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have addressed a variety of therapeutic 
delivery requirements, there are urgent 
needs to develop efficient local delivery 
platforms that can overcome the pain and 
fear from hypodermic injections,[1–3] and 
address the limited absorption associ-
ated with systemic pill-based delivery,[4,5] 
while maintaining cost-efficacy, conveni-
ence, and comfort. One promising route 
relies on the use of microneedles (MNs) 
toward painless and localized delivery of 
drugs across the skin.[6–8] For example, 
MNs have been approved by the Food and 
Drug Administration (FDA)[9] for delivery 
of vaccines and pharmaceutical through 
the epidermis in clinical setting.[10–12] Fur-
thermore, this route offers autonomy and 
ease of use, as the therapeutic payload is 
released autonomously over prolonged 
periods, based on the material properties 
or by the inclusion of encapsulated smart 
drug-loaded particles.[13,14] Nevertheless, 
microneedles commonly rely on passive 
diffusion, which limits the penetration 
depth and distribution of the therapeutic 
payloads. To address this challenge, dif-

ferent external stimuli have been employed to enhance the 
drug permeation through the epidermis. These external trig-
gers include electroporation,[15,16] ultrasound,[17,18] light,[19–21] 

The use of microneedles has facilitated the painless localized delivery 
of drugs across the skin. However, their efficacy has been limited by 
slow diffusion of molecules and often requires external triggers. Herein, 
an autonomous and degradable, active microneedle delivery platform 
is introduced, employing magnesium microparticles loaded within the 
microneedle patch, as the built-in engine for deeper and faster intradermal 
payload delivery. The magnesium particles react with the interstitial fluid, 
leading to an explosive-like rapid production of H2 bubbles, providing the 
necessary force to breach dermal barriers and enhance payload delivery. The 
release kinetics of active microneedles is evaluated in vitro by measuring 
the amount of IgG antibody (as a model drug) that passed through phantom 
tissue and a pigskin barrier. In vivo experiments using a B16F10 mouse 
melanoma model demonstrate that the active delivery of anti-CTLA-4 
(a checkpoint inhibitor drug) results in greatly enhanced immune response 
and significantly longer survival. Moreover, spatially resolved zones of 
active and passive microneedles allow a combinatorial rapid burst response 
along with slow, sustained release, respectively. Such versatile and effective 
autonomous dynamic microneedle delivery technology offers considerable 
promise for a wide range of therapeutic applications, toward a greatly 
enhanced outcome, convenience, and cost.
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Current efforts and recent innovations on drug delivery plat-
forms have the potential to enhance therapeutic efficacy. 
Although existing therapy modalities (e.g., oral delivery, needles) 

Adv. Mater. 2020, 32, 1905740

 15214095, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201905740 by U
niversity O

f A
kron B

ierce L
ibrary, W

iley O
nline L

ibrary on [02/12/2022]. 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

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201905740&domain=pdf&date_stamp=2019-11-04


© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1905740  (2 of 10)

www.advmat.dewww.advancedsciencenews.com

and temperature.[22,23] However, the requirement of external 
(often costly and bulky) equipment limits the widespread use 
of such triggered delivery to specialized centralized lab settings 
and restricts their use in field settings and remote locations. 
Future efforts are thus required to combine the advantages of 
both autonomous and active delivery into a single microneedle 
delivery platform, while reducing the time and costs necessary 
for achieving high therapeutic efficiency.

