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Introduction
Drugs can be immediately and completely delivered 
into the bloodstream via a variety of approaches, 
including intramuscular (IM) and intravenous (IV), 
which guarantees a prompt therapeutic response.1-3 
Parenteral medication delivery have certain drawbacks 
like pain associated drug delivery leading to patient non-

compliance and requirement of skilled staff.4 Innovative 
and safer techniques such as mucosal administration,5,6 
magnetically modulated drug delivery systems,7-9 
nanofibers,10 inhalers, and transdermal drug delivery 
systems (TDDS) have been developed and exercised to 
overcome aforementioned shortcomings.11-13 

The transport of molecules with a large molecular weight 

*Corresponding authors: Nadiah Zafar, Email: nadiahnoor99@gmail.com and Zulcaif, Email: zulcaifa@gmail.com

 © 2025 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of 
the work are permitted, provided the original work is properly cited.

ccess
PPuubblliisshh  FFrreeee

PRESS

TUOMS
BioImpacts

B
PRESS

TUOMS

BioImpacts

B

Abstract
Introduction: Microneedle patch is one of 
the fascinating drug delivery approaches 
that offers low invasiveness and a painless 
physical application to enhance the 
delivery of micro and macro-molecules 
into the skin.
Methods: Variable contents of chitosan 
and polyvinyl alcohol were used for the 
development of doxazosin mesylate 
containing sustained release microneedle 
patches via solvent casting technique. 
The prepared patches were evaluated 
for microscopic evaluation, mechanical 
strength, drug loading (%) and Fourier 
transform infrared spectroscopy (FTIR) 
etc. The skin penetration study was performed by using pig ear skin and results were captured 
through confocal microscopy. Ex-vivo release study and pharmacokinetic evaluation were also 
performed.
Results: Sharp needle tips with a height of 600µm and a base of 200µm were confirmed through 
microscopic examination. Optimized formulation (SRF-6) exhibited loading of 92.11% doxazosin 
mesylate with appreciable strength up to 1.94N force. Ex-vivo release studies revealed 87.24% 
release within 48 hours. Moreover, the pharmacokinetic parameters in case of optimized patch 
formulation (SRF-6) were markedly improved i.e. MRT (19.46 h), AUC (57.12 μg.h /mL), Cmax 
(2.16 µg /mL), tmax (10.10 h) and t1/2

 (6.32 h) as compared to commercially available tablet. 
Biocompatibility of the developed patches was validated from skin irritation studies. 
Conclusion: Results confirmed the successful fabrication of microneedle patch having sufficient 
strength and effective penetration ability into the skin to ensure controlled release of incorporated 
drug for the intended duration. It can be employed as an efficient carrier system for other 
therapeutics those are prone to bioavailability issues due to first pass effect after their oral 
administration.
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is a challenging task while dealing with skin barriers.14,15 To 
address this issue, advancements have been made in the 
field of drug delivery. Techniques such as iontophoresis, 
sonophoresis, use of chemical enhancers, microneedle 
patches etc. have been introduced in literature to meet 
this challenge.16-19

Microneedles are one of the attractive TDDS and 
belong to the 3rd generation of TDDS. Microneedle 
patches (MNPs) consist of micron-scale needles that 
enable the direct administration of drugs into the blood 
stream. This self-contained and discrete dosage form has 
a number of advantages including controlled delivery, 
self-convenience, enhanced patient compliance and offer 
optimal bioavailability of drugs by bypassing the first-pass 
effect.12,20-23 These are simple, cheap and can be developed 
as solid or hollow needles with length ranging from 50-900 
µm. MNPs can be easily utilized for the delivery of protein, 
vaccine, insulin, and other drugs. A number of techniques 
are prevailing in literature to prepare such carrier systems 
like solvent casting, reactive ion etching, wet chemical 
etching, and solvent washing. A variety of natural, 
synthetic, biocompatible and biodegradable polymers 
have already been used as the basic materials involving 
solvent casting approach.3,24-26 In literature a number of 
polymers like polyvinyl alcohol (PVA), carboxymethyl 
cellulose (CMC), hydroxypropyl methylcellulose 
(HPMC), chitosan (CS), thiolated chitosan (TC), alginic 
acid, Eudragit, and polyvinylpyrrolidone (PVP) have 
been tried for the development of dissolvable microneedle 
patches (dMNPs).27-29 

CS is a biodegradable, non-toxic, biocompatible 
and semi-crystalline polymer obtained through the 
deacetylation of chitin using sodium hydroxide.30-32 PVA 
is an aqueous-soluble and biodegradable polymer that 
demonstrates superior properties in dMNPs formulations. 
The mechanical characteristics, drug loading efficiency 
(%), and release behavior of dMNPs are majorly affected 
by the choice of polymer, making it an essential step in 
the process.33-35 

