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1. Introduction

Preparation and characterization of flexible
furosemide-loaded biodegradable microneedles
for intradermal drug deliveryy

Arsalan Abu-Much, & $>° Raya Darawshi,1¢ Hala Dawud,® Haytam Kasem® and
Aiman Abu Ammar (2 *©

Transdermal drug delivery systems are a useful and minimally invasive alternative to other drug adminis-
tration routes. Biodegradable polymeric microneedles (MNs) are widely used in controlled-release drug
delivery due to their tunable properties and ease of patient self-administration. Polylactic-co-glycolic acid
(PLGA) is often used for sustained drug release owing to special intrinsic properties including biocompat-
ibility and biodegradability, which offer excellent applicability in preparing MNs. Congestive heart failure
(CHF) is characterized by fluid overload during acute exacerbation, necessitating frequent patient hospi-
talization for continuous intravenous (i.v.) diuretic therapy. In the present study, we incorporated furose-
mide (FUR) as a model drug into flexible PLGA MN skin patches for potential intradermal delivery to over-
come the limitations associated with i.v. diuresis. The MNs were fabricated by a casting-mold technique
and consisted of two main parts, PLGA needle tips loaded with varying concentrations of FUR and a
flexible backing layer comprising sodium alginate and glycerol. MN formulations were characterized by
SEM and exhibited a uniform pyramidal shape. The measured surface pH of all samples suggested that no
skin irritation is expected upon application. High encapsulation efficiency was obtained for FUR-MN for-
mulations in which a decrease was noted as the FUR/PLGA ratio decreased. Drug loading content ranged
from 19.1 + 1% to 28.9 + 1.4%. Successful insertion of MNs into a Parafilm® skin simulant model
suggested that MNs will easily penetrate the skin's outermost layer, the stratum corneum, and will permit
intradermal delivery of FUR. The MNs were further characterized by analytical methods. Finally, the MNs
exhibited an initial burst release followed by a sustained release of FUR. Self-administered FUR-MNs can
open new avenues to overcome i.v. drip limitations and increase patient compliance.

In recent decades biocompatible polymeric microneedles
(MNs) have demonstrated an outstanding ability to encapsu-

Transdermal drug delivery systems are well known for increas-
ing the bioavailability of biopharmaceutical classification
system class IV drugs, a class characterized by poor water solubi-
lity and low permeability. These minimally invasive systems con-
stitute a suitable alternative to other drug administration routes
such as intramuscular and intravenous (iv) administration."
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late active compounds and deliver them across the skin in a
painless and effective administration route for various appli-
cations. Polymeric MNs are widely used in controlled-release
drug delivery as a result of their tunable properties and ease
of patient self-administration.>* Poly(lactic-co-glycolic acid)
(PLGA) copolymer is often used for sustained drug release
owing to its intrinsic properties including biocompatibility,
biodegradability, and favorable mechanical performance.*®
Therefore, PLGA offers excellent applicability and is commonly
used for preparing MNs.> "

Congestive heart failure (CHF) has been recognized as a
worldwide endemic, where numbers in the United States are
expected to increase by 46% by 2030, particularly as a result
of population growth and aging.'* It imposes a significant
medical and economic burden characterized by a high 5-year
mortality, reaching 53% from the moment of diagnosis. From
a clinical perspective, fluid overload (e.g., pulmonary conges-
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tion, ascites, and lower limb edema) is among the hallmarks
of acute exacerbation symptoms, necessitating frequent
patient hospitalizations for diuretic therapy,'* further contri-
buting to substantial use of health care resources."