Here, we present a degradable active microneedle delivery 
platform, capable of generating autonomously vigorous 
convective fluid flows, for a greatly enhanced payload permea-
tion (Figure 1). Our patch delivery system consists of a degra-
dable polymeric microneedle array loaded with the therapeutic 

payload along with active motor-Magnesium (Mg) microparti-
cles. Upon skin insertion, the microneedle polymeric matrix 
starts to dissolve, exposing the embedded Mg particles to react 
instantaneously with the surrounding interstitial biofluid, 
resulting in a rapid generation of hydrogen bubbles.[24] Such 
microbubble formation induces distinct vortex flow fields that 
lead to a powerful and autonomous “pumping-like” action and 
locally applied force, that results in a dynamic and extremely 
efficient transport and permeation of the embedded therapeutic 
payload.[25,26] The drug release kinetics of our active microneedle 
model was tested in vitro by measuring the amount of thera-
peutic payload that passed through tissue-mimicking phantom 
gel and pigskin barriers, demonstrating a greatly enhanced 

Adv. Mater. 2020, 32, 1905740

Figure 1.  Active microneedle for enhanced drug delivery. a) Active microneedle patch composition, and built-in Mg particle activation as pumps when 
in contact with bodily fluids, leading to an enhanced drug release. b) Digital photograph showing a patch of 15 × 15 microneedle array and optical/
fluorescent microscopy images of an active MN tip loaded with Mg particles, scale bars, 6 mm and 200 µm, respectively. c) SEM image of single active 
microneedle tip and EDX analysis for Mg. Scale bars, 300 µm, and 25 µm, respectively. d) Fabrication steps of the microneedle patch: PDMS micro-
molding over master microneedle, PDMS negative MN mold released, Mg particle loading, polymer and payload inclusion, polymer drying, adhesive 
application and peel off. e) Microscopy time-frame images taken from a single active microneedle tip clearly showing polymer dissolution in PBS pH 
6.0 and particle activation (30 s intervals), scale bar, 200 µm.
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permeation and distribution when compared to common pas-
sive MN. The distinct delivery and therapeutic advantages of 
the active autonomous microneedle platform are demonstrated 
in a B16F10 mouse melanoma model where the active treat-
ment led to a dramatically improved animal survival. The 
enhanced therapeutic index may be explained by the enhanced 
permeation of the therapeutic antibodies through the tumor 
(as demonstrated in an ex vivo model) therefore improving its 
distribution as well as changes (increase) in the tumor pH envi-
ronment due to the hydrogen depletion of Mg particles. The 
versatility of our approach is also demonstrated by integrating 
spatially resolved active and passive microneedle zones in the 
same patch, toward combinatorial (fast and sustained) release 
delivery. Overall, the active MN delivery presented here offers 
an autonomous, biocompatible, and highly efficient alternative 
for faster release kinetics of payloads through the skin, hence 
obviating the need of external activation (and related triggering 
equipment), potentially reducing the time necessary to achieve 
high therapeutic efficiency.

Figure  1a illustrates a schematic illustration of the active 
payload delivery MN patch. The active microneedle structure 
contains both the therapeutic payload and spherical Mg micro-
particles (50–100  µm) within a poly(vinylpyrrolidone) (PVP) 
polymer matrix (Figure 1a, left part); once the MN patch pierces 
the skin, the polymer MN tip starts to dissolve, exposing the 
Mg particle surface to the surrounding biological fluid. PVP 
was chosen as the polymer due to its hydrophilic and biocom-
patible properties,[27] widespread use in variety of biomedical 
applications, presenting low cytotoxicity and biodegradability.[28] 
The Mg particles thus start to react with the interstitial fluid, 
resulting in their dissolution and rapid production of H2 bub-
bles. The generated bubbles induce distinct vortex flow fields at 
the localized application site, which results in greatly enhanced 
permeation and active transport of the loaded payload Figure 1a, 
right part. Figure 1b shows a 15 ×  15 microneedle array, illus-
trating the efficient loading of multiple microneedles (400 µm 
diameter base and 850 µm height) that preserve a robust hard 
structure and a sharp stiff tip (less than 5  µm). The ability to 
load both active microparticles and therapeutic payload in a 
single needle is illustrated by the fluorescence and digital micro
scopy photographs shown in Figure  1b (zoom in), where the 
microneedles are loaded with Rh6G (red color) and Mg particles 
(black dots). An SEM image of a single active microneedle tip 
loaded with Mg particles is illustrated in Figure 1c, as well as an 
energy-dispersive X-ray (EDX) analysis of the entrapped Mg par-
ticles, clearly showing the embedded microparticles within the 
needle, protected by the polymeric matrix. The consistency in 
the dimensions of the individual tips of the MN array is further 
supported by the MN height profile, shown in Figure S1 (Sup-
porting Information). The magnification of a single microneedle 
shows the close packing of the magnesium particles within the 
microneedle structure.