Doxazosin mesylate is a quinazoline derivative having 
molecular formula C24H29N5O8S and molecular weight 
of 547.6g /mL. It is lipophilic in nature. The log P value 
of doxazosin is 2.5. At the post-synaptic receptor, it acts 
as a competitive alpha1-antagonist. By competitively 
inhibiting post-synaptic alpha1-adrenergic receptors, 
doxazosin mesylate causes veins and arterioles to dilate, 
lowering blood pressure and total peripheral resistance. 
Oral bioavailability of doxazosin mesylate is 65% due to 
its first-pass effect. Although doses of 2 to 12 mg/day have 
been recommended in the treatment of benign prostatic 
hyperplasia (BPH). A dose of 4 mg/day is generally 
effective in most of the patients. Starting the treatment 
with 1 mg/day and titrating up every 1 to 2 weeks is the 
recommended course of action. It is classified as BCS class 
II and has a plasma half-life of 9 -12 hours. Commercially, 

doxazosin mesylate tablets are available in four different 
strengths like 1 mg, 2 mg, 4 mg, and 8 mg. The low 
bioavailability associated with oral delivery of this active 
therapeutic agent can be improved by avoiding the first 
pass effect or by delivering it through microneedle patch 
which further enhance the patient compliance.36-40

In our study, we developed and characterized the 
doxazosin mesylate containing sustained release 
dissolvable microneedle patch formulations having 
variable increments of polymers (chitosan and PVA). 
This innovative patch not only showcases ample strength 
and efficient penetration but also warrants the controlled 
release of drug over the designated time period. 
Additionally, our results have also confirmed improved 
pharmacokinetic profile in case of dMNPs as compared 
to the presently marketed tablet.

Materials and Methods
Materials
Chitosan low molecular weight (50 000-190 000 Da), 
Polyvinyl alcohol (99%) hydrolyzed (85 000-124 000) 
and acetic acid were procured from Sigma Aldrich 
(Germany). Doxazosin mesylate was generously gifted 
by Wilshire Laboratories (PVT), Pakistan. Silicon mold 
(array size = 10x10, height = 600µm and pitch = 500µm) 
was purchased from Micropoint technology, Singapore. 
Distilled water was taken from research laboratory of 
Faculty of Pharmacy, The University of Lahore.

Methods
Development of dissolvable microneedle patch
Initially, different polymeric solutions alone and in 
combination as mentioned in Table 1 were prepared. 
A 1% acetic acid solution was used to ensure complete 
dissolution of chitosan solution. This mixture underwent 
continuous stirring on a magnetic stirrer at 37°C for 
a duration of 3 hours, and it was labelled as solution 
A. Simultaneously, 5% polyvinyl alcohol solution was 
prepared by dissolving required quantity of PVA in distilled 
water under constant stirring on a magnetic stirrer and 
labelled as solution B. Subsequently, to prepare polymeric 
blend, solution B was carefully transferred into solution 
A dropwise under continuous stirring for 30 minutes on 

Table 1. Composition of microneedle patch formulations (SRF-1 to SRF-8)

Formulation code Chitosan
(w/w%)

PVA
(w/w%)

Doxazosin
(mg/mL)

SRF-1 1 - 8
SRF-2 1 5 8

SRF-3 1.5 - 8

SRF-4 1.5 5 8

SRF-5 2 - 8

SRF-6 2 5 8

SRF-7 2.5 - 8
SRF-8 2.5 5 8
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hot plate magnetic stirrer, resulting in the formation of 
a homogeneous solution. Doxazosin mesylate was mixed 
in ethanol at a concentration of 8mg /mL and designated 
as solution C. Solution C was then gently introduced into 
the homogeneous solution and stirred for an additional 
30 minutes. To load the drug effectively, the resulting 
homogeneous drug containing solution was poured onto 
a silicon mold and centrifuged for 3 hours at 5000 rpm. 
Following centrifugation, the solution was subjected to 
sonication for 1 hour. The drying was carried out at 45°C 
for 10 hours in hot air oven. Later on, the microneedle 
patch was carefully peeled off and stored in aluminum 
wrap for further characterization.

Characterization
Microscopic evaluation
The physical appearance and distribution pattern of 
microneedle tips in three selected formulations (SRF-
4, SRF-5 and SRF-6) were evaluated using a light 
microscope (Nikon E200, Tokyo, Japan).41 A scanning 
electron microscope (SEM) (NOVA Nano SEM 450, 
FEI, USA) was used to examine the surface morphology 
(shape, size, base, and pitch) of the microneedle patches 
at different magnification levels. SEM photomicrographs 
explored valuable insights into their physical attributes 
and structural properties.42

