior to the streptozotocin
injection. The rats were intraperitoneally injected with a dose of 55mg/
kg streptozotocin in a citric acid buffer (pH 4.3) to induce type 1 dia-
betes. The blood glucose levels (BGLs) of the induced rats were mon-
itored for 3 d. The rats, whose BGLs exceeded 360mg/dL and reached a
stable hyperglycemia, were used in the drug administration. The hair
on the back region was shaved. Six experimental groups (n=5 for each
group) were designed for administration: healthy SD rats without
treatment, diabetic SD rats treated by subcutaneous injection of insulin
solution (5 IU), and diabetic SD rats treated by insulin-loaded GPMA (0,
2.5, 5, and10 IU) by dipping. The rat bloods were collected from the tail
vein every hour during the 9 h administration, and the glucose con-
centrations were measured with a blood glucose meter (Roch®Accu-
Chek, Shanghai, China).

2.8. Statistical analysis

The two groups were compared by the two-tailed student's t-test and
the results were presented as the mean ± SD. A difference of p ˂ 0.05
was regarded as statistically significant.

3. Results and discussion

3.1. GPMA fabrication and characterization

A 12×12 GPMA is depicted in Fig. 3(a). The two key fabrication
steps of the GPMA were laser micro-machining of the cavity array mold
and hot embossing of the GPMA. A conical needle-shaped cavity array
is illustrated in Fig. 3(b). The micro-cavities were drilled as the focused
laser beam was emitted onto the aluminum sheet surface, and the
cavities were uniformly distributed on the mold. The surface of cavities
was slightly rough. The distance of adjacent cavities was 1mm, and the
cavity base diameter and depth were approximately 0.45 and 0.5mm,

Fig. 2. Schematic of mechanical loading setup for GMPA penetration perfor-
mance test.

Fig. 3. (a) Digital image of GMPA. SEM images of (b) cavity array on aluminum sheet, (c) microneedle array, (d) a microneedle, (e) microneedle tip surface, and (f)
cross-section of microneedle tip.
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respectively. The detailed mechanism of the laser micro-machining
process can be described as follows: when the focused laser beam
scanned on the aluminum sheet surface, the aluminum was rapidly
heated, melted, and evaporated, and then generated plasma owing to
the extremely high energy density [27,28]. A laser shock was induced
by the plasma expansion, removing the molten aluminum [24,29]. Fi-
nally, a conical needle-shaped cavity array was fabricated in the alu-
minum sheet, where the body of microneedles was formed. Laser micro-
machining is a simple and flexible technique for the fabrication of
cavity array with various geometries.

The GPMA was fabricated using a matched cavity array mold by the
modified hot embossing technique. PLGA powders were filled into the
cavities and uniformly paved on the top surface of the cavity array
mold. The GPMA fabrication process was accomplished using a com-
bination of heat and pressure on the PLGA powders. The heating tem-
perature at the interface between the top heating block and PLGA
powders was approximately 65 °C, which was slightly higher than the
melting point of PLGA powders. The temperature at the interface be-
tween the bottom heating block and PLGA powders was approximately
50 °C, which was below the PLGA melting point. Therefore, the tem-
perature on the PLGA powders was gradient. Furthermore, the com-
pression stress on the PLGA powders was gradient owing to the me-
chanical characteristics of the porous powder material. Therefore,
under the multi-field coupling combination of temperature and com-
pression, the PLGA powders at the GPMA substrate were completely
melted together, while powders at the microneedle body were justly
bonded together, finally forming the GPMA. The GPMA was peeled off
from the cavity array mold as it was cooled to a temperature of 35 °C,
following which it was vacuum plasma treated. The plasma treatment
can increase the hydrophilic property of GPMA to enhance the ab-
sorption ability of the liquid drug [30]. Therefore, the liquid drug could
be easily fulfilled into the pores under the capillary force, thus enhan-
cing the drug loading capacity. This modified hot embossing method is
simple and cost-effective.

The GPMA substrate is bendable, as illustrated in Fig. 3(a). The
bendable substrate may also closely match curved human skin, main-
taining a stable interface between the microneedles and skin [31]. As
PLGA is one of the most promising synthetic polymers for transdermal
drug delivery approved by Food and Drug Administration [32], the
biocompatibility of GPMA can be strongly guaranteed. The SEM images
of the fabricated GPMA are presented in Fig. 3(c–d). The cone-shaped
microneedles are orderly and uniformly arranged on the substrate. The
average height, base diameter, and tip diameter of the microneedles
were approximately 500, 450, and 25 μm, respectively. The height was
appropriate for microneedle penetration through the stratum corneum
skin layer for delivering drugs [33,34]. The microneedle surface be-
came rougher along the axial direction, as indicated in Fig. 3(d). The
microneedle tip surface was the roughest owing to the existence of
numerous micro pores, as shown in Fig. 3(e). A cross-section SEM image
of the microneedle tip is presented in Fig. 3(f). Numerous randomly
distributed pores with a variety of pore sizes (hundreds of nanometers
up to several micrometers) can be found in the microneedle. The GPMA
porosity was measured as approximately 20.1% according to the
method previously reported [20]. The pores in the GPMA can be used to
load either liquid or dry drug formulations.