Active MNs were fabricated by a micromolding technique 
(Figure 1d),[29,30] briefly, the Mg microparticles were first infil-
trated into the microneedle negative poly(dimethylsiloxane) 
(PDMS) mold, following by the addition of the therapeutic 
payload and the PVP polymer matrix (pH 10.5); the latter was 
allowed to dry overnight. The final patch was transferred to an 
adhesive base and stored at room temperature (25  °C). The 

active microneedle reacts quickly after getting in contact with 
fluids, as shown by the time-lapse microscopy images shown 
in Figure 1e (at 30 s intervals). These images illustrate the rapid 
dissolution and vigorous hydrogen generation of a single active 
MN tip, which leads to an explosive-like behavior and a fast dis-
solution within less than 60 s.

The active microneedle can load diverse cargo combina-
tions. The loading capacity of the patch was calculated based 
on 66% of the volume of conical structures that can be loaded 
with spherical particles.[31] We estimate that our MN array, 
comprising a total of 225 MN tips, can load a total volume of 
≈10.13 µL in their tips, and include additional cargo in the MN 
array base, thus providing tunable loading of different doses 
(Figure S2, Supporting Information). Measurement of the 
mechanical strength of the active MN under tensile compres-
sion (using the set-up of Figure 2a) displayed a fracture point of 
500 mN per needle, corroborating its potential ability to pierce 
skin and scalability for in vivo applications (Figure 2b). Previous 
reports indicate that the minimum force required to pierce skin 
efficiently is 45 mN. A safety factor calculation was determined 
as a result of the ratio of the failure force to the stablished min-
imum force for microneedle insertion. Our active microneedles 
have a safety factor number of 11, considerably higher than 
the minimum safety factor number of 2, which is considered 
adequate.[32] MN tips were also visualized by scanning electron 
microscopy (SEM) before and after the application of different 
loads (0.1, 0.25, and 0.5 N), where Mg particles can be seen 
inside the MN structure after fracturing.

We studied the dissolution of MNs containing different car-
goes, including active particles, inert particles, and polymer 
only (Figure S3, Supporting Information). The MN dissolution 
rate changes significantly upon incorporating the active parti-
cles due to the H2 bubble generation when compared to static 
particles and bare polymer MNs. The Mg reaction is primarily 
influenced by the pH of the biofluid solution and can increase 
the local pH after the microneedle dissolution; therefore, the 
hydrogen generation is directly related to the dissolution of 
Mg (Figure S4, Supporting Information). Low pH solutions  
(4 and 6) induced faster activation time and shorter life-time 
of single Mg particles, compared to neutral pH, which leads to 
slower activation of the particles and a longer lifetime. The pH 
of the biofluid has a direct effect on the mixing capabilities, with 
higher pH presenting faster hydrogen generation thus better 
mixing (Figure S5, Supporting Information). The pH range 
was selected on the basis of simulating transdermal pH. Com-
monly, normal tissue has an intracellular (pHi) from ≈6.7 to 7.2 
and extracellular (pHe) of ≈7.3–7.4; as a universal characteristic 
of tumor microenvironment, solid tumors have demonstrated 
to have higher pHi (7.1–7.6) and lower pHe (6.2–6.9).[33] The 
hydrogen generation can be finally tuned by the addition of an 
enteric coating on the surface of the particles to delay their acti-
vation, as well as the inclusion of smaller Mg particles (<15 µm) 
within the MN structure; both studies are represented in  
Figures S6 and S7 (Supporting Information), respectively, and 
in Video S1 (Supporting Information). Such tunable actuation 
could result in tailored therapies and therapeutic modalities.

