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in phase 3 clinical trials. [ 3 ]  In general, metal 
microneedles have been engineered and 
used for the transdermal delivery of sev-
eral biomolecules (e.g., proteins, vaccines, 
DNA, antibodies, or genes), [ 4–8 ]  and used 
either as drug-coated or hollow micronee-
dles. [ 6–10 ]  However, a major limitation of 
metal microneedles is the risk associated 
with breakage; [ 3 ]  there are also issues asso-
ciated with drug administration. In the 
case of drug coated surfaces, the major 
problem is represented by low-payload 
capability, whereas, in the case of hollow 
microneedles, the problem resides in the 
complexity of the infusion system. Dis-
solving or degradable microneedles have 
been therefore developed and proved able 
to release encapsulated pharmaceutical 
molecules into the skin after dermal inser-
tion. [ 11–14 ]  These microdevices have been 
also proposed for infl uenza vaccination 
as a method to improve immunogenicity 

with respect to conventional intramuscular injections. [ 15 ]  Unfor-
tunately, the production technologies for polymer micronee-
dles present some diffi culties that often prevent their market 
spreading. First, most polymer microneedles are fabricated by 
stamp-based methods characterized by costly and time con-
suming multiple steps, such as: fabrication of a complex master 
structure; fabrication of a three-dimensional (3D) mould; fi lling 
of a polymer with the drug to be encapsulated; setting of the 
polymer and separation of the polymer microneedle patch from 
the 3D mould. [ 13,16–18 ]  Moreover, since microneedles must have 
suffi cient strength to penetrate the skin, [ 13,19 ]  only high molecular 
weight polymers can be used; their setting parameters, however, 
might pose severe technical limitations. Indeed, high processing 
temperatures limit the use of thermolabile drugs. [ 13,20 ]  On the 
other hand, solvent casting at room temperature is a complex 
and time-consuming procedure. [ 14,21 ]  Casting at room tempera-
ture of photocurable polymers has also been proposed, [ 16,17 ]  but 
UV can impair the activity of the incorporated drug, and photo-
initiators are potentially toxic. [ 21 ]  

 Recently, a novel drawing lithography technique has 
been proposed as a potential solution to some of the above 
issues. [ 22,23 ]  However, such process free from replica moulding 
creates 3D microstructures from two-dimensional (2D) ther-
mosetting polymers, thus still suffering from the limitations of 
high processing temperature. In addition, microneedle forma-
tion strongly relies on the dynamic interaction between frame 
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  1.     Introduction 

 Microneedles are well known in the pharmaceutical fi eld as effec-
tive and pain-free micro-scale devices employed for transdermal 
vaccination and drug delivery. [ 1 ]  In particular, vaccine delivery via 
microneedles has attracted considerable attention, since it elicits 
immune responses comparable to (or better than) traditional 
skin delivery via hypodermic injection. [ 2 ]  Microneedles have 
been studied in vitro, in animals and in humans for a variety of 
applications and there are also examples of metal microneedles 
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and fl uid, which leads to a poor reproducibility compared to the 
mould technology. In summary, all currently used technologies 
to fabricate polymer microneedles show both technical draw-
backs and cost issues, which limit their successful entry into 
the market. Here, we propose a novel non-contact and room 
temperature electro-drawing (ED) process for the direct and 
rapid fabrication of biodegradable microneedles by means of an 
electrohydrodynamic (EHD) process. Our technique consists of 
drawing the microneedles from a sessile drop of a biopolymer 
solution by using EHD forces. This approach overcomes all the 
limitations deriving from the micro-casting and the drawing 
lithography approach, since no hazardous temperatures, no 
multi-step fi lling process and no UV are required. In fact, 
biopolymers are processed from a solution at temperatures in 
the range of 20–40 °C and are shaped directly into microneedles 
in a single step. The contact-free method proposed here avoids 
the use of moulds and could be suitable for the microengineeri-
zation of polymer microneedles. It is shown that, working on 
the formulation of polymer solution or water in oil emulsion, it 
is possible to encapsulate both hydrophobic or/and hydrophilic 
compounds at dosages of therapeutic interest. The results dem-
onstrate the formation of microneedles of variable shapes onto 
fl exible polymer strips that can be easily inserted in a cuff as a 
sort of disposable cartridge for transdermal drug delivery. Fur-
thermore, various insertion tests have been performed with the 
aim to show the effectiveness of the indentation process. The 
porous structure resulting from processing water in oil emul-
sion can be tuned to modulate polymer degradation and thus 
control the profi le release.   

