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Abstract
Cyclosporine A (CsA) is a cyclic peptide immunosuppressant drug that is beneficial in the treatment of various ocular dis-
eases. However, its ocular bioavailability in the posterior eye is limited due to its poor aqueous solubility. Conventional CsA 
formulations such as a solution or emulsion permeate poorly across the eye due to various static and dynamic barriers of the 
eye. Dissolvable microneedle (MN)-based patches can be used to overcome barrier properties and, thus, enhance the ocular 
bioavailability of CsA in the posterior eye. CsA-loaded dissolvable MN patches were fabricated using polyvinylpyrrolidone 
(PVP) and characterized for MN uniformity and sharpness using SEM. Further characterization for its failure force, penetra-
tion force, and depth of penetration were analyzed using a texture analyzer. Finally, the dissolution time, ex vivo permea-
tion, and ocular distribution of cyclosporine were determined in isolated porcine eyes. PVP MNs were sharp, uniform with 
good mechanical properties, and dissolved within 5 min. Ocular distribution of CsA in a whole porcine eye perfusion model 
showed a significant increase of CsA levels in various posterior segment ocular tissues as compared to a topically applied 
ophthalmic emulsion (Restasis®) (P < 0.001). Dissolving MNs of CsA were prepared, and the MN arrays can deliver CsA 
to the back of the eye offering potential for treating various inflammatory diseases.
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Introduction

Treatment of the back of eye disorders such as posterior 
uveitis, age-related macular degeneration (AMD), diabetic 
macular edema (DME), diabetic retinopathy (DR), cytomeg-
alovirus retinitis (CMV), and retinitis pigmentosa (RP) is 

currently accomplished by invasive methods such as surgical 
implants and ocular injections into the vitreous humor. The 
invasive methods have many disadvantages such as fear of 
surgery, pain due to injection, and the risk of infection. Topi-
cal ophthalmic formulations such as eye drops, suspensions, 
and ointments have a limited ability to deliver required drug 
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concentrations to the back of the eye due to the protective 
mechanisms of the eye such as tear turnover, blinking of 
eyelids, and nasolacrimal drainage [1]. These protective 
mechanisms result in low retention of drugs in the pre-cor-
neal region. In addition, the barrier properties of the cornea, 
blood-aqueous and blood-retinal barrier limit the movement 
of topically applied drugs into the posterior segment of the 
eye. Furthermore, drug metabolism by cytochrome p450 
reductase and esterases in the vitreous and melanin binding 
of drugs in the iris and ciliary body might alter the drug 
pharmacokinetics [2]. These barriers result in typically less 
than 5% ocular bioavailability of conventional ophthalmic 
formulations [3]. Hence, microneedle (MN)-based ocular 
devices are being developed to overcome ocular barriers for 
the effective delivery of drugs in required concentrations 
[4–7]. The use of MNs for the posterior eye offers a better 
mode of drug delivery, which ensures improved outcomes 
in patients due to its less invasive nature.

Cyclosporine (CsA) is a cyclic undecapeptide with potent 
immunosuppressive activity. It impedes T cell activation by 
blocking the gene transcription responsible for the produc-
tion of interleukin-2 and interleukin-4 [8]. CsA eye drops 
are generally preferred for treating ocular surface inflam-
matory diseases, while for intraocular inflammation such 
as uveitic conditions requiring long-term corticosteroid-
sparing immunosuppression, systemic CsA in combination 
with other immunosuppressive agents is administered [9]. 
While topical ophthalmic application of CsA has a lim-
ited ocular bioavailability due to its high molecular weight 
(1202.6 Da) and low aqueous solubility (40 μg/mL) [10], 
systemic administration results in adverse effects such as 
nephrotoxicity, hypertension, and anemia [11, 12]. In addi-
tion, due to the presence of permeation barriers, lymphatic 
clearance, and lacrimation, the amount of CsA penetration 
from the topical formulations is limited [13].