Loop diuretics (e.g., furosemide) are considered the main-
stay of fluid overload treatment in CHF.'* Intravenous furose-
mide (FUR) is twice as potent as oral administration due to
higher drug bioavailability, particularly in the case of acute
exacerbation, a state characterized by enhanced sodium reten-
tion,'® The i.v. administration of FUR through syringe pump
necessitates inpatient care, continuous monitoring, and peri-
pheral i.v. catheter placement. This makes the strategy particu-
larly inconvenient in addition to posing a significant risk
from peripheral venous catheters associated with adverse
events.">'” Therefore, novel therapeutic strategies for diuresis
with different administration routes, such as subcutaneous
(s.c.), have been developed to facilitate outpatient diuresis
therapy and to minimize the in-hospital stay. For example, a
novel buffered formulation of pH-neutral FUR (pH 7.4) was
developed for s.c. infusion using a wearable patch pump. This
showed comparable bioavailability and diuresis to the regular
i.v. FUR bolus.'® Another study has demonstrated consistent,
effective, and safe diuresis using non-formulated FUR when
administered s.c. via a syringe pump system.'® Even so, this
warrants the use of continuous infusions and skin canulation
just like the i.v. route. Intradermal (i.d.) drug delivery has
emerged as a better alternative to s.c. routes across different
therapeutic agents, such as insulin®® and monoclonal anti-
bodies.>’ Data regarding the feasibly of i.d. delivery of FUR
using MNs are scarce.

We aim to incorporate FUR as a model drug for self-appli-
cable MN skin patches. They consist of FUR-loaded PLGA bio-
degradable needle tips and a flexible backing layer comprising
sodium alginate and glycerol, for potential i.d. administration
aimed at sustained diuresis in heart failure patients, thereby
overcoming the limitations associated with continuous i.v. and
s.c. drips.

2. Materials and methods
2.1. Materials

FUR (>98%) was purchased from Apollo Scientific Ltd (UK).
PLGA-Purasorb PDLG 5010 (50:50) was donated by Corbion
Purac (Gorinchem, The Netherlands). Silicone MPatch
microneedle templates were purchased from Micropoint
Technologies Pte Ltd (Pioneer Junction, Singapore) and were
pyramidal in shape with a dimension of 10 x 10 needle array,
200 pm base, 500 pm height and 500 pm pitch. Phosphate
buffer saline (PBS) was purchased from Hyclone Laboratories.
Organic solvents and sodium alginate were obtained from
Sigma-Aldrich (Rehovot, Israel).

2.2. Fabrication of FUR-loaded PLGA MNs

FUR-loaded PLGA MNs were prepared using a casting-mold
technique'® with modification as shown in Fig. 1. Briefly, 5%
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w/v solution of PLGA in chloroform containing varying concen-
trations of FUR was left to stir until a clear solution was
obtained. For the two-step microneedle fabrication, 150 pL of
FUR/PLGA solution was cast on polydimethylsiloxane (PDMS)
microneedle molds and degassed in a vacuum for 2 min to fill
mold cavities. Then, 100 puL of the back-layer solution compris-
ing 2% w/v sodium alginate and 1% w/v glycerol in distilled
water (DW) was added to the molds, and the templates were
kept overnight in a desiccator. Finally, the MN patches were
peeled off the mold and stored in a desiccator until future use
(Fig. 1). Different MN formulations were prepared as shown in
Table 1. In a typical preparation, appropriate amounts of PLGA
and FUR were dissolved in chloroform. The weight ratio of
FUR/PLGA in the solution was Wgyr/Wprga = 1/2 (FUR-MN2).
The blank PLGA MNs (P-MN) were fabricated by the same pro-
cedure as FUR-loaded MNs without adding FUR at any stage of
the preparation.

2.3. Morphological characterization of PLGA MNs

Morphological characterization of FUR-loaded MNs was
carried out using an Environmental Scanning Electron
Microscope (ESEM) (Quanta 200, FEI, Germany) to evaluate
the surface morphology and dimensions of the MNs.

2.4. Folding endurance

The flexibility of the different PLGA MNs was assessed manu-
ally by folding each patch repeatedly at the same place using
the thumb and forefinger until the patch broke or visible
cracks appeared.?” Three patches of each type were tested.