Patch thickness, tensile strength and percentage elongation
A digital micrometer (Mitutoyo, Japan) was used 
to determine the thickness of the three dissolving 
microneedle patches (SRF-4, SRF-5, and SRF-6) those 
were chosen. Each patch was measured three times 
from different locations, and the average thickness was 
computed.43 Tensile strength and percentage elongation 
were determined with universal tensile tester.
Mechanical strength
To validate mechanical strength of developed microneedle 
patches (SRF-4, SRF-5 and SRF-6) skin penetration 
studies were performed, Universal testing machine 
(Testometric, UK) was used to conduct a compression 
test. The shape of the microneedles was noted and the 
dMNPs patches were visually examined under a light 
microscope (Nikon E200, Tokyo, Japan) prior to testing. 
This served as a reference for comparison with the post-
compression test morphology, which would reveal any 
changes or breakage of the microneedles. The prepared 
patches were carefully fixed on metal platform of the 
testing machine's probe in a descending orientation for 
the compression test. After that, the probe was lowered 
at an average speed of 0.5 mm/s while exerting a force at 
a rate of 0.02 N per 30 seconds in order to make contact 
between the microneedles and the platform. After that, the 
probe was raised at the same pace. The microneedles were 
again examined under the light microscope after the test 
to assess their morphology, particularly any variation in 
sharpness, bending, or breakage. This analysis confirmed 

the mechanical strength of the dMNPs and their 
suitability for skin penetration without compromising 
their structural integrity.

Penetration studies
Histology study 
The purpose of this study was to observe any histological 
alterations that might arise after applying the prepared 
patch onto the rabbit skin from dorsum region. Using a 
surgical blade (Feather, Japan), the skin lipids were gently 
removed. To give mechanical support, the skin was then 
placed on filter paper that had been previously soaked 
with phosphate buffer (pH 7.4). The dorsum was divided 
into two sides, with one side serving as a control and the 
other as the treated area where the dissolving microneedle 
patches were gently pressed onto the stratum corneum 
side for 1 minute. Following application, the dMNPs 
underwent staining procedures to assess and contrast 
their overall morphology with that of the control samples. 
The hematoxylin and eosin staining technique was used 
to separately stain the control and treated skin sections.44

Confocal microscopy
Ear skin of the pig was taken and prepared microneedle 
patch was applied on it with the help of an applicator. After 
1 minute of the application, skin was examined under 
confocal microscope. It offers insights into the structure 
and characteristics of these patches at microscopic level. 
It uses a pinhole to eliminate out-of-focus light, allowing 
only the light originating from the focal plane to reach 
the detector. This result in improved resolution and 
contrast compared to traditional wide-field microscopy. 
Microneedle patch treated skin was prepared for imaging 
by fixing them onto a glass slide and placed under same 
focal plane. A detailed, high-resolution image of the 
microneedle patch was captured. 
Drug loading (%)
Microneedles were carefully removed from the base 
plate using a sterile surgical blade (Feather Safety Razor 
Co., Ltd., Japan) under an optical microscope, the drug 
concentration in these microneedles was ascertained with 
great care. After that, the detached microneedles were 
vortexed and ultra-sonicated for 30 minutes in a solution 
mixture of acetonitrile and phosphate buffer (65:45). The 
samples were analyzed on High-Performance Liquid 
Chromatography (HPLC) after filtration to determine 
drug contents. Additionally, blank microneedles were 
also processed similarly and marked as control in 
current study. This rigorous approach allowed precise 
determination of the drug content successfully loaded 
within the microneedle patches and their comparison 
with the control samples.
Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) analysis 
is frequently conducted to confirm complex formation, 
compatibility of the ingredients, and presence of 
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functional groups and their positioning in pure and 
patch state. This investigation was carried out using a 
FTIR Spectrophotometer (ATR-FTIR, Bruker, USA) 
and FTIR scans were captured for neat ingredients as 
well as developed drug-loaded dissolving microneedle 
patch at a scanning range of 400–4000 cm–1. Individual 
component’s IR spectra and the drug-loaded microneedle 
patches, were then compared in order to confirm possible 
chemical interactions, chemical composition, and 
structural changes those arise due to development of new 
formulations.43,45,46

Ex-vivo drug release study
A Franz diffusion cell with a receptor compartment 
volume of 7.5 ml and a diffusion area of 2.5 cm-2 was 
used to perform the ex-vivo release studies. The stratum 
corneum side of the rat skin was placed between the 
receptor and donor compartments of the Franz diffusion 
cell. The skin was covered in distinct layers for the 
experiment using the dissolved microneedle patches 
(SRF-4, SRF-5, and SRF-6) and the prepared doxazosin 
mesylate solution, separately. The Franz cell's receptor 
compartment was filled with phosphate buffer (pH 7.4). 
To ensure uniform experimental conditions and smooth 
conduct of experiment, the entire assembly was kept at 
a consistent temperature of 37 ± 1°C using a hot plate 
magnetic stirrer. Samples (0.5 ml) were taken out of 
the receptor compartment at predetermined intervals. 
To maintain the sink conditions, an equivalent volume 
of pH 7.4 phosphate buffer was added to the receiving 
compartment after each sampling event. HPLC method 
was used to determine the amount of doxazosin mesylate 
in each sample withdrawn after a particular time period 
thus validating the drug release behavior from the 
dissolving microneedle patches.