Because of these limitations, novel strategies are being 
developed to improve ocular bioavailability of CsA. 
Numerous innovative delivery systems such micelles [14], 
liposomes [15], in situ gelling systems [16], and hydrogels 
[17] and contact-lens-embedded MNs [18] have been evalu-
ated for delivering CsA to the eye. MNs have gained atten-
tion in the recent past due to their ability to localize drug 
action to the target ocular tissues, especially to the poste-
rior segment of the eye, while being minimally invasive in 
nature. In addition, MNs offer less tissue trauma than injec-
tions or implants [19]. Various microneedle-based ocular 
delivery systems such as hollow MNs [20, 21], dissolvable 
MNs [22], and solid-coated MNs [23] have been explored 
previously. Microneedle arrays with longer needles can be 
fabricated to pierce the sclera and deliver a higher concen-
tration of the drug to the posterior segment tissues. MNs 
can be designed from a wide variety of polymers in differ-
ent shapes. The modulation of drug release can be achieved 

through the utilization of either slow-dissolving polymers, 
such as PLA and PLGA, or rapidly dissolvable polymers 
like povidone, carboxymethyl cellulose, hyaluronic acid, and 
chitosan [24]. Rapidly dissolvable MN advantages include 
(i) rapid drug release, (ii) effective drug delivery by micro-
channels temporarily formed by the MNs, and (iii) ability 
to deliver a relatively large portions of drug [25, 26]. The 
drawbacks associated with solid and hollow MNs, such as 
accidental retinal damage and detachment, since they dis-
solve within the ocular tissues can be avoided by the usage 
of dissolving microneedles [27]. An earlier study has shown 
that MN contact lens of CsA would meaningfully improve 
the drug permeation and retention in the corneal membrane 
[18]. However, no studies published in the literature exam-
ined the utility of microneedles in delivering CsA to the back 
of the eye disorders.

Polyvinylpyrrolidone (PVP) or povidone is a non-toxic, 
water soluble polymer approved by the FDA for various 
administration routes including ophthalmic route [28]. 
Dissolving MNs tend to soften and dissolve rapidly within 
the eye following penetration. This prevents damage to the 
ocular tissues due to mechanical forces of needle applica-
tion [29]. Enhanced drug delivery and bioavailability to the 
posterior segment (retina) can be achieved compared to the 
topical and systemic administration by targeting the supra-
choiroidal space (SCS) [30]. The research aims to develop 
dissolvable MNs for the rapid release of CsA to the SCS, for 
enhanced delivery into various posterior ocular tissue as a 
potential treatment of posterior eye inflammatory conditions.

Materials and Methods

Materials

Cyclosporine A (CsA) was procured from Letco Medical 
(Decatur, AL, USA). Polyvinyl pyrrolidone (Plasdone™ K 
29–32) was obtained as a gift from Ashland Inc (Covington, 
KY, USA). Fluorescein isothiocyanate (FITC) was obtained 
from Alfa Aesar (Ward Hill, MA, USA). Room temperature 
vulcanizing (RTV) polydimethylsiloxane (PDMS) silicone 
microneedle molds were obtained from Micropoint Technol-
ogies Pvt. Ltd, Singapore. Trypan Blue was procured from 
Sigma-Aldrich (St. Louis, MO). All the other solvents used 
in the study were of analytical or HPLC grade.

Preparation of CsA‑Loaded PVP Hydrogels

PVP hydrogels were prepared in deionized water as per the 
composition shown in Table I. PVP was accurately weighed, 
added to deionized water, vortexed for several minutes, soni-
cated for 1 h at 37°C, and placed overnight at room tem-
perature for hydration. Later, the gels were used to fabricate 
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CsA-containing hydrogel formulations. A stock solution 
(1 mg/mL) of CsA in acetonitrile (ACN) was prepared. CsA 
was added in a specified quantity to the PVP hydrogel to 
attain a final drug concentration of 0.5 mg/50 μL hydro-
gel. The hydrogel was uniformly mixed at 400 rpm for 5 h 
at room temperature. All formulations were stored in the 
refrigerator (4–8°C) in a sealed container until further use.

Fabrication of Rapid Dissolving PVP Microneedles

Each RTV PDMS silicone MN mold was added with 50 μL 
of the formulation and using a benchtop centrifuge (Beck-
man Coulter Allegra™ 6R), the molds were centrifuged for 
30 min at 3300 rpm (Indiananapolis, IN). Following cen-
trifugation, a backing layer was added by placing a drop of 
PVP (without CsA) into the MNs molds. Finally, the MN 
arrays were placed in a chemical fume hood at ambient tem-
perature for drying.