2.5. Determination of FUR encapsulation efficiency

The FUR-loaded MNs were dissolved in 1 mL acetone.
Methanol was then added to precipitate the polymers, followed
by vortex and centrifugation for 2 min at 2000 rpm.
Afterwards, the supernatant containing the drug and organic
solvents was transferred and evaporated. The resulting residue
was subsequently dissolved in methanol, and FUR was quanti-
tatively determined after suitable dilutions with the same
solvent using a Biochrom UV-vis spectrophotometer at a wave-
length of 275 nm. The concentrations of the calibration curve
ranged from 0 to 20 pg mL~" (Fig. S11).

2.6. Surface pH

The surface pH of three prepared films of each formulation
was determined after placement into glass tubes containing
10 ml of double distilled water for 2 h at room temperature. A
combined glass electrode was located near the surface of the
film, and pH measurements were performed after an equili-
bration time of 1 min®®

2.7. Insertion capabilities of MN array in Parafilm®

PLGA MNs were manually pushed into 10 layers of Parafilm®
for 30 s and observed under an optical microscope to study the
mechanical insertion properties of the needles. The mechani-
cal uniformity of PLGA MNs was estimated from the dimen-
sions of 10 randomly selected pores created in the first layer
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Fig. 1 Preparation scheme of FUR-loaded PLGA MNs using a polydimethylsiloxane (PDMS) microneedle mold.

Table 1 Composition of PLGA MNs

Needle tip solution

Condition designation FUR : PLGA (% w/w) FUR (mg) PLGA (mg) Chloroform (pL) Back-layer solution

P-MN — — 7.5 150 2% Sodium alginate and 1% glycerol
FUR-MN2 1:2 3.75 7.5 150

FUR-MN3 1:3 2.50 7.5 150

FUR-MN4 1:4 1.87 7.5 150

and the last (second) layer using Image] software (National
Institute of Health, Bethesda, MD, USA).>**> The rate of
change of the height (um) of the MNs was calculated and
plotted as the percentage of reduction in MN height.

2.8. Differential scanning calorimetry (DSC) measurements

DSC measurements were performed using a DSC 1 Star System
equipped with Star Software (Mettler Toledo, Greifensee,
Switzerland) and a DSC131 Evo (SETARAM Instrumentation,
Caluire-etCuire, France). Weighed samples of 5-12 mg were
placed into 100 pL aluminum crucibles, and the samples were

6488 | Biomater. Sci, 2022, 10, 6486-6499

scanned from —20 °C to 270 °C at a constant heating rate of
10 °C min~" under a continuous flow of dry nitrogen.

2.9. Powder X-ray diffraction (PXRD)

PXRD measurements were performed using a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) with second-
ary Graphite monochromator, 2° Sollers slits and 0.2 mm
receiving slit. Low-background quartz sample holders were
carefully filled with the powder samples. XRD patterns within
the range 2° to 75° 26 were recorded at room temperature
using CuKa radiation (4 = 1.5418 A) with measurement con-

This journal is © The Royal Society of Chemistry 2022
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ditions: Tube voltage of 40 kV, tube current of 40 mA, step-
scan mode with a step size of 0.02° 2 6 and counting time of
1 s per step.

2.10. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) measurements

ATR-FTIR spectra were measured by a PerkinElmer Spectrum
100S spectrometer equipped with a universal ATR sampling
accessory. The transmission spectra were recorded with a spec-
tral range of 500-4000 cm™', against a background of air,

using 4 scans with a resolution of 4 cm™.

2.11. Invitro drug release studies

Samples of FUR-MN2, FUR-MN3 and FUR-MN4 were placed
into 10 mL of PBS (pH 7.4) and maintained at 37 °C in a rotary
incubator (50 rpm). At predetermined intervals, 1 mL samples
were withdrawn from the release medium and were replen-
ished immediately with the same volume of fresh prewarmed
PBS (37 °C) maintaining sink conditions throughout the
experiment. The drug release experiment was performed at
37 °C to simulate the internal body temperature where the
drug is presumably released from the microneedles.”*>® FUR
concentrations were determined following suitable dilution
using a UV-vis spectrophotometer at a wavelength of 277 nm.>®
The concentrations of FUR calibration curve in PBS (pH 7.4)
ranged from 0 to 30 pg mL™" (Fig. S21).