Each Franz cell's skin was meticulously removed 
after 48 hours. To guarantee homogeneity, each skin 
sample was then homogenized separately using a tissue 
homogenizer. Three distinct 100 ml beakers were filled 
with the homogenized skin samples, then ethanol was 
added to each beaker. In order to remove doxazosin 
mesylate from the skin, the combinations were allowed to 
soak and stir for the entire night. Subsequently, a 0.45μm 
syringe filter was used to filter the extract recovered 
from every beaker in order to exclude any particles or 
contaminants. The amount of doxazosin mesylate released 
from the dMNPs during the specified time periods was 
then measured by HPLC analysis of the filtered samples. 
Important information about the drug release behavior of 
the dissolving microneedle patches and their capacity to 
distribute doxazosin mesylate in a regulated and sustained 
way was obtained through this analysis process.47

In-vivo studies
Pharmacokinetic evaluation
The quantification of doxazosin mesylate in plasma samples 

was performed using a developed HPLC method from 
literature with slight modifications.40 Chromatographic 
analysis was performed using a Shimadzu HPLC system 
with a DAD detector and a C-18 column (5µ x 4.6 mm 
x 250 mm). Acetonitrile and phosphate buffer were 
combined in a 65:45 ratio, respectively and employed 
as mobile phase. A small amount of orthophosphoric 
acid was added to adjust the pH i.e. 7.4. The samples 
were analyzed at 𝛌max = 238 nm while the apparatus was 
operated at a flow rate of 1 ml/min. In all, eighteen albino 
rabbits weighing between two and three kilograms were 
subjected to current investigation. For seven days, the 
rabbits were acclimatized with the area conditions by their 
exposure to repetitive light and dark cycles. A crossover 
study design was used, and the rabbits were grouped 
into three groups (n = 6): Group A (Control), group B 
(treated with a marketed tablet Cardura 2 mg), and group 
C (treated with doxazosin mesylate-loaded microneedle 
patch). The rabbits were fasted for 12 hours before the 
administration research treatment with free access to 
water. Blood samples (3-4 ml) were withdrawn from the 
rabbits' jugular veins at pre-defined time intervals up to 24 
hours. The plasma was separated from the blood samples 
using centrifugation operated at 5000 rpm for 10 minutes 
after the sample collection in EDTA tubes. One milliliter 
of plasma was deproteinized for measurement by adding 
an equivalent volume of methanol of HPLC grade as 
a protein precipitant. The mixture was centrifuged for 
15 minutes to extract the plasma proteins after being 
vortexed for 3 minutes. After meticulous collection, 
the supernatant was injected into the HPLC system for 
analysis.

Group B was given dMNPs containing 8 mg of 
doxazosin mesylate after a two-week washout period, 
while Group C was given the commercially available 
tablet Cardura equivalent to 8 mg. In accordance with 
the specifications of the crossover study design, the entire 
process was repeated. Cmax, tmax, AUC0–t, Vd, AUM, AUC0–

∞, and t1/2 were calculated utilizing an Excel Adds-in tool 
pK solver. This comprehensive analysis provided valuable 
information on the pharmacokinetic parameters of 
doxazosin mesylate delivered through sustained-release 
dissolving microneedle patch (SRF-6).
Skin irritation study
Using Draize scoring method, a microneedle patch 
containing doxazosin mesylate was applied on to rabbit 
skin to determine whether any sign of erythema or edema 
was present or not. The dorsal surface of the rabbit's skin 
was prepared for application of the patch after shaving, 
cleaning with phosphate buffer at pH 7.4, and cutting 
the hairs with an electrical trimming machine (Kemei, 
China). The experiment involved applying the optimized 
formulation (SRF-6) on one side of the rabbit's dorsal 
skin, while the other side was kept as a control without 
any sort of application. The microneedle patch was left in 
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place for 48 hours. Throughout the observation period, 
the skin was carefully examined and compared between 
the two sides regarding the presence of erythema, edema, 
and any signs of irritation or redness. Draize scoring, a 
standardized system for evaluating skin irritation, was 
used to assess and document any skin reaction resulted 
by the microneedle patches. This assessment is crucial 
in determining the potential skin irritancy caused by the 
dMNPs and their suitability for use in transdermal drug 
delivery applications.43,48

Statistical analysis
Each characterization of the developed formulations 
was performed three times (in triplicate), and the results 
were calculated as the mean ± standard deviation (SD). 
Statistical analyses were conducted using GraphPad 
Prism 8 software. At the level of significance, a P value 
of less than 0.05 was deemed statistically significant. This 
allowed for the determination of any significant variations 
between the various developed formulations in terms of 
their characteristics and performance. By using rigorous 
statistical analysis, the goal of the study was to confirm the 
validity and dependability of the findings derived from 
the dissolving microneedle patch characterization. 