The reaction of the embedded Mg microparticles sub-
stantially increases the displacement of tracer microparti-
cles through efficient localized fluid convection and mixing 

Adv. Mater. 2020, 32, 1905740
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resulting from their hydrogen microbubbles production 
(Figure  2c). We measured the mean square displacement of 
fluorescent bead tracers (0.9  µm) by following their trajec-
tories under the flow field generated by the Mg active par-
ticles and under Brownian motion (Figure  2d). The active 
particles present significantly higher mixing and hence 
greatly enhance the mass transport when compared to their 
static counterparts. Figure 2e, overlaps a stack of fluorescent 
microscopy images, visualizing the negligible flow generated 
in the absence of Mg particles (Brownian motion) as a control 
Figure  2e(i), and the flow lines generated with Mg particles 
Figure 2e(ii) (active).

The combined effect of faster MN dissolution and 
fluid mixing is shown in the time-lapse images of two 
microneedle tips without and with Mg particles (Figure  2f). 
It is clearly depicted that the vigorous localized mixing due 
to the embedded particles greatly accelerates the dissolu-
tion of the polymer due to their fast activation, but more 
notorious is the accelerated collision of the tracer particles 
in solution compared to passive MNs (as also illustrated in 
Video S2, Supporting Information). In addition, active MNs 
were loaded with Rh6G, the resulting accelerated dissolution 
and Mg particle activity are shown in Video S3 (Supporting 
Information).

Adv. Mater. 2020, 32, 1905740

Figure 2.  Mechanical testing of the microneedle patch and active fluid transport (localized streaming) based on Mg particles embedded in dissolv-
able microneedles. a) Schematic illustration of the mechanical setup used. b) Mechanical analysis of a single microneedle tip under different loads 
and SEM images of microneedle tips before and after application of each load. Scale bars, 200 µm. c) Schematic of the fluid transport of active Mg 
particles in the presence of tracer particles. d) Mean square displacement of tracer particles using Brownian motion as control or in the presence of 
the active Mg particles at pH 6.0. Scale bar, 100 µm. e) Flow trace images of the trajectory (over 1s) of 0.9 µm polystyrene tracer particles at pH 6.0 
without the presence of active particles (Brownian motion) (i), and with active particles (ii) at pH 6.0. Scale bars, 100 µm. f) Time-lapse images of two 
microneedle tips without active particles, showing the dissolution in PBS pH 6.0 of the transient polymer by diffusion (i) and with the Mg particles 
accelerating the dissolution of the transient polymer due to their fast activation (ii). Scale bars, 400 µm. g) COMSOL Multiphysics simulation of the 
flow generated by the absence (i) and presence (ii) of Mg particles within the MN structure.
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The accelerated and enhanced localized particle induced 
mixing was corroborated by a COMSOL Multiphysics sim-
ulation of the flow generated without and with particles, 
Figure  2g,i and 2g,ii, respectively, for the early stages of 
microneedle dissolution and activation. Upon reaction of Mg 
particles with the solution, gas bubbles nucleate and move 
upward due to buoyancy force. To obtain a simple picture and 
capture the essential physics of the problem, we approximated 
the effect of bubble motion by point forces Fi at the location of 
the ith bubble. While a rough approximation, the results pro-
vide a qualitative picture, consistent with experimental observa-
tions. The fluid field u obeys the Stokes equation

2p u Fii∑−∇ + ∇ =
�

(1)

0u∇ ⋅ = � (2)

where the summation is over the bubbles present in the fluid. 
As shown in Figure  2g, the effect of bubble motions, mod-
eled by point-forces, leads to pumping effect in the fluid. Due 
to the confined geometry, the fluid follows a circular pattern, 
and results in enhanced mixing. A similar pattern is observed 
in the experimental set up (Video S2, Supporting Information) 
with tracer particles. Upon the motion of the bubbles, the tracer 
particles near the substrate move toward the active Mg particle, 
while near the top of the liquid surface, the particles move away 
from the center.