2.12. Evaluation of mechanical properties and ex vivo skin
penetration of FUR-MN2

The mechanical strength of FUR-MN2 was determined using a
customized tension/compression tester that was designed
and built at the Tribology Laboratory, Azrieli College of
Engineering Jerusalem.’® The device is constructed on the
basis of a one-pass vertical displacement consisting of driving
and measuring units. In the present study, the lower counter-
face was made of a flat block of aluminum (Young’s Modulus,
E ~ 69 GPa) for the reference test and ex vivo chicken skin,
obtained from a local slaughter house, for the penetration
test.>®*3? The MN samples were glued to a hard support on a
passive self-aligning system based on the principle of two free
rotation axes to guarantee a full flat-on-flat contact between
the mating surfaces. The self-aligning system is attached to a
motorized linear actuator (A-LAR300APC-01, US) that can move
to bring the mating surfaces in contact under a predefined
constant loading velocity to reach the desired normal load and
then, after a predefined waiting dwell time under the loaded
state, the translation stage is withdrawn opposite to the
normal direction. The measurement unit consists of an accu-
rate load cell FUTEK (FSH00098, US) with a multifunctional
data acquisition board Lab-PC-1200 (National Instruments
Co., Austin, Texas, USA) and is processed using a LabVIEW
software package (National Instruments Co., Austin, Texas,
USA).

In this test, the MN arrays were pressed against a flat block
of aluminum or chicken skin at a loading velocity of 0.2 mm
s~! until the desired normal force of 32 N is achieved (320 mN

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

per needle), followed by 30 s waiting dwell time under the
loaded state, then withdrawing the upper holder that holds the
MNs samples in the opposite direction.*® The load cell records
the variation in the applied normal force as a function of the
vertical displacement of the stage. The force versus displace-
ment curves were generated for each test. Deformation of
microneedles after the application of different compressive
forces was examined by a stereomicroscope (Olympus SZ61)
and the change in needle height following the application of
the axial compression load was evaluated.

3. Results and discussion

The MNs consist of two main parts, FUR-loaded biodegradable
needle tips made of PLGA and a flexible backing layer compris-
ing sodium alginate and glycerol, which were fabricated
through a casting-mold technique as illustrated in Fig. 2. The
MNs were fabricated as a 10 x 10 array. The shapes of the man-
ufactured polymer MN tips were quadrangular pyramids
(Fig. 2A). The obtained MN patch was flexible to be easily
folded without damaging the MN arrays (Fig. 2B) due to the
use of glycerol as a plasticizer to impart flexibility to the
backing layer.**>

When characterized by SEM, all MN formulations had a
quadrangular pyramidal shape and were uniformly distributed
on the substrate (Fig. 3). P-MN, FUR-MN2, FUR-MN3 and
FUR-MN4 were successfully fabricated with dimensions of
494.35-499.21 pm height and 196.62-199.31pm width of the
base as depicted in Table 2. Additionally, the SEM images con-
firmed sharp tips of the MNs without any visible fracture,
which is needed for sufficiently piercing the skin.

The folding endurance test was carried out to evaluate the
strength of the patches, as shown in Table 3. The MNs were
successfully folded and unfolded more than 300 times without
encountering any damage or cracks, suggesting that all devel-
oped MNs were flexible and exhibited adequate mechanical
properties.>®*® A highly acidic or alkaline pH can cause skin
irritation, therefore the surface pH of the prepared MNs was
determined. The surface pH of all the samples evaluated was
in the range of 6.03 + 0.01 to 6.24 + 0.09 (Table 3), indicating
that no skin irritation due to pH is expected upon their
application.?®*” To determine the quantity of FUR loaded into
the MN patches, FUR-loaded MNs were dissolved to release the
encapsulated FUR completely, and the amount of drug was
measured based on a calibration curve. High encapsulation
efficiency was obtained for FUR-MN formulations, where a
decrease was noted as the FUR/PLGA ratio decreased. Even so,
drug loading content ranged from 19.1 + 1% for FUR-MN4 to
28.9 + 1.4% for FUR-MN2 (Table 3).