Results and Discussion
Development of microneedle patch
A set of 08 formulations was systematically developed 
using the solvent casting technique. The primary objective 
was to develop an optimal dMNP formulation that ensured 
sustained release over a longer time period. During the 
formulation process, it was observed that chitosan, a 
hydrophilic polymer offered poor mechanical properties 
to the developed patches. On the other hand, the addition 
of PVA significantly enhanced the mechanical strength 
of the dMNPs, especially when co-processed with this 
polymer (chitosan). To create and optimize a stable 

formulation with specific attributes in terms of desired 
release patterns, painless application, precise microneedle 
shape (sharpness and smooth surface), and favorable 
mechanical properties. A critical step in the selection 
was visual examination, which proved instrumental 
involvement in identifying the three most promising 
formulations (SRF-4, SRF-5 and SRF-6) out of the initial 
08 developed formulations as shown in Fig. 1. These 
three formulations were selected for loading doxazosin 
mesylate, a pharmacologically active compound widely 
used in various therapeutic applications. Doxazosin 
exhibits a broader spectrum of action as an alpha-1 
adrenergic blocker, affecting both alpha-1A and alpha-1B 
receptor subtypes. Moreover, this broader action may be 
beneficial in certain clinical scenarios where modulation 
of both receptor subtypes is desired. Doxazosin has been 
clinically in practice for a longer period and thus has 
accumulated a wealth of clinical data regarding its efficacy 
and safety profile.

Chitosan based formulations with or without PVA 
were evaluated in order to confirm the effect of PVA 
content on critical parameters of the developed patches 
like mechanical strength, drug loading efficiency (%), 
and drug release kinetics. Formulations containing both 
PVA and chitosan offered more uptake of dissolution 
media and tend to release dissolved content in an efficient 
manner because of prevalence of more hydrophilic groups 
in their composition.49 

Microscopic evaluation
During the microscopic examinations using a light 
microscope, it was proved that only three formulations, 
namely SRF-4, SRF-5, and SRF-6, showed microneedle 
patches with microneedles having a homogeneous surface, 
regular geometry, and distinct sharpness (Fig. 2A and 2B). 
Notably, these selected dMNPs displayed transparent 
properties along with sharp needles in each of them. In 

Fig. 1. Developed sustained release microneedle patches, A) molds, B) SRF-4, C) SRF-5 and D) SRF-6.
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contrast, the remaining formulations did not show any 
distinct needle structures.

SEM analysis was carried out to examine the 
topography, uniform distribution, and dimensions of 
the microneedles in the prepared microneedle patch. 
The optimized polymeric microneedle patch (SRF-6) 
showed smooth surfaces, pyramid-shaped microneedles 
with sharp ends, and well-defined microneedles, as 
shown in Fig. 2C. The successful development of the 
dMNPs was confirmed from Fig. 2D that each individual 
needle possessed an intact structure with a height of 
600 µm and base width of 200 µm. Pitch, or the space 
between needles, was measured to be 500 µm. Any slight 
decrease in dimensions was related with evaporation of 
solvent content during drying process thereby leading to 
hardness and slight shrinkage of developed microneedle 
array pattern.4 These measurements suggested that the 
microneedles can facilitate transport of drugs through the 
skin in an effective manner.

Patch thickness, tensile strength and percentage 
elongation 
The thickness of the patch was observed to be directly 
influenced by the concentration of polymers. This 
thickness plays a crucial role in determining the patch's 
mechanical properties as well as distribution of the drug 
throughout the patch. To ensure accuracy, measurements 
were taken from various points within individual patches, 
and it was noticed that the thickness remained same in 
all areas. The mean thickness of the chosen samples 
(SRF-4, SRF-5, and SRF-6) was determined using the 
optical microscopy data. The measured values were 
38.98µm, 41.54µm, and 51.22µm for SRF-4, SRF-5 and 

SRF-6, respectively as shown in Table 2. After careful 
evaluation of the thickness results, formulation SRF-6 was 
declared as the best formulation among the all developed 
formulations. It showed consistent drug loading, uniform 
distribution, no content loss during the manufacturing 
process and exhibited excellent mechanical strength.

In order to assess the mechanical characteristics of 
the developed patches, two essential parameters, namely 
elongation (%) and strength, were also measured. The 
percentage elongation provided a confirmation of the 
elastic nature exhibited by the microneedle patches (SRF-
4, SRF-5 and SRF-6). Notably, formulations with higher 
elongation displayed significant elasticity. The average 
tensile strength (measured in mPa) for formulations 
SRF-4, SRF-5 and SRF-6 were found to be 0.38mPa, 
0.39mPa, and 0.46mPa, respectively. Additionally, the 
average elongations (%) for the same formulations were 
recorded as 27.42%, 29.87%, and 32.98%, respectively 
(as shown in Table 2). Among these three formulations, 
SRF-6 demonstrated the most favorable tensile strength 
and elongation (%) due to optimal PVA contents in 
combination with chitosan. This rise in elongation was 
related with molecular interactions existing between PVA 
and chitosan via hydrogen bonding leading to rise in 
tensile strength and for the formation of a compact and 
rigid polymeric network structure.50