This section evaluates the in vitro payload release and the 
potential use of active-particle MN toward enhanced and 
accelerated permeation. The active MN release kinetics were 
evaluated by employing three different techniques: electro-
chemical, spectrophotometric, and fluorescence. Briefly, for 
the electrochemical measurements of the payload, the active 
MN were loaded with 50 µg of a tagged IgG-HRP; the IgG Ab 
was used as a model payload model, while its HRP tag facili-
tates the electrochemical detection that compared the release 
kinetics of diverse approaches. A schematic illustration of the 
electrochemical set up used for detecting the released payload 
is represented in Figure  3a, consisting on a phantom mim-
icking tissue (1.5  mm of thickness), a reservoir of phosphate 
buffered saline (PBS) solution pH 6, and a screen-printed 
carbon electrode. For the electrochemical detection of the Ab, 
an amperometric i–t curve technique was performed for this 
measurement as repetitive runs for a fixed period. The MN 
patch was placed over the 1.5 mm in thickness phantom mim-
icking tissue and further pierced; below the phantom tissue, a 
reservoir of 3,3′,5,5′-Tetramethylbenzidine + H2O2 solution was 
placed for the detection of current changes over electrode (HRP 
coupled to the Ab). The corresponding amperometry curves at 
30 min are shown in Figure S8 (Supporting Information). The 
release of Ab from active or passive diffusion MNs that went 
through phantom tissue can be seen in Figure 3b. The results 
in Figure 3c clearly depict an average 15 time fold advantage at 
the 15 min mark where passive diffusion presents a release per-
centage of 3.8 ± 1.8%, while the active delivery results in 58.5 ± 
15.1% release. Similarly, the active microneedles resulted in a 
threefold increased delivery at 20 min, with 29.3 ± 13.8% bare 
versus 94.1  ± 5.8% active. Active MNs were loaded with IgG 
Alexa Fluor-555 in order to corroborate the enhanced payload 

distribution and permeation into phantom-mimicking tissue 
when compared to those of passive (diffusion-based) MN. Sim-
ilar to the electrochemical measurements, the setup consisted of 
a phantom-mimicking tissue of a 1.5 mm thickness and pierced 
with an MN array. Figure S9 (Supporting Information) shows 
the corresponding absorbance spectra of IgG-Alexa Fluor-555 
that passed through the phantom-mimicking tissue and meas-
ured at different time intervals (10, 20, and 30 min) using bare 
and active MNs.

In addition, the lateral diffusion of a FITC (fluorescein 
isothiocyanate) loaded MN was evaluated by measuring the 
permeation of the fluorescent molecule through the trans-
parent 1.5  mm thick phantom tissue (visualized via top view 
fluorescence, Figure  3d). It should be noted that there was 
no significant background fluorescence signal from polymer 
microneedles without FITC in the control in Figure  3d(i). 
Furthermore, FITC-loaded active MNs were compared against 
passive MNs, where top view images taken at different time 
intervals (0, 5, 10, and 15  min) corroborate the accelerated 
diffusion of FITC significantly at the mark of 10 min, showing 
a larger radius of diffusion of the loaded dye due to Mg reac-
tivity. The corresponding time-frame images are shown in 
Video S4 (Supporting Information).