  2.     Results and Discussion 

 Electro-drawing was innovatively used to prepare dissolving 
biodegradable microneedles made of poly(lactic-co-glycolic 
acid) (PLGA). Detailed descriptions of the fabrication process, 
characterization and analysis of microneedles are reported in 
Section 2.1. Moreover, as discussed in the following Section, we 
show that the electro-drawn microneedles have geometric and 
mechanical properties suitable to effectively indent and pen-
etrate the stratum corneum of cadaver skin taken from pigs, 
reaching the dermis. Experimental results reported here make 
evident that electro-drawn microneedles are appropriate biode-
gradable devices for drug delivery. 

  2.1.     Electro-Drawing Of Degradable Microneedles 

 The set-up used for the ED process is relatively easy to assemble 
and consists basically of a polar dielectric crystal (lithium tan-
talate, LT) facing the starting polymer reservoir drop at a con-
trolled distance. The operation principle of the fabrication 
process relies essentially on the use of the pyroelectric effect 
generated onto the LT crystal that, consequently, operates as the 
driving plate (DP). [ 24–26 ]  The starting polymer drops could be 
deposited onto a microscope glass slide or, in case of fl exible 
arrays of microneedles, onto a poly(dimethyl-siloxane) (PDMS) 
strip, as described in  Figure    1  a. An appropriate thermal stim-
ulus applied to the DP generates an electric fi eld that induces 

an EHD force responsible for destabilizing and drawing the 
polymer into a microneedle shape. In fact, it is well known 
that liquid drops subject to EHD forces generated by external 
electric fi elds deform into the so-called Taylor cone, [ 27,28 ]  assimi-
lated, in this case, to the form of a microneedle by appropriately 
manipulating the electro-drawing force. The deposition of mul-
tiple base drops allows the formation of microneedles under 
array-like confi gurations. In fact, the reservoir drops dispensed, 
using a syringe pump, directly onto the substrate of interest 
are subjected in lock step to the electro-drawing process under 
the action of the pyro-EHD force. The local heating induced 
onto the drop reservoir by the thermal stimulus applied to the 
crystal was measured during the experiment by colour change 
using a thermo camera (Flir i7) and it is <40 °C. The DP is 
mounted onto a precision translation stage to appropriately 
control the distance from the drop reservoir and, consequently, 
the drawing force. A conventional side illumination was used 
to monitor the process in real time (see Experimental Section). 
The microneedle fabrication is accomplished in three main 
steps, as shown in Figure  1 a: deposition of the drop reservoirs; 
activation of the EHD force; evaporation of the solvent. The 
fi nal result was an array of microneedles formed onto a fl ex-
ible strip. During the drawing process, the liquid cone becomes 
solid due to the fast evaporation of the solvent, thus giving 
the microneedles the desired shape. A post thermal treat-
ment (40 °C for 10 min) can be applied to the microneedles 
before complete solvent removal to get them a sharper tip and 
inducing at the same time a shrinkage that leads to an improve-
ment of the aspect ratio. The geometry of the cone is governed 
by the ratio of the surface tension to the electrostatic attraction. 
The fabrication process can be controlled through the appro-
priate handling of the EHD process. The process described 
above shows for the fi rst time, to the best of our knowledge, 
the usage of EHD force for drawing a drop of polymer solu-
tion directly into a microneedle shape. Overall, in principle the 
method can be applied to any type of polymer with different 
biodegradation time even in the case of highly viscous polymer.  

 In the applications described in our work, the reservoir con-
sisted basically of a biocompatible mixture of three main com-
ponents: a biodegradable copolymer PLGA, widely used for 
therapeutic devices, dimethyl carbonate (DMC) as a solvent and 
different kinds of molecules, such as Rhodamine 6G, Nile Red 
and rhodamine labelled human serum albumin (HSA) acting 
as model active compounds. 