The uniform mechanical strength of MNs on an array is an
essential indicator for uniform channels created in skin. In
this study, ten layers of Parafilm® (Thickness of 140 + 10 pm)
were stacked together as a skin simulant for MN insertion to
evaluate the mechanical uniformity of the obtained MNs. After
the insertion of MNs on a stack of Parafilm® layers by manu-
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Fig. 2 Representative images of the obtained microneedles: (A) FUR-MN2 and (B) folded FUR-MN2. Scale bar 1 mm.

ally exerted pressure (using a thumb) to simulate the practical
use of MNs in clinical settings, each layer was separated and
visualized under an optical microscope to measure the dimen-
sions of 10 randomly selected pores. The MNs created about
100% square-shaped pores in the first Parafilm® layer and
approximately 80% in the second layer (Fig. 4), in which the
length of the square pores was significantly lower than the
needle base (Fig. 5). As shown in Fig. 5, the size of the pores
decreased from the first to second Parafilm® layer following
the pyramidal shape of the MNs. The minimal standard devi-
ation of these demonstrated the uniformity of created pores as
well as the mechanical uniformity of the needles. These find-
ings are in agreement with previously published results using
pyramidal MNs,>>>38

Previous studies show that manual application of MNs is
feasible, reproducible, and may enhance patient compliance
by allowing simple self-administration and circumventing the
need for an applicator.”>*° Larrafieta et al. report that the
measured average forces that patients can apply to polymeric
MN arrays were approximately 20 N with no significant differ-
ence between male and female volunteers.*® Other works indi-
cate that the range of forces needed to insert different types of
MNs was lower than 20 N.*0™*?

Successful insertion of MNs into skin simulant Parafilm®
suggests that MNs easily penetrate the outermost layer of the
skin, the stratum corneum (~50 pm thickness), consistently and
reproducibly by pressing by thumb. This would permit intra-
dermal insertion of the MNs, allowing drug delivery across the
skin.**™*?

MN height reduction for FUR-MNs was evaluated after the
insertion test using Parafilm®. Fig. 6 shows the reduction in
MN height for all the tested formulations, where the average

6490 | Biomater. Sci, 2022, 10, 6486-6499

percent reduction in MN height for FUR-MN2, FUR-MN3 and
FUR-MN4 was 10.6%, 9.9% and 7.1%, respectively. These
results demonstrate that MNs are mechanically strong and do
not fracture, but instead slightly compressed.*®

Thermal analysis using DSC was performed for PLGA, FUR,
FUR-PLGA (1:2) physical mixture, and FUR-MN2 (Fig. 7). The
DSC thermogram of PLGA shows a glass transition tempera-
ture (Tg) at 49.59 °C. The thermogram of FUR is in agreement
with the literature:*”*® It exhibits a melting endotherm at
221.2 °C, followed by an exothermic peak at 224.7 °C, which
indicates the crystalline nature of the drug. The peak corres-
ponding to the melting point of FUR in FUR-MN2 is less
defined and broader indicating a decrease in the crystallinity
of FUR in the MNs.*® This could be ascribed to a partial drug
amorphization occurred during solidification within the PLGA
matrix or a thermally-induced amorphization of the system
during DSC experiments, as previously reported.' >3

The PXRD patterns of FUR alone and loaded into PLGA
MNs are depicted in Fig. 8. The presence of numerous distinct
peaks in both samples indicates that FUR is present in its crys-
talline form with major characteristic diffraction peaks appear-
ing at a diffraction angle of 26 (i.e., at 6.02°, 12.05°, 18.12°,
18.96°, 20.49°, 21.35°, 22.91° and 24.79°). Nevertheless, in the
case of the FUR-MN2, the intensity of the peaks was reduced.
This, together with the less intense melting peak observed in
the DSC experiment, indicates a degree of amorphization of
the drug within the PLGA matrix.""*> The absence of distinct
peaks in the XRD pattern for PLGA confirmed its amorphous
nature (Fig. S37).