High‑Performance Liquid Chromatography (HPLC) 
Analysis

A Waters HPLC with an Alliance Waters e2695 Separa-
tions Module attached to a Waters 2998 PDA Detector was 
employed for CsA analysis. The system was interfaced with 
Empower 3 software. A Luna reversed phase C18 [2] 5 μm 
(150 mm × 4.60 mm) HPLC column was employed for CsA 
analysis. Eighty percent of acetonitrile in water containing 
0.1% trifluoroacetic acid (TFA) was used as mobile phase. 
Samples (20 μL) were eluted at a 1 mL/min flow rate and 
temperature of 60°C and absorbance wavelength of 210 nm. 
The calibration curve was generated using six concentra-
tion points in the range of 1–200 µg/mL. The method was 
selective for CsA, linear, precise with good resolution and 
peak purity and was highly sensitive. The assay standard 
was prepared by adding 5 mg of CsA to the mobile phase. 
The working concentration of CsA standard was 100 µg/mL.

Characterization of Microneedle Patches Containing 
CsA

Structure and uniformity of MNs were analyzed using a 
SEM (Jeol 7000f Scanning Electron Microscope, Peabody, 

MA, USA). A gold coating of 20–22 nm was applied to each 
MN array prior to SEM analysis.

CsA content in MNs was determined by submerging 
the MN arrays in 8 mL of simulated lacrimal fluid (SLF, 
pH = 7.4) in a water bath (37°C) for 5 min. SLF contains 
1.7 g/l of KCl, 2.1 g/l of NaHCO3, 47.6 mg/l of MgCl2, 
44.4 mg/l of CaCl2, and 6.3 g/l of NaCl and the pH was 
adjusted to 7.4 with 0.1N HCl [31]. Ethanol was added to 
ensure the sink condition of the experiment due to the poor 
solubility of the drug in SLF, pH = 7.4. The samples were 
analyzed via HPLC.

Microneedle Array Dissolution Studies

To measure the release of CsA from the MNs, an individual 
array was attached to the bottom of the wells in a 6-well 
plate. The plate was submerged in 5 mL dissolution media 
consisting of 70:30 SLF:ethanol at 37°C. After 1, 2, 3, 4, and 
5 min, entire volume was collected and replaced with fresh 
media. The drug samples were quantified using the HPLC 
method described above.

Determination of Failure Force

Microneedle failure force was analyzed in order to determine 
MN strength. Stress–strain plots were obtained using a TA-
HDi Texture Analyzer displacement-force test station (Tex-
ture Technologies Corp, Hamilton, MA). Each MN array 
was pressed against a stainless steel surface at a constant rate 
(1 mm/s) until a preset distance of 1 mm was reached. The 
force at which there was a sudden drop in the applied force 
was considered as MN failure force and the average of three 
runs was reported as mean ± SD.

Visualizing MN Penetration and Insertion Pathway

Fresh porcine eyes were procured from Lambert-Powell 
Meats Laboratory (Auburn University, Auburn, AL). Pre-
cautions were taken to maintain the integrity of the entire 
globe by using the eyes within 4 h of euthanasia. Animal 
sacrifice was carried out according to the IACUC approved 
protocol (SOP 2015–2727). MNs were pressed against the 
scleral section for 5 min and Trypan Blue staining was used 
to confirm the insertion and penetration of the MNs into the 

Table I   Composition of PVP-
Based MNs

PVP, polyvinylpyrrolidone; CsA, cyclosporine A

Formulation PVP conc CsA content PVP backing layer (no CsA)

(%, w/v) g/0.5 mL (%, w/w) mg/0.5 mL (%, w/v) g/0.5 mL mL/mold

F1 30 0.15 1.0 5.0 30 0.15 0.05
F2 50 0.25 1.0 5.0 50 0.25 0.05
F3 70 0.35 1.0 5.0 70 0.35 0.05
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scleral tissue. After penetration of MNs into scleral tissue, 
50 µL of Trypan Blue was dispensed onto the injection site. 
After 60 s, excess Trypan Blue was rinsed from the sclera 
tissue and the sample was visualized by microscopy. In addi-
tion, MNs were visualized to observe PVP-based MN array 
dissolution after inserting MNs into the sclera for 1 min.