 We focused on PLGA, a widely used material for micronee-
dles, because of its properties in terms of mechanical strength 
and biodegradation. [ 29 ]  A preliminary investigation was per-
formed on the formation of single microneedles from PLGA 
solutions in order to characterize the main conditions that 
regulate the microneedle formation, basically the ED process. 
Typically, the base drop was deposited onto a PDMS strip and 
had a volume ≤0.1 µL. The distance between the reservoir and 
the DP was crucial and depended on both the volume and the 
contact angle of the base drop. The DP was heated locally in 
correspondence of the base drop, while approaching the base 
reservoir. Since the EHD force depends on the viscosity of the 
fl uid, the control of this parameter was crucial for the suc-
cessful formation of microneedles with the necessary shape and 
strength to penetrate the skin. Therefore, the ED experiments 
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were performed with PLGA samples dissolved in solvent with 
different mixing ratios in order to characterize the drawing 
behaviour. A proper range of polymer concentrations was 
chosen, from 20 to 30% w/v, to guarantee suitable viscosities 
in the range of around 80 to 240 mm 2  s –1  (measured by using 
an Ubbelohde viscosimeter). Higher concentrations increased 
the solution viscosity dramatically, making the electric fi eld 
unable to deform the drop. Conversely, at lower concentrations, 
viscosity was too low and as a result the polymer cone was not 
stable. Therefore, all tests reported hereafter are obtained with 
25% w/v of polymer solution. Figure  1 c shows the side view 
of a typical microneedle immediately after formation, while 

Figure  1 b shows the corresponding drop reservoir. The PLGA 
reservoir appears to clearly deform into a shape consisting of a 
base preserving the diameter of the starting drop and a sharp 
conical tip very similar to a microneedle. The chromophores 
embedded into the polymer made the visualization of the 
microneedles easier under UV illumination. 

 Figure  1 d,e shows two stereo-microscope images (bright 
light and fl uorescence excited by a laser source of 325 nm) of 
a typical row of electro-drawn microneedles containing Nile 
Red (two red microneedles NR) and Rhodamine 6G (two yellow 
microneedles ROD). The distribution of Nile Red inside the 
microneedles appears notably more uniform than Rhodamine 
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 Figure 1.    a) Schematic view of the biodegradable microneedle fabrication process onto fl exible substrate; b) bright light image of a typical sessile drop 
of the PLGA biopolymer deposited onto a fl at substrate before starting with the electro-drawing process (scale bar 200 µm); c) bright light image of a 
typical microneedle, corresponding to the reservoir drop of fi gure b and electro-drawn under the action of the pyro-EHD pressure (scale bar 200 µm); 
d) white-lamp (scale bar 1 mm); and e) fl uorescence stereo-microscope images of an array of multi-drug microneedles onto a microscope glass fl at 
substrate (Nile Red (red) and Rhodamine 6G (yellow)) (scale bar 300 µm); f) magnifi ed view of a Nile Red microneedle (scale bar 70 µm); g) fl uores-
cence scan of a typical microneedle along different vertical planes, the laser beam is moved from the base to the tip of the cone in order to show the 
photoluminescence emission of the microstructure: all this information is summarized in the last frame where a fl uorescence image of the needle in 
total is obtained using a different angle for the incident laser beam (scale bar 100 µm).
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6G, due to its molecular polarity and therefore to its solu-
bility in PLGA, even with a double concentration, as expected. 
Figure  1 f shows a magnifi ed view of the electro-drawn 
microneedles. A microneedle obtained with the method of the 
post thermal treatment to fasten the evaporation is reported in 
Figure  1 g, which shows a sequence of side views of a single 
Nile Red microneedle acquired during the vertical scan of the 
microneedle by the laser beam used as an illumination source. 
These results demonstrate the capability of the ED to embed 
hydrophobic compounds into the polymer microneedle during 
the drawing process. On the same microneedle an in fl uores-
cence analysis was also performed (see Supporting Informa-
tion, Figure S1a–e) in order to assess the uniform distribution 
of the chromophore. 