3.2. Drug loading performance

The GPMA pores determine its drug storage capacity to a significant
extent. The pore distribution was further investigated using a confocal
laser scanning microscope. Fig. 4 shows the fluorescence microscopy
images of a porous microneedle loaded with Rhodamine B. Approxi-
mately 1 μL of Rhodamine B solution was stored in the GPMA by the
weighing method. The Rhodamine B solution was permeated into the
pores by capillary action. A microneedle coated with dried Rhodamine
B is illustrated in Fig. 4(a), and the Rhodamine B distribution in the

GPMA at different slice depths is presented in Fig. 4(b). The fluores-
cence intensity inside the GPMA gradually decreased with the slice
depth, which demonstrated that the porosity of the GPMA fabricated by
means of the modified hot embossing method was a gradient. The
Rhodamine B was mainly stored in the tip and rarely in the base of the
microneedle. The microneedle tip within the depth range from 0 to
240 μm could be regarded as the effective drug loading region. Drugs
stored in microneedle tips can be delivered into the skin more effec-
tively, thereby increasing the drug utilization [35,36]. Microneedles are
typically difficult to insert fully into skin owing to the wider needle
geometry required to provide these microneedles with sufficient me-
chanical strength [37].

3.3. Penetration performance

The GPMA mechanical strength was weakened by making it porous,
leading to breakage of porous microneedles. A MA should penetrate
through the stratum corneum layer of the skin without breakage for
transdermal drug delivery. The insertion force per microneedle of the
GPMA during the penetration performance test is presented in
Fig. 5(a–b). The insertion force gradually increased with the loading
displacement due to the inherent resistance properties of rabbit skin. A
small sudden drop in the insertion force could be clearly observed at
point “p” in Fig. 5(a–b) as the insertion proceeded. This indicates that
the GPMA compression was beyond the skin rupture limit, resulting in
skin penetration. One micro-hole punctured by the GPMA in the rabbit
skin can be observed, as illustrated in Fig. 5(c), which demonstrates the
skin penetration. The minimum insertion force for a microneedle pe-
netrating the stratum corneum is defined as the penetration force
[38,39]. The penetration force per microneedle of the GPMA was ap-
proximately 22mN, while the minimum energy required for skin pe-
netration is approximately 23 μJ. The average compression force of an
adult pressing the microneedles with his or her thumb is approximately
20 N [40]. Therefore, ignoring other factors, the maximum microneedle
number for an adult to press the GPMA into the skin is approximately
900 in theory. The GPMA was observed following the penetration test,
and it was found that the microneedles remained intact, without
breakage. Therefore, the GPMA exhibits sufficient mechanical strength
to penetrate the skin for transdermal drug delivery. Furthermore, the
GPMA is made from biodegradable PLGA and offers the advantage that
broken microneedles left inside the skin will eventually disappear [6].

3.4. Transdermal dry drug diffusion in vitro

The GPMA loaded with a dry model drug, namely Rhodamine B, at
the microneedle tips is illustrated in Fig. 6(a). Approximately 0.31 μL of
Rhodamine B solution was firstly absorbed in the GPMA pores and air
dried. A fresh rabbit skin was punctured with this GPMA under a
compression force of 5 N for 10min, as illustrated Fig. 6(b). The red dot
array on the skin surface fitted well with the arrangement of micro-
needles. The Rhodamine B was spread in the skin around the punctured
area. Fig. 6(c) depicts the drug diffusion of a punctured skin slice. A
hole with a width of approximately 80 μm and depth of approximately
60 μm created by the GPMA can be observed. The layer thickness of the
stratum corneum is 10–15 μm. Therefore, the GPMA can penetrate
through the stratum corneum to deliver drugs. A substantial amount of
Rhodamine B was diffused around the hole tip, and the dry drug was
delivered in the skin dermis layer. The possible drug diffusion process
was as follows: once the drug-loaded GPMA penetrated into the skin,
the drug formulation was hydrated with interstitial fluid, and hydration
could occur by means of the capillary force of the pores. Evenly, the dry
formulation dissolved and diffused from the tip pores into the skin [6].
Therefore, the GPMA can be employed as both a dry drug carrier and a
puncher for transdermal drug delivery.
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3.5. In vivo transdermal insulin delivery

Diabetes is one of the leading lethal diseases globally, and insulin is
the most effective medicine for controlling BGL in type I diabetic pa-
tients [41]. In recent decades, the transdermal delivery of insulin has
been regarded as an attractive alternative, owing to its easy self-ad-
ministration and good patient compliance [42–45]. In this study, dia-
betic SD rats were selected as animal models, as illustrated in Fig. 7(a).
An insulin-loaded GPMA was applied with a compression force of ap-
proximately 5 N on the rat back where the hair had been shaved off.
The GPMA patch matched closely with the curved surface of the rabbit
skin, as illustrated in Fig. 7(b). The skin recovery process was recorded
after the GPMA was removed, as depicted in Fig. 7(c–d). The skin was
rapidly recovered within 10min, which confirmed the minimally in-
vasive administration of the GPMA.