Ocular Distribution of CsA and FITC in Isolated 
Perfused Eyes

Fresh eyes from porcine were obtained as described earlier 
and used within 4 h of euthanizing the animal. The eyes 
were gently cleaned by removing excess adnexal tissue pre-
sent on the ocular globe and kept in PBS pH 7.4 until usage 
[32]. The eyes were continuously perfused with DMEM-F12 
under constant oxygen supply throughout the study duration. 
A major artery of each eye was located and split open with 
the help of a slit Eagle blade (3.0 mm). The artery was can-
nulated and secured with a Scotch® super glue gel and the 
eyes were later put in a strainer made up of stainless steel 
with the strainer placed on top of a beaker, which permits 
collection of DMEM medium from the veins. The oxygen-
ated DMEM was perfused through the cannulated eyes 
with an Ismatec® peristaltic pump (Cole-Parmer GmbH, 
Wertheim, Germany) at a flow rate 0.25–0.8 mL/min, which 
was gradually increased to 1 mL/min [33]. The media flow 
exiting the vortex veins was used to determine the arterial 
perfusion. The MN patches were pressed into the sclera with 
the help of tweezers. For experiments, 50 μL of Restasis® 
was applied on the cornea surface. After 2 h, the formula-
tion was gently removed by rising and dabbing with a tissue. 
The eyes were frozen immediately using solid CO2 and later 
kept at 80°C to prevent the drug movement between tissues 
until dissection. Ocular tissues (cornea, lens, iris, vitreous 
humor, sclera, and retina) were separated. The frozen eye 
was placed on a cold ceramic tile during the separation of 
ocular tissues. Each tissue was soaked for 24 h by placing in 
HPLC mobile phase in individual vials, then filtered through 
a Nylon membrane filter (0.45 μm), and analyzed via HPLC.

To confirm CsA distribution within the ocular tissues, 
MNs made with FITC fluorescent probe were applied as 
described above. The eyes were quickly frozen and dissec-
tions were performed while frozen to avoid FITC transfer 
from one tissue to another. FITC fluorescence in the sclera 
and the retina was visualized immediately using a fluores-
cence microscope (EVOS fl, ZP-PKGA-0494 REV A, USA) 
at excitation (495 nm) and emission (519 nm) wavelengths.

Extraction Efficiency

The CsA extraction efficiency in various ocular tissues such 
as retina, sclera, cornea, iris, and vitreous humor was deter-
mined by placing the tissue samples in 2 mL of CsA solution 

(0.5 mg/mL) and frozen at − 20°C. The tissue samples were 
then minced and sonicated for 30 min. Finally, the samples 
were passed through a 0.45-µm nylon filter and analyzed 
via HPLC. The percent recovery of CsA was obtained from 
the ratio of the CsA amount in the spiked tissue to the CsA 
amount in the solution without a tissue.

Stability Study

MNs kept for 1 month protected from light in a desiccant 
container at room temperature. MNs were then characterized 
for structure and uniformity using SEM. In addition, CsA 
was analyzed by HPLC.

Statistical Analysis

Student t-test and one-way ANOVA were used for data 
analysis. The amount of CsA in various ocular tissues was 
normalized to a gram of the tissue. In all cases, statistical 
significance was defined at the standard 5% level. Graph-
Pad Prism Version 4.0 (GraphPad Prism Software Inc., San 
Diego, CA, USA) was used for data analysis.

Results

Preparation and Characterization of Biodegradable 
Microneedles

Each MN array is an 8 × 8 array containing 64 micronee-
dles with 800-μm length and 200-μm base height (Fig. 1A). 
Different amounts of PVP in the preparation of MN and 
the respective backings were selected (Table I) in order to 
yield MN of different hardnesses for scleral penetration 
while maintaining MN dissolution and CsA release. The 
MN tips were 20 μm in diameter, and the distance between 
needle tips was 680 μm. MN final weight was approximately 
46, 32.5, and 28 mg for MN arrays made of 70, 50, and 
30% PVP formulations, respectively. SEM analysis of MNs 
showed that the microneedles were sharp and uniform with-
out any cracks, or broken tips (Fig. 1B and C). MNs must 
be strong and sharp so as to penetrate the sclera without 
breaking or bending to deliver CsA to SCS. The content of 
CsA in the MN arrays ranged from 93 to 98%. The MNs 
began to dissolve within 