 It is important to note that this method provides high 
degrees of freedom in moulding the shape of the microneedles. 
The polymer microneedle was formed in a single step by con-
trolling the distance between the base and the DP. In particular, 
starting from the volume V of the drop reservoir we defi ned a 
critical distance  D c  , so that the process takes place for values of 
distance shorter than the critical one  [ 30 ]  as expressed in:

 
D V1

4
c

1/3ϑ= +⎛
⎝⎜

⎞
⎠⎟  

 (1)
   

 Under these conditions, controlling the volume of the drop 
reservoir with a contact angle θ and the critical distance, it is 
possible to control the height of the microneedle produced. The 
microneedle height,  h , is measured considering only the cone 
without the pedestal. For base drops of 0.05 µL <  V  < 0.1 µL, 
the typical microneedle height was 300 µm <  h  < 500 µm, 
which falls within the range used for indentation applica-
tions. [ 9,10,12–14 ]  The method also allows controlling microneedle 
height and aspect ratio as a function of drops. As shown in 
 Figure    2  a,b, the microneedle height increases with the volume 
of the drop and the aspect ratio h/b can be modulated accord-
ingly. The increase of the aspect ratio with the drop volume is 
most probably due to the fast consolidation of the walls with 
respect to the inner core that feeds the height increase under 
the persistent electric fi eld. In Figure  2 c the post-treatment 
microneedle profi le (black) is overlapped with the original one 
(light gray). This treatment also reduces the pedestal volume 
under the cone.  

 An alternative confi guration was implemented—in a mass-
production perspective—in order to obtain a more controlled 
fabrication of microneedle arrays by the EDS. An array of 
PDMS pillars (see Experimental section) was used as a multiple 
base to improve the uniformity of the base drops and, conse-
quently, that of the microneedles (see the scheme in the Sup-
porting Information, Figure S2). Figure  2 d,e show the side view 
of a microneedle while being drawn from the pillar-based reser-
voir (Figure  2 d) and a fl uorescence image of one electro-drawn 
microneedle (Figure  2 e) with no post thermal treatment. In this 
case, the volume of the drop reservoir has been increased in 
the range of 0.3 µL <  V  < 1.8 µL; as a direct consequence, the 
microneedle height grows in the range of 400 µm <  h  < 800 µm. 
Thanks to the use of PDMS pillars, the density of microneedles 
per area can be dictated by the distance between pillars and can 
therefore be easily controlled. Alternatively, it would be possible 

to control the spacing period using the ED method, thus 
 controlling the self-assembly of a highly viscous polymer [ 25 ]  and 
leading to the fabrication of a tightly spaced microneedle array. 

 Since most of the therapeutics of interest are hydro-
philic, we have adapted our technique to encapsulate 
any kind of hydrophilic compound in the microneedle. 
To this end, the PLGA solution was mixed with a water 
solution containing HSA labeled with Rhodamine 6G 
used as probe, to create a water-in-oil emulsion. The 
emulsion was then successfully electro-drawn (see Sup-
porting Information, Figure S3a) to generate a needle 
with embossed protein loaded microcavities (Figure S3b, 
Supporting Information). The height was increased thanks to 
the post thermal treatment combined with the larger volume 
confi ned onto PDMS pillar. The dimension and the extension 
of these hydrophilic compartments appearing as insulated 
micrometric pores (Figure S3b, Supporting Information) can 
be tuned by the composition and distribution of water drop-
lets within the original emulsion. Micrometric porosity within 
the needle structure also affects PLGA degradation rate and 
thus the drug release kinetics. In this view, it may be possible 
to tune the drug release profi le by tailoring the porous micro-
structure adapting the emulsifi cation conditions. [ 31 ]  

 The microneedles described so far present a not optimal 
distribution of bioactive agents. Indeed, drug is uniformly 
distributed throughout the whole microneedle with obvious 
unusable portion of drug loaded in the pedestal region. To 
improve the drug distribution within the needle regions, 
we succeeded in loading only the cone of the microneedle 
by using a two-stage dispensing procedure. A small drug-
containing water-in-oil emulsion drop, corresponding to the 
volume of the needle’s cone, was dispensed on the top of a 
drop of drug-free PLGA solution. The resulting composite 
drop was successfully electro-drawn to obtain a needle with a 
drug-encapsulated porous cone and a compact drug free ped-
estal. Microneedle structure and dye distribution are clearly 
shown by the optical stereo microscope analysis,  Figure    3  a. 
The separation of the two regions, cone and pedestal, is even 
more evident by the confocal optical analysis reported in 
Figure  3 b. Also in this case the microneedle was obtained 
onto a PDMS pillar combining a post thermal treatment. In 
particular, the details on the distribution of the hydrophilic 
bioactive compound are reported in Figure  3 c, which is a mag-
nifi cation of the previous image.  