Furthermore, an evaluation of the dye release performance 
of both passive and active microneedles was performed ex vivo 
using porcine skin. Figure  4a illustrates a digital photograph 
of an active microneedle array consisting of 49 microneedles 
loaded with the dye Rh6G, before piercing the porcine skin. 
The porcine skin was pretreated with glutaraldehyde before 
piercing with microneedles in order to characterize the piercing 
capabilities. A colored SEM image, shown in Figure 4b, clearly 
illustrates the successful penetration of two tips into deep 
tissue. The depth penetration results by piercing porcine skin 
with both passive and active microneedles were plotted and 
presented in Figure 4c. The penetration depth was plotted as a 
function of time, where the dye diffused across the skin from 
the microneedle structure. A schematic illustration of both pas-
sive and active microneedles piercing into porcine skin is illus-
trated in Figure  4d (left). The microneedle arrays were placed 
into a porcine skin rectangular area of 2 cm2 and further exam-
ined at several time points (5, 10, and 20  min). Fluorescence 
cross section time-lapse images, illustrating the microneedle 
distribution inside the porcine skin models, are shown in 
Figure 4d (right). It should be noted that microneedles needed 
to contact the skin for at least 5 min to fully dissolve and deliver 
the payload. These data indicate that the entrapped Mg parti-
cles greatly enhanced the delivery of the model dye Rh6G pay-
load by lateral and vertical routes, versus the delayed delivery 
by passive microneedles, which starts at the 5 min mark. Such 
improved permeation and hence delivery is dramatically more 
pronounced at 10 min, where passive MNs lead to an average 
value of 111 ± 79 µm versus the 526 ± 71 µm value observed 
with the active microneedles.

The in vivo therapeutic efficacy of the active transport 
method was evaluated using a syngeneic and orthotopic mouse 
model of melanoma; specifically, B16F10 cells were grown der-
mally using C57Bl6 mice. We chose to test the active versus 
passive delivery of checkpoint blockade antibody anti-CTLA-4 
(Clone: 9H10, BioXcel). Anti-CTLA4 checkpoint blockade is 

Adv. Mater. 2020, 32, 1905740
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an immunotherapy approved by the FDA for the treatment 
of melanoma since 2011 and is in clinical trials targeting 
other solid tumors.[34,35] Additionally, anti-CTLA4 has been 
recognized to be a susceptible therapy in B16F10 melanoma 
model.[36] On days 10 and 17 post-tumor challenge, various 
treatment groups were administered intratumorally; PBS  
control versus free anti-CTLA4 versus passive MN versus 
active MN (Figure 5a). For both MN experiments, the patches 

were applied manually into the mice right flank for 15  min. 
The efficacy was assessed by measuring the tumor growth 
rate and survival. As expected, free anti-CTLA-4 Ab treatment 
delayed tumor growth compared to untreated animals (PBS 
control group). However, both the passive MN and active MN 
showed significantly enhanced antitumoral effects, achieving 
substantial tumor suppression (Figure  5b,c, respectively). Pas-
sive MN delivering the therapeutic anti-CTLA-4 Ab significantly 

Adv. Mater. 2020, 32, 1905740

Figure 3.  Evaluation of the in vitro payload release performance of common passive and active microneedles by fluorescence, electrochemical, and 
spectrophotometric techniques. a) Schematic illustrating the electrochemical set up of the Ab-based amperometric detection. b) Release kinetics of 
corresponding Ab delivery of both passive and active MNs at pH 6.0. Passive MNs (PVP and IgG-HRP) and active microneedles (PVP, IgG-HRP, 
and Mg particles); n = 5. c) Corresponding release percentage of Ab at different time points; n = 5. d) Time-lapse fluorescence images (top view) of 
microneedles placed on top of a 1.5 mm phantom tissue, obtained at different time points (0–15 min). Blank unloaded MNs (i), FITC-loaded MNs 
(ii), and FITC-loaded active MNs (iii). Scale bar, 1 mm.
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delayed tumor growth; nevertheless, by day 46 all animals in 
this group had to be sacrificed due to tumor burden exceeding 
1500 mm3. In stark contrast, 60% of the animals treated using 
the active delivery MN platform showed a complete response 
and were tumor-free and survived past day 60 (Figure  5d). 
The corresponding blank active microneedle control is shown 
in Figure S10 (Supporting Information). We hypothesize that 
the dramatically improved efficacy is due to the active delivery 
mechanism. Based on the aforementioned ex vivo data, we 
hypothesize that the burst “fast” release mechanism of action, 
with built-in pumping action associated with the embedded Mg 
motors can be helpful in enhancing the permeation of anti-
CTLA through the tumor, therefore improving its distribution 
as achieved in previous ex vivo model. Furthermore we hypoth-
esize that changes (i.e., increase) in the tumor pH environment 
by the hydrogen depletion of Mg particles is also expected to 
contribute to enhancing the therapeutic effect, as it has been 
reported by the delivery of immune checkpoint inhibitors and 
alkalization agents.[37,38] Additionally, the active delivery mecha-
nism is a promising therapy modality with a synergistic effect, 
acting as a pump to enhance the permeation of the payload and 
results in the intratumoral production of localized microbub-
bles (hydrogen therapy), that lead to antitumoral effects,[39,40] 
We evaluated the safety of the materials used in the active 
microneedle (Mg and PVP) and their subsequent by products 
(magnesium hydroxide), by performing toxicity studies in mice. 