Fig. 7(e) presents the relationship between the BGLs over time fol-
lowing the administration of insulin. The healthy rats (healthy group)
and diabetes rats treated with the 0 IU insulin-loaded GPMA (blank
group) were used as negative controls, while the diabetes rats treated
with subcutaneous injection of 5 IU insulin (SC injection group) were
used as positive control. The normal blood glucose concentration of SD
rats is within the range of 80 to 200mg/dL [34,47]. The BGLs of the
healthy and blank groups remained stable, at 89 ± 5mg/dL and
361 ± 11mg/dL, respectively. The BGL of the diabetes rats decreased
rapidly from 369 ± 9mg/dL to the minimum value of 48 ± 14 within

Fig. 4. Fluorescence microscopy images of porous microneedle loaded with dried Rhodamine B: (a) main body, and (b) cross-section slices at different depths with
interval of 30 μm.

Fig. 5. (a–b) Insertion force per microneedle of GPMA with loading displace-
ment during penetration performance test, and (c) micro hole punctured by
GPMA in rabbit skin.

Fig. 6. (a) GPMA loaded with dried Rhodamine B at microneedle tips, (b) rabbit skin punctured by GPMA, and (c) drug diffusion image of punctured skin slice.
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5 h, and then rebounded to the initial level after 4 h by SC injection of
5 IU insulin. The BGLs of the SC injection group were lower than the
normoglycemic concentration from 3.8 to 6.6 h, resulting in a risk of
hypoglycemia [48]. Therefore, the diabetes rats treated with the SC
injection were in normoglycemic concentration (80–200mg/dL) for
approximately 1.6 h.

However, following the application of 5 IU insulin-loaded GPMA,
the BGLs of the diabetes rats decreased slowly and maintained a nor-
moglycemic concentration for 3.7 h. The insulin solution stored in the
microneedle pores of the GPMA was delivered into the rat skin dermis.
From there, the insulin would diffuse into the blood stream and reduce
the BGL [49]. The BGLs of the diabetes rats were in a normoglycemic
concentration for 2 and 4.5 h with the application of 2.5 and 10 IU
insulin-loaded GPMAs, respectively. A more durable effect of main-
taining the BGL in normoglycemic state could be obtained by increasing
the insulin-loaded dose in the GPMA, and the hypoglycemia could be
effectively avoided. Furthermore, this durable effect time in the nor-
moglycemic state when treated with the 5 IU insulin-loaded GPMA
more than doubled compared to that with the 5 IU insulin SC injection.
Overall, insulin delivery through the GPMA can effectively replace SC
insulin delivery. In summary, GPMA can be used as both a drug carrier
and an injector to deliver liquid drugs.

4. Conclusions

In this paper, a modified hot-embossing approach was proposed to
fabricate a GPMA for transdermal drug delivery. A cone-shaped cavity
array on the aluminum sheet was drilled by a laser beam. The GPMA
was formed with the cavity array template by the modified hot
embossing approach under the coupling combination of gradient
thermal and pressure multi-fields. The GPMA fabrication process is
proven to be simple and cost-effective. A GPMA with 12×12 cone-
shaped gradient porous microneedles was fabricated. The GPMA ex-
hibited sufficient mechanical strength to penetrate the skin without
breakage. The minimal penetration force and energy per microneedle
into rabbit skin were approximately 22mN and 23 μJ, respectively. The
pores distributed in the microneedle body formed a gradient and the
GPMA porosity was approximately 20.1%. Dry or liquid drug could be
loaded in the pores of the microneedles, and were mainly distributed in
the tips. The GPMA could effectively deliver and diffuse a dry model
drug, namely Rhodamine B, into the rabbit skin dermis. The GPMA
could also deliver an insulin solution into diabetes rats. The same dose
of insulin-loaded GPMA could lower the BGLs of the diabetes rats more
effectively in comparison with a subcutaneous injection. In conclusion,
the GPMA can be used as a dry or liquid drug carrier as well as a
minimally invasive injector for transdermal drug delivery. In the future,

we hope the GPMA can be used to load various liquid and dry drugs,
and be applied in medical treatments.
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