ATR-FTIR spectra of PLGA, FUR and FUR-MN2 were
measured (Fig. 9). Characteristic peaks of FUR at 3400 cm™",
3282 em™', 1670 cm™', and 1562 cm™' were previously

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Representative SEM images of the obtained microneedles: (A) P-MN, (B) FUR-MN2, (C) FUR-MN3, and (D) FUR-MNA4. Scale bar 200 um.

Table 2 Summary of microneedle dimensions (n = 10, mean + s.d.)

Formulation Base (um) Height (pm)

P-MN 198.76 + 3.81 494.35 + 13.46
FUR-MN2 199.31 £ 3.50 499.21 +13.78
FUR-MN3 197.65 + 3.18 496.78 +10.92
FUR-MN4 196.62 + 3.88 497.59 + 11.60

reported.>®>* The 3400 cm™" band shows the NH, stretching
vibration of the aromatic ring, and the 3282 cm™" band shows
the SO,NH, stretching vibration, while the 1670 em™" band
shows the bending vibration of the amine group. The
1562 cm™' band is assigned to the asymmetric stretching
vibration of the carbonyl group. The characteristic peak of
PLGA has been reported at 1748 cm ™" due to the ester group.
Fig. 9 shows the spectra of FUR, PLGA and FUR-MN2 in
which the abovementioned characteristic peaks are evident.
There is no significant difference that would indicate chemical
interaction between the drug and the PLGA. Differences of

This journal is © The Royal Society of Chemistry 2022

Table 3 Encapsulation efficiency, drug loading content, surface pH
and folding endurance of FUR-MN formulations (n = 3, mean + s.d.)

Drug Folding
Encapsulation Ioadmg endurance
efficiency” (%) content’ (%) Surface pH  (folds)
FUR-MN2 81.5+5.8 289+14 6.03 £0.01  >300
FUR-MN3 91.5+4.6 23.4+0.9 6.09 +0.01 >300
FUR-MN4 94.2 6.1 19.1+1.0 6.24+0.09 >300

“Encapsulation efficiency g]A)) = (amount of drug in MN/amount of
drug fed initially) x 100. ” Drug loading content (%) = [amount of
drug/(amount of drug + amount of PLGA)] x 100.

' at 3400 and 1670, respectively, maybe
ascribed the hydrogen bonding or dipolar interactions.>>>®

To evaluate the potential application of FUR-loaded MNs,
in vitro release of FUR from FUR-MN2, FUR-MN3 and
FUR-MN4 was tested in PBS pH 7.4 at 37 °C, where sink con-
ditions were maintained. FUR release from MNs exhibits an
initial burst release accompanied by a sustained release phase

1.2 em ! and 1.6 cm™

Biomater. Sci., 2022, 10, 6486-6499 | 6491
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Fig. 5 Insertion test in the Parafilm® skin simulant model. (A) The side
length of the pores created by MNs on the first two Parafilm® layers
(n = 10, mean + s.d.). Representative microscopic images of Parafilm®
into which FUR-MN2 was inserted: (B) first layer (140 pm), (C) second
layer (280 pm). Scale bar 100 pm.
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Fig. 6 MN height reduction for MNs after insertion test using the
Parafilm® skin simulant model, results expressed as means + s.d.,
n =10.