Analysis of the kidney, liver, lung, and spleen indicated no 
apparent systemic toxicities associated with the active or passive 
MN treatment (Figure S11, Supporting Information).

Finally, we illustrate how to integrate the active and com-
binatorial delivery platforms as a complement to existing 
microneedle designs that are commonly based on passive 
delivery by creating spatially resolved active and passive 
microneedle zones onto a single patch toward fast/deep and 
slow sustained delivery, respectively. The patch was fabricated 
by using a stereolithography 3D printer to generate a posi-
tive microneedle mold in which we engineered topological 
barriers (walls) to spatially separate the active and passive 
microneedle groups into different sections, thus allowing to 
combine different materials and cargoes in the same patch 
design (Figure  6a). A digital photograph and SEM images of 
the positive micromold (Figure  6b) clearly show in detail the 
distinct grooves that separate the microneedles into different 
subsections. SEM images illustrate in more detail the uniform 
spacing between such sections, and reproducible tip sharp-
ness. Next, PDMS negative microneedle molds were fabricated 
and used to fabricate the combinatorial patch following the 
micromolding method described earlier but with the added 
capability of casting different polymers and cargo in each of 
the microneedle compartments Figure  6c. Further details of 
the fabrication process are given in Figure S12 (Supporting 
Information).

Adv. Mater. 2020, 32, 1905740

Figure 4.  Evaluation of ex vivo dye release performance of passive and active microneedles. a) Digital photograph of an active microneedle patch  
(7  ×  7 array) loaded with Rh6G before piercing porcine skin. b) Colored SEM image of 2 active microneedles piercing porcine skin. Scale 
bar, 1 mm. c) Corresponding penetration depth of Rh6G by microneedles at different time points, n  = 3. d) Schematic illustrating the  
experimental set up of both passive and active microneedles penetrating into porcine skin. Passive (i) and active (ii) microneedle arrays are shown, 
along with fluorescence microscopy cross-section images at different times. Scale bars, 500 µm.

 15214095, 2020, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.201905740 by U
niversity O

f A
kron B

ierce L
ibrary, W

iley O
nline L

ibrary on [02/12/2022]. 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



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1905740  (8 of 10)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 32, 1905740

An SEM image of the polymeric combinatorial MN patch is 
shown in Figure 6d, where both passive and active microneedle 
rows are side by side. The corresponding EDX analysis clearly 
indicates that the Mg particles are present only in the active 
compartment. For better visualization, we loaded each compart-
ment with model fluorescent dye payloads. The passive MN 
compartment was loaded with FITC and the active compartment 
with Rh6G. Such combinatorial loading of both dyes in a single 
microneedle patch is further illustrated in Figure  6e, which 
shows a digital photograph of the dual compartment under 
UV light illumination. The dual MN patch was characterized 
by fluorescence microscopy, where a side-by-side image shows 
the spatially resolved MNs loaded with the different (dye) cargo 
(Figure  6f). To visualize the different activity of the MN tips, 
Figure 6g,h illustrates fluorescence time-lapse images, showing 
the dissolution of passive and active microneedles, where the 
active microneedle compartment dissolves and releases Rh6G 
with the burst activation of Mg particles, and passive micronee-
dles release the second cargo (FITC) at a slower rate of delivery. 
Our combinatorial approach can overcome the challenge of 
loading and delivering fast and slow multiple cargos as a single 

treatment administration with a microneedle dissolvable patch. 
The different microneedles in such combinatorial array can 
thus be tailored to present different release kinetics based on 
the materials used in fabrication, were ideally a burst-sustained 
release profile could help to enhance the low efficiency of cur-
rent passive transdermal treatments.