 A slight evolution of the two-stage dispensing procedure 
could also allow for the implantation of the microneedle 
cones in the tissue with possible immediate patch removal by 
introducing a separating and fast degradable layer between 
the two drops; the microneedle could then be inserted into 
the skin layer with rapid degradation of the interface layer. [ 32 ]  
Doing so, the pedestal may be separated from the drug-loaded 
microneedle cone leaving it inserted in the skin when a long 
dissolving time is required.  

  2.2.     Skin Indentation by PLGA Electro-Drawn Microneedles 

 To serve as a substitute for a hypodermic needle, a microneedle 
should penetrate the 10–20 µm thick stratum corneum, without 
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breakage. Preliminary indentation experiments were performed 
into model materials, such as wax (see Supporting Information 
Movie 1) and agarose gel (see Supporting Information Movie 2) 
in order to test the hardness of the microneedles. The agarose 
gel offers an ideal test bed because it can be produced by con-
trollable mechanical properties, while its transparency allows to 

view microneedle penetration in real time. [ 33 ]   Figure    4  a,b show 
the microneedles while penetrating the agarose and just after 
ejection, respectively (see Supporting Information Movie 3). The 
results show that microneedles about 300 µm high can penetrate 
agarose at a depth directly corresponding to the cone height. No 
breakage or bending was observed either in this case or for other 

Adv. Funct. Mater. 2014, 24, 3515–3523

 Figure 2.    a) Plot of microneedle height; and b) aspect ratio as a function of volume of the corresponding reservoir drops directly deposited onto a fl at 
microscope substrate and obtained by thermal post fabrication treatment; c) post-treatment profi le (black) overlapped with the initial one (light gray) 
showing the possibility to improve the aspect-ratio for the fabrication of a sharper tip (scale bar 100 µm); d) evolution in time of the fabrication process 
using micropillars as the base of the microneedle (scale bar 200 µm): the use of micropillars leads to improve the needle formation containing the 
drop reservoir and limiting the pedestal during the electro-drawing process; e) magnifi ed and fl uorescence image of one electro-drawn microneedle 
onto a polymer micropillar (scale bar 100 µm).
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lengths and aspect ratios of the microneedles during the insertion 
tests. Then, indentation experiments were performed into real 
skin by inserting the Nile Red loaded microneedles obtained with 
post-thermal treatment into pig cadaver skin and by removing 
them after 15 min. The indentation was performed by tight-
ening the fl exible strip containing microneedles (see Figure  4 c) 
onto the skin previously stretched onto a cylindrical support 
to emulate real conditions of use. Specifi cally, the necessary 
force to produce the indentation was of around 0.01 N per 
microneedle, much lower than forces (>1 order of magnitude) 
typically known to produce PLGA microneedle breakage. [ 34 ]  
The effectiveness of the indentation is confi rmed by the cross 
sectional image of the stained skin at the site of microneedle 
penetration (see Experimental Section). The dermis was clearly 
reached by the microneedles, thus confi rming its potential use 
for drug delivery, Figure  4 d,e. [ 35 ]  The insertion depth was in 
agreement with the dimensions of the microneedles used for 
test, which showed lengths of around 400, 500, 450 µm, respec-
tively (see Supporting Information, Figure S4). In particular, 
they were able to penetrate all the layers of the epithelium and 

part of the papillary dermis. It is important to note here that 
the technological simplicity of the technique would provide a 
signifi cant breakthrough in the clinical development of bio-
degradable microneedles. In principle, the entire procedure 
could be carried out by a single person with a portable kit, 
equipped with a pyroelectric crystal, micrometric controlled 
translation stages and integrated micro-heaters, in order to 
produce personalized microneedle patches for pharmaceutical 
self-administration. 

     3.     Conclusion 

 In conclusion, this paper presents an electro-drawing (ED) 
approach for the fabrication of sharp, dissolving micronee-
dles directly from a liquid polymer reservoir, moulding-free 
and contact-free. Model drugs can be embedded at room tem-
perature in drop reservoirs, drawn to form microneedles at no 
more than 40 °C and successfully delivered via indentation 
into the skin. The technique allows for the encapsulation of 