(Fig. 10). The initial burst release of FUR from MNs is from
drug that is weakly bound or adsorbed to the surface.’” The
drug release rate increased by incorporating higher initial drug
loading. This observation can be attributed to the effect of the
drug load on the polymer matrix itself: the smaller relative
amount of polymer due to increased drug load may weaken
the function of the network as a physical barrier for drug
diffusion. In addition, when drug molecules incorporated into
the surface of the polymer matrix dissolve into the release
medium, they leave pores via which medium can enter the
polymer network and facilitate further drug release.’>®>®

The data obtained from in vitro release studies were fit to
zero-order, first-order and Korsmeyer-Peppas release kinetics
models in an attempt to elucidate the release mechanism. The
correlation coefficient (R?) values for the kinetic models are
displayed in Table 4, showing that the data best fit first-order
release and Korsmeyer-Peppas model.

Our data best fit a first-order kinetic release model, which
depicts a release rate that changes proportionally to the con-
centration of a drug in the donor formulation (i.e., concen-
tration of drug in the MNs). This is often the model that
describes release from a drug in matrix diffusion-controlled
release. To further understand the dissolution mechanism
from the polymer matrix, the data were fit to a Korsmeyer—
Peppas model. The obtained release exponents were 0.45 < n <
0.89, suggesting that drug release follows anomalous non-
Fickian transport from the polymer matrix.>® The release expo-
nent value of FUR-MN2 and FUR-MN3 was approximately 0.5
implying that FUR release is mainly governed by drug
diffusion, while FUR-MN4 exhibited a higher n value (n =
0.801) indicating that the drug release was driven by diffusion
and partial relaxation of the polymer.>® A swelling test was per-
formed for FUR-MN2 over 48 h, the duration of the release
experiment. After initial slight swelling and relaxation, the
swelling ratio remained constant for the last 42 h and no
weight loss was measured. This indicates that the release
mechanism is controlled mainly by diffusion with only minor
contributions from matrix relaxation, degradation, erosion or

This journal is © The Royal Society of Chemistry 2022
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swelling. This is corroborated by the obtained release expo-
nents (Table 4) which are at the edges of the range of non-
Fickian values. The unusual geometry of the MNs may also be

P A~~~ A

responsible for non-Fickian drug release since the mathemat-
ical model used was not specifically designed for these
unusual geometries and there may be specific physicochemical
processes that have not been considered in the model.®***

To further shed light on the mechanical strength of the for-
mulation with the highest drug loading, FUR-MN2, a com-
pression test was carried out using a flat block of aluminum
and ex vivo chicken skin as counterfaces. Every FUR-MN2
patch tested by compression contained 100 needles and the
applied vertical force was normalized by the number of
needles (force per a single needle) in the force-displacement
curves.

The force-displacement curve of the skin penetration
process is shown in Fig. 11A. Three stages were observed in
this mechanical strength test: At first, the MNs contacted the
skin and the base of the MNs was compressed resulting in a
rise on force as displacement increased; Then, the needles
were compressed and the force increased until skin pene-
tration, where the inflection point of the force-displacement
curve was recorded. After the needles pierced the skin, the
force increased sharply. This shows that the MNs penetrated

[
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Fig. 9 ATR-FTIR spectra of PLGA, FUR and FUR-MN2.
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Table 4 Correlation coefficient (R?) values of various release kinetic
models for microneedles containing varying concentrations of FUR
showing the better fit for first order kinetics and giving the release expo-
nent value, n, by the Korsmeyer—Peppas model

Korsmeyer—
Peppas model

Formulation Zero order First order

R* R* n R*
FUR-MN2 0.717 0.930 0.502 0.996
FUR-MN3 0.788 0.934 0.496 0.969
FUR-MN4 0.877 0.949 0.801 0.946

skin.®” Similar mechanical behavior was reported by Lim et al.
for PLGA MNs with comparable dimensions during insertion
into porcine skin.®?