Mechanical Strength
The mechanical strength of the prepared microneedle 
patches (SRF-4, SRF-5 and SRF-6) was measured through 
compression tests in order to confirm the integrity and 
stability during skin penetration of the developed patch 
formulations and the resilience of their needles. The 

Fig. 2. Microneedles patch, A) macroscopic Ariel view, B) microscopic side view, C) SEM photomicrographs of microneedle patch at different magnification 
powers at x40 (Side view) and D) x350 (Arial view).
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average mechanical strength of formulations SRF-4, 
SRF-5 and SRF-6 was measured to be as 0.89N, 1.23N, 
and 1.94N, respectively, as depicted in Table 2. A force 
required to break usually greater than 0.21N guarantees 
adequate insertion of microneedles into the skin. Among 
these three formulations, SRF-6 displayed the most 
optimal mechanical strength. Notably, as the amount of 
polymers increased, the force required to fracture the 
needles also increased because of the resistance offered 
by higher crosslinking (due to –OH and –NH2 groups) 
between the incorporated polymers.4

Our results align with the findings of mechanical 
strength parameter in a study conducted by Dathathri et 
al.51

Penetration study 
Experiments involving histopathological analysis and 
microneedle patch's capability to penetrate rat skin were 
conducted. Followed by the application of patch on to the 
skin, the effects of different pressure intervals (30 seconds 
and 1 minute) were also recorded. Histopathological 
analysis was performed before the application of patch 
thereby exhibiting superficial dermis with no holes 
or invagination (Fig. 3A). Nevertheless, invaginations 
were seen after 30 seconds of pressure, suggesting that 
the microneedle patch had come into contact with the 
superficial dermis (Fig. 3B). Conversely, as the pressure 
grew, skin ruptured (Fig. 3C). This was further supported 
by microscopic observation of the visible holes following H 
& E staining (Fig. 3A-C). Furthermore, as seen in Fig. 3D, 
the confocal microscopy results verified the penetration 
of microneedles through the pig skin's subcutaneous layer 
and reach the dermis. 

Drug loading (%)
HPLC method was utilized to determine the amount 
of doxazosin mesylate loaded into the needles of 
microneedle patches. The loading efficiency of doxazosin 
mesylate within the needles of SRF-4, SRF-5 and SRF-6 
was found to be 88.42%, 91.37% and 92.11%, respectively. 
These results validated the pharmaceutical application 
of these patches in drug delivery, reliance on technique 
of microneedle patch production, stability and excellent 
content uniformity of doxazosin mesylate. Furthermore, 
by changing the amount of doxazosin mesylate in 
the drug stock solution, the loading efficiency can be 
modulated. This flexibility in loading efficiency provides 

a valuable opportunity to optimize the drug dosage and 
tailor the formulation according to specific requirements. 
Overall, the high loading efficiency and the ability to hold 
appropriate drug quantity make the developed dMNPs 
a promising carrier for efficient drug delivery and offer 
potential benefits in various pharmaceutical applications.

Fourier transform infrared spectroscopy 
FTIR analysis was conducted to assess the compatibility 
of the formulation ingredients, identify potential complex 
formations, and confirm the presence of functional 
groups. The characteristic peaks in the FTIR spectrum of 
chitosan were located at 3342.03 cm-1 and 2989.12 cm-1 
corresponding to –OH and –NH stretching, respectively. 
The FTIR spectrum of PVA was recorded and presented 
in Fig. 4. Notable features in the spectrum include 
a broadband at 3166.54 cm-1, corresponding to the 
stretching movement of the hydroxyl group. The peak at 
2952.48 cm-1 indicates −CH stretching vibrations from 
the alkyl group, while the peak at 1417.42 cm-1 indicates 
−OH group deformation. Additionally, peaks observed 
between 1554.34 cm-1 and 1751.04 cm-1 correspond to 
carbonyl (C = O) and C-O stretching, respectively.

Doxazosin mesylate displayed distinct peaks attributed 
to N-H stretching at 3371 cm-1 and C = O stretching 
at 1597 cm-1. The IR spectrum of the pure drug closely 
matched the reference standard IR spectrum of doxazosin 
mesylate, confirming the identity of the drug sample. The 
observed frequencies of functional groups in doxazosin 
mesylate were in agreement with the standard theoretical 
frequencies of these functional groups, providing further 
evidence for the drug's identity. The characteristic peaks 
of the pure drug sample are illustrated in the Fig. 4. When 
comparing the FTIR spectrum of the doxazosin mesylate 
loaded microneedle patch (SRF-6) to the IR spectrum 
of the pure ingredients, different peak patterns were 
discovered. With regard to doxazosin mesylate, the peak 
at 1597 cm-1that was ascribed to C = O stretching moved 
to 1440 cm-1. Furthermore, as seen in Fig. 4, the strength 
of the signal at 3371 cm-1, which corresponds to N-H 
stretching, decreased. These changes in peak patterns 
indicate the interaction and incorporation of the drug 
into the microneedle formulation.