Adv. Funct. Mater. 2014, 24, 3515–3523

 Figure 3.    a) Fluorescence optical microscopy image of a microneedle produced by overlapping an emulsion drop loaded with rhodamine labeled HAS 
onto a fi rst drop of pure PLGA solution. The fl uorescene image of the side view is compared with a schematic to better explain the needle composi-
tion. The pure PLGA solution is used for the fabrication of the pedestal, while the cone is formed from the emulsion drop deposited in a second step 
over the pure PLGA reservoir; b) optical confocal image of a slice of the microneedle (scale bar 100 µm); and c) magnifi cation of a portion of the cone 
(scale bar 25 µm).
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both hydrophobic and hydrophilic compounds. Hydrophobic 
drugs are entrapped in the polymeric phase, whereas hydro-
philic compounds are encapsulated in microcavities created 
within the polymeric phase. Microneedle patches are formed 
directly onto a fl exible, disposable strip that is inserted into a 
cuff, overcoming the technological limitations of both micro-
casting and drawing lithography and opening new frontiers 
in the fi eld of transdermal delivery. In addition, microneedle 
fabrication is made easy, mould-less, nozzle-less, making way 
for homemade patches and customized therapies. On-demand 
and cost-effective microneedles could be obtainable in-situ 
directly at the point of care, thus replacing the traditional 
syringes.  

  4.     Experimental Section 

  Fabrication of Microneedles : Poly(lactic-co-glycolic acid) 50 : 50 (PLGA 
RESOMER RG 504H, 38 000–54 000 Dalton, Boeringer Ingelheim) was 
dissolved in dimethyl carbonate (20–30 w/v, DMC 99% Sigma-Aldrich). 
Then, drops of polymer solution were deposited on poly(dimethyl-
siloxane) (Dow Corning 184 Sylgard) used as a fl at fl exible substrate or 
onto PDMS pillars integrated on the same fl exible substrate. A syringe 
pump (Harvard apparatus – Plus 11) was used for the dispensing with 
imposed rate 0.1 µL/min –1 , connected to a capillary of inner diameter 
500 µm, and then positioned on a platform of translation stage under 
a lithium tantalite crystal (Optical grade LiTaO3 wafer, z-cut, 0.5 mm 
thickness, both side polished, Roditi International Corporation Ltd) that 
was locally heated until 80 °C in correspondence to the drops in order 
to draw them and create the cone-like shape. A 5× microscope objective 

 Figure 4.    a) Real time indentation test of microneedles in the agarose gel used as model material (scale bar 200 µm); and b) visualization of the 
integrity of the microneedles just after penetration (scale bar 200 µm): the microneedle on the left side appears as slightly bending with respect to the 
central axis before and after insertion; c) fl exible multi-drug therapeutic cuff; d) cross-sectional image of the skin after microneedle removal and skin 
fi xing in formaline at 10 wt% with black arrows indicating the indented areas (scale bar 500 µm); e) magnifi cation of central indentation and complete 
image where dashed black line indicates the stratum corneum and dashed yellow line indicates the basal membrane (scale bar 200 µm).
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and a high-speed digital CMOS camera (pixel size 12 mm × 12 mm, 
frame rate of 500 frames s −1  with 1280 (H) × 1024 (V) spatial resolution) 
were used to capture side-view pictures and videos during microneedle 
formation. After the electro-drawing process, microneedles can be 
kept at temperature of about 40 °C for 10 min, to accelerate solvent 
evaporation and fi x microneedle shape. In some preparations polymer 
solution was loaded with Nile Red (2 µg per mg of PLGA) technical 
grade, Sigma-Aldrich) and Rhodamine 6G (1 µg per mg of PLGA, Dye 
content ≈95% Sigma-Aldrich). 

 To obtain microneedles with a porous microstructure to embed 
hydrophilic compounds, a water solution was prepared with lecithin 
(Lipoid E80, Lipoid AG), a biocompatible surfactant, and human serum 
albumine (HSA, lyophilized powder, fatty acid free, globuline free, ≥95%, 
Sigma-Aldrich) labelled with rhodamine (5(6)-Carboxy-X-rhodamine 
N-succinimidyl ester, Sigma-Aldrich) dissolved in water (lecithin 
20 mg mL -1 , HSA 40 mg mL –1 ). This aqueous phase was emulsifi ed in the 
PLGA solution (40 wt%) by using an immersion sonicator (Ultrasonic 
Processor VCX500 Sonic and Materials) for 20 s at 30 wt% of power. 
Following steps such as deposition and drawing of drops solution, are 
unchanged. To localize the active compound in the microneedle cone, a 
method characterized by a double dispensing process was implemented, 
where a fi rst drop is deposited on the pillar and then followed by the 
deposition of a second drop of a volume 1/10 (v/v) with respect to the 
fi rst one and containing the active compound. 

  Fabrication of Master for Flexible Support : The negative of the array 
of pillars was tooled on PMMA substrate by using the micromilling 
technique (Mini-Mill/GX, Minitech Machinery Corporation), to form 
a cylindrical cavity with a diameter of 700 µm and a depth of 200 µm 
(different sizes are possible). Then, a fl exible layer with pillars was 
obtained by pouring PDMS, mixed in ratio 10:1 with curing agent 
on the above described master and under vacuum until complete 
disappearance of the air bubbles. Finally, it was cured at 80 °C for 
30 min and peeled off from PMMA master. 

  Slicing Microneedle : To slice microneedles, they were incorporated in 
PDMS, cured for 24 h at room temperature, and then frozen at –120 °C 
in Leica CryoUltra Microtome EM-FC7-UC7. Samples were sectioned at 
a thickness of 10 µm for SEM analysis and 1 µm for confocal analysis. 

  Imaging Analysis : A morphological analysis was performed using fi eld 
emission SEM (Ultra plus Zeiss) on porous microneedle slices. To avoid 
damage inside the samples, they were sputter coated with a 15 nm thick 
gold and a voltage (EHT) of 5 kV was imposed. 

 Then, to investigate cromophore distribution inside the microneedle, 
slices of samples, 1 µm thick, were analyzed with a confocal Leica TCS 
at 543 nm using a 25× water immersion microscope objective. Acquired 
images were analyzed using ImageJ (Java-based image processing 
program developed at the National Institutes of Health). 

  Indentation Tests : A small block of wax (paraffi n wax, Sigma-Aldrich) 
and of agarose gel (4% agarose gel, Sigma-Aldrich) prepared on the 
day of use were fi xed over a microscope slide and connected to a 
computer-controlled  x ,  y  axes translation stage, with movement velocity 
of 0.7 mm s –1  facing down the polymer strip with the microneedle (wax, 
Supporting Information Movie 1; agarose gel, Supporting Information 
Movie 2). The indentation experiment was visualized in situ by an 
optical set-up. In particular, by controlling the distance in real time the 
blocks were put in contact with the microneedle tip until it reached 
the microneedle base. In the case of agarose gel a conventional blue 
collimated led light (wavelength of 470 nm and beam power around 
400 mW) illuminated the cross-section of the microneedle, while a 
digital CMOS video camera (pixel size 12 µm × 12 µm; frame rate of 
500 frames s –1  with 1280 (H) × 1024 (V) spatial resolution) was used for 
recording the process. A 5× microscope objective was adopted to image 
the process on the CMOS sensor (Supporting Information Movie 3). 

 Then, a series of three microneedles was inserted in a full thickness 
cadaver pig skin without subcutaneous fat that was shaved with cream 
and washed in a solution of phosphate buffered saline (PBS, Lonza); 
fi nally, it was placed on absorbing paper for a few minutes to eliminate 
the water in excess. The indentation test was carried out with a system 
emulating the application of the microneedle patch through a bracelet. 

Pig skin was positioned onto a cylindrical tube, with a diameter of about 
5 cm, and gently stretched by hand. Microneedles previously attached 
on the plastic plate of the bracelet were pressed onto the skin and kept 
close by means of elastic bands and Velcro for 10 min. The pressure 
exerted by tightening the cuff was measured by introducing a pressure 
sensor (CZN-CP1, TME electronic components) between the cuff and 
the fl exible layer supporting the microneedles. 

  Histological Analysis : After indentation, the microneedles were 
removed and the skin was fi xed in a solution of neutral buffered 
formaline (10 wt%, Bio-Optica) for 24 h, dehydrated in an incremental 
series of alcohol (75, 85, 95 and 100, and 100 wt% again, each 
step 20 min at room temperature), treated with xylene (histological 
grade, Sigma-Aldrich) and then embedded in paraffi n (Bio-Optica). 
Successively, samples were sectioned at a thickness of 6 µm, and 
stained with hematoxylin (Bio-Optica) and eosin (Bio-Optica), and 
fi nally the sections were mounted with Histomount Mounting Solution 
(Invitrogen) on coverslips and the morphological features of the 
constructs were observed with a light microscope (BX53; Olympus).  

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