Fig. 11B shows the force-displacement curve of the MNs
compressed against a flat block of aluminum counterface. The
aluminum block is considered to be “completely rigid” relative
to the MNs, such that penetration is assumed not to occur.
The initial slope of the curve describes the stiffness of the
MNs, while the plateau indicates the accelerated deformation
process, assumed to be combined buckling and compression,
of the MNs due to the absence of penetration into the hard
counterface. The elevated value for the plateaus obtained with
skin (Fig. 11A) versus aluminum (Fig. 11B) clearly indicates
that penetration occurs in the case of the skin. As seen in
Fig. S4,7 MNs show reduction and deformation in the vertical
direction but no fracture after compression with the maximum
force applied (0.32 N per needle). The average percent
reduction in FUR-MN2 height after compression tests on

6494 | Biomater. Sci., 2022, 10, 6486-6499

chicken skin and aluminum block was 5.80 + 2.98% and
11.40 + 1.70%, respectively (Fig. 11C).

Many efforts have concentrated on attempts to improve
FUR performance by enhancing its solubility, absorption and
subsequent bioavailability following oral administration.®*
Transdermal application of FUR as an alternative route of
administration was examined in cats, however, the drug
absorption from transdermal administration was negligible
compared to that after oral and i.v. administration, due
to undetectable drug plasma concentrations at most time
points.®” Interestingly, only few studies have investigated
transdermal delivery of FUR, in which penetration enhancers
were used to increase the permeation of drug through the
stratum corneum of the skin.®®”® To the best of our knowl-
edge, there is only one study reported in the literature about
developing FUR-loaded biodegradable polymer MNs, made of
poly-e-caprolactone (PCL) with different MN geometry:”" MNs
containing 20% w/w of FUR (0.77 mg) were fabricated by
hot embossing, and the mechanical strength and penetration
of the MNs were evaluated using 10% w/w gelatin gel
as a counterface, and the drug released completely within
18 h.

Recently, we have seen substantial attempts for reshaping
heart management, mainly toward effective and safe out-hospi-
tal care. In a phase-II trial, Gilotra et al. found no differences
in efficacy and safety between i.v. FUR (mean dose: 123 =
47 mg) and a fixed s.c. dose of 80 mg of pH-neutral FUR for-
mulation when given to patients with acute CHF exacerbation
in an out-patient setting. The efficacy of s.c. FUR was demon-
strated beyond any doubt by significantly higher 6-hour urine
output and more enhanced natriuresis compared to i.v. FUR.'?

This journal is © The Royal Society of Chemistry 2022
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Yet, this strategy still requires skin canulation when using a
syringe pump system in an out-patient setting. In the last
decade, intradermal (i.d.) drug delivery has gained interest as
an alternative route of drug delivery with enhanced pharmaco-
kinetics. Accordingly, i.d. insulin administration, compared to
s.c., increases drug Cpax (maximal plasma concertation) and
decreases Tpax (the time to maximum plasma concentration),
which indicates better post-prandial glycemic control.>

This suggests that i.d. FUR delivery using dissolvable MNs
patch may be an ideal alternative in various clinical scenarios
of CHF, such as early introduction of FUR-MNs patch as soon
as the patient becomes stable following i.v. FUR, thereby assur-
ing continuity of sustained and effective diuresis as an alterna-
tive to extended i.v. administration. This decreases the risk of
peripheral venous catheters, associated with adverse events,
and allows early mobility and discharge. An advanced CHF
patient, already under high doses of oral FUR, can benefit
from FUR MN-patches on a regular basis instead of an alter-

This journal is © The Royal Society of Chemistry 2022

nate i.v. regimen, which would include once or twice a week
i.v. FUR therapy. This, again, eliminates the risk adverse
events associated with skin canulation and decreases the logis-
tic burden of i.v. home therapy, while ensuring sustained and
effective diuresis.

4. Conclusions

To the best of our knowledge, this is the first study to demon-
strate the feasibility of fabrication of FUR-loaded bio-
degradable PLGA MNs as a part of a flexible patch for i.d.
delivery. Our results illustrate the fulfillment of chemical
and mechanical properties for the desirable self-applicable
FUR-MN patch. Further in vivo studies are needed to evaluate
this novel approach and possibly to expand upon the exciting
potential of efficient and safe i.d. delivery of FUR in CHF
patients.
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