Ex-vivo drug release study
The ex-vivo release of SRF-4, SRF-5, and SRF-6 was 
assessed via rabbit skin utilizing a Franz diffusion cell 
and phosphate buffer (pH 7.4). After administering 
similar quantities of doxazosin mesylate, the percentage 
of doxazosin mesylate that permeated through the rabbit 
skin was found to be 74.99% ± 1.25 (SRF-4), 84.11% ± 1.43 
(SRF-5), and 87.24% ± 1.14 (SRF-6). In contrast, the 
doxazosin mesylate tablet solution showed a penetration 
of 42.11% ± 1.57 (Fig. 5C). These results confirmed that 
the SRF-6 formulation exhibited significantly higher 

Table 2. Mechanical parameters of developed patches (SRF-4 to SRF-6)

Parameters SRF-4 SRF-5 SRF-6

Thickness (µm) 38.98 41.54 51.22

Tensile strength (mPa) 0.38 0.39 0.46

Elongation (%) 27.42 29.87 32.98

Mechanical Strength (N) 0.89 1.23 1.94
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drug permeation through the skin as compared to the 
other formulations and doxazosin mesylate solution. To 
determine the most suitable kinetic model for the release 
data, various models such as zero-order, first-order, 
Higuchi, and Korsmeyer Peppas were applied on release 
data using DD Solver Adds in Excel based software. 
After analyzing the results of formulation SRF-6, the 
regression coefficient (R2) was found to be 0.977. Based 
on this high (R2) value, the zero-order kinetic model was 
declared to be the best fit model for SRF-6 microneedle 
patch. Additionally, when the release data was analyzed 

using the Korsmeyer Peppas model, the R2 value was 
0.983, with value of “n” equal to 0.872. This confirmed 
that the mechanism of doxazosin mesylate release from 
microneedle patch was Super Case II release model. Super 
Case II release is associated with chain relaxation due to 
contact with water or dissolution media.

The quantification of doxazosin mesylate in the skin 
was performed by extracting the drug from the tissue. The 
analysis revealed that 2.45 ± 2.3% of doxazosin mesylate 
was present in the skin tissues when applied with SRF-
6 microneedle patch. In contrast, only 1.27 ± 0.8% of 
doxazosin mesylate was found in the skin tissues when the 
drug was applied in solution form. These results indicated 
that the solution approach resulted in a lower percentage 
of doxazosin mesylate delivery to the skin, while the SRF-
6 demonstrated good penetration and dissolution of the 
microneedles into the skin. This enhanced drug delivery 
efficiency of the patch can be attributed to the effective 
penetration of the microneedles, facilitating the drug 
release directly into the skin layers. Overall, the findings 
supported the superior performance of the selected 
patch formulation SRF-6 for efficient drug delivery to 
the skin compared to the traditional solution application 
method. The successful dissolution and penetration of 
the microneedles contribute to the improved drug uptake 
and bioavailability enhancement, making the patch a 
promising drug carrier for transdermal drug delivery. The 
comparison of the doxazosin tablet solution and patch 
was done to evaluate the bioavailability difference.

Pharmacokinetic evaluation
Standard curve
Standard solutions of doxazosin mesylate were prepared 

Fig. 3. Penetration study of sustained release microneedle patch (SRF-6), A) before application patch B) after application of patch for 30 sec, C) after 
application of patch for 1 minute, D) Confocal Microscopy image after application of patch and E) displaying drug penetrated across the stratum corneum.

 
 

 

 

 

Fig. 4. FTIR spectrum, A) chitosan, B) polyvinyl alcohol, C) doxazosin 
mesylate, D) microneedle patch (SRF-6).
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by diluting the working stock solution across a range 
of concentrations from 10 µg /mL to 50 µg /mL. This 
included concentrations at 10 µg /mL, 20 µg /mL, 30 µg /
mL, 40 µg /mL and 50 µg /mL. Each solution was injected 
into the HPLC system, and the resulting peak areas were 
recorded and tabulated. A plot was generated using 
this data, with concentrations on the X-axis and peak 
areas on the Y-axis, providing a visual representation of 
the relationship between concentration and peak area. 
From this plot, key parameters such as the correlation 
coefficient, y-intercept, and slope of the regression line 
were calculated to assess the linearity of the method and 
the relationship between analyte concentration and HPLC 
response. This process of preparing standard solutions, 
performing HPLC analysis, and calculating relevant 
parameters helps to validate the accuracy of the HPLC 
method for quantitatively analyzing doxazosin mesylate.

An in-vivo pharmacokinetic study was conducted using 
healthy rabbits to assess the sustained release potential 
of doxazosin mesylate loaded microneedle patch. The 
study was aimed to compare the pharmacokinetic profiles 
(including parameters such as tmax, Cmax, t1/2, AUC, MRT, 
and Vd) of SRF-6 with the commercially available tablet 
Cardura 2 mg. Doxazosin mesylate concentrations were 
measured from both the microneedle-loaded formulation 
and the Cardura 2 mg tablet at various time intervals. 
The plasma concentration versus time curve is illustrated 
in Fig. 5D. The maximum concentrations (Cmax) of 
doxazosin mesylate released from the oral tablet solution 

and microneedle patch were determined to be 0.95µg /mL 
and 2.16 µg /mL, respectively. The time to reach maximum 
plasma concentration (tmax) was observed at 2.67 hours for 
the tablet, indicating higher absorption. Conversely, the 
microneedle patch formulation exhibited a prolonged tmax 
of 10.10 hours. The half-life (t1/2) of doxazosin mesylate was 
1.75 h for the Cardura 2mg tablet, which was extended to 
6.32 h in case of doxazosin mesylate loaded dMNPs. The 
increased half-life suggested a slower release of the drug 
from the microneedle patch, resulting in a longer presence 
of the drug in the plasma and consequently contributing 
to enhanced bioavailability and sustained effects of 
doxazosin mesylate. Furthermore, the mean residence 
time (MRT) and area under the curve (AUC) for the 
Cardura 2mg tablet were 5.067 hours and 6.61 μg.h /mL, 
respectively, while for the microneedle patch formulation, 

 

 

 

 

Fig. 5. A) Standard curve of doxazosin mesylate in mobile phase, B) Standard curve of doxazosin mesylate in rabbit plasma, C) Ex-vivo release study 
of prepared formulations and marketed tablet Cardura solution and D) In-vivo comparison of Plasma concentration vs time graph of sustained release 
microneedle patch and marketed tablet Cardura.

What is the current knowledge?
•	 Doxazosin, an alpha-1 blocker used to treat hypertension 

and urinary retention associated with drawback i.e. low 
bioavailability.

What is new here?
•	 Successful loading of doxazosin mesylate into the 

optimized dissolvable microneedle patches, bypassing 
the extensive first pass effect results in enhanced 
bioavailability.

Research Highlights
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these values were increased to 19.46 hours and 57.12 μg.h 
/mL, respectively. A notable disparity was observed in 
the pharmacokinetic profiles between the Cardura 2mg 
tablet and the developed doxazosin mesylate loaded 
sustained release microneedle patch. Consequently, the 
in-vivo evaluation of the optimized microneedle patch 
formulation demonstrated its capability to prolong the 
systemic availability of doxazosin mesylate, indicating 
its potential for sustained drug release and improved 
therapeutic outcomes. Improvement in pharmacokinetic 
parameters while comparing microneedle patch with 
the oral solution has already been reported in a study 
conducted by Habib et al.43

Skin irritation study
The Draize scoring method was utilized to meticulously 
apply the microneedle patch to the rabbits' skin in order 
to evaluate any possible discomfort. The rabbit skin 
was rendered hairless prior to the implantation of the 
microneedle patch. The findings were made up to 48 h 
after application as well as at 0 hours. Upon the initial 
application of the dMNPs, slight erythema (reddening of 
the skin) was noted. This mild erythema could be attributed 
to the presence of a higher number of microneedles in the 
patch, causing minor pores on the skin. Nevertheless, 
there were no indications of edema, erythema, or skin 
allergies following the 48 h monitoring period. These 
findings imply that the formulated microneedle patch 
was non-toxic, non-irritant, and biocompatible.52 The 
absence of adverse reactions on the skin indicates that 
the microneedle patch is well-tolerated and safe for skin 
applications.

Conclusion
Our investigation into the utilization of a microneedle 
patch for systemic delivery of doxazosin mesylate has 
proven to be a promising and successful endeavor. The 
sustained-release microneedle patch, particularly the 
optimized SRF-6 variant, demonstrated notable attributes, 
including well-defined microscopic features, robust 
mechanical strength, and a high drug loading capacity. The 
ex-vivo release study provided evidence of the sustained 
and controlled release of doxazosin mesylate (87.24%) 
for 48 h. Furthermore, our pharmacokinetic evaluation 
revealed improved pharmacokinetic parameters in case 
of SRF-6 patch compared to the commercially available 
tablet. 

In the pursuit of advancing microneedle patch 
technology for drug delivery, an exciting avenue lies 
in integrating cutting-edge smart technologies. By 
incorporating sensors and feedback mechanisms into 
microneedle patches, the potential to revolutionize 
personalized medicine emerges. Real-time monitoring of 
drug delivery parameters and patient response becomes 
feasible, offering unprecedented insights into treatment 

efficacy and patient-specific therapeutic needs. This 
transformative approach not only enhances the precision 
and efficiency of drug delivery but also fosters a deeper 
understanding of individual patient responses, paving 
the way for tailored therapeutic interventions leading to 
enhanced patient compliance and personalized treatment 
regimens.
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