We have demonstrated an effective microneedle delivery 
route that offers active payload delivery, without the use of 
external stimuli, toward improved therapeutic outcome versus 
commonly used passive diffusive microneedle transport. Such 
active, degradable, and autonomous microneedle delivery has 
been realized through the incorporation of reactive Mg micro-
particles within the microneedle patch. The dissolution of these 
Mg particles (upon contact with the interstitial fluid) produces 
a remarkably high localized fluidic flow that results in a sig-
nificantly faster and deeper intradermal local payload delivery. 
Such autonomous built-in mixing effect obviates the need for 
expensive and bulky external systems commonly used for trig-
gering active MN delivery. Our methodology allowed the fabri-
cation of a microneedle patch as well for combinatorial delivery 
using spatially resolved active and passive microneedle zones, 

Figure 5.  In vivo melanoma tumor eradication by active microneedles. a) In vivo skin-cancer treatment using anti-CTLA-4 antibodies delivered by active 
versus passive microneedles and intratumoral injection in the B16F10 dermal melanoma model. b) Tumor volumes growth curve of individual mice 
and averaged tumor volumes of mice receiving PBS (blue), free anti-CTLA-4 (red), anti-CTLA-4 passive microneedle (MN, green), and anti-CLTA-4 active 
MN (purple). Data are means ± SEM (n = 3–5). c) Tumor growth over time was compared by two-way ANOVA with Tukey’s test: ****p < 0.0001, n.s. 
no significant difference. d) Survival rates. Statistical significance was calculated using Log-rank (Mantel–Cox) test: *p < 0.05, **p < 0.01.
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for fast/deep and slow sustained release, respectively. The ther-
apeutic advantages of such active transport were demonstrated 
from the greatly enhanced in vivo efficacy observed using a 
syngeneic and orthotopic mouse model of melanoma. In future 
work we plan to further study the immunological profile to fully 
delineate the mechanism of this therapy modality. Moreover, 
the active MN delivery system is not limited to specific poly-
meric materials or microneedle geometry or dimensions. 
The new “built-in” active delivery strategy holds considerable 
promise for diverse practical biomedical applications for trans-
dermal delivery, including drug delivery, immunotherapy, or 
cosmetic treatment, offering an attractive efficient delivery 
route compared to traditional passive microneedle patches, as 
well as being an ideal candidate to particularly benefit applica-
tions, such as pain killing and cardiac treatment, that require 
fast and deep payload delivery.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 6.  Combinatorial drug microneedle patch for the simultaneous dual delivery of different payloads. a) Schematic of square microneedle arrays as 
different active and passive compartments. b) Digital photograph of a 3D printed microneedle array by stereolithography and SEM images of needle rows 
with equal spacing. Scale bars, 5 mm, 1 mm, and 500 µm respectively. c) Schematic of a combinatorial dissolvable microneedle patch with two different 
microneedle compartments (active and passive). d) Side-by-side SEM image of active and passive microneedles along with the corresponding EDX images 
illustrating the Mg in magenta, and C in cyan. Scale bars, 500 µm. e) Digital photograph of a combinatorial dissolvable microneedle patch loaded with FITC 
(passive delivery compartment) and Rh6G + Mg particles (active delivery compartment). Scale bar, 5 mm. f) Side-by-side optical and fluorescence micros-
copy images showing active and passive microneedles. Scale bars, 500 µm. g) Fluorescence time-lapse images show the dissolution of an active microneedle 
tip at 10 s intervals. Scale bars, 500 µm. h) Fluorescence time-lapse images showing the dissolution of a passive microneedle tip. Scale bars, 500 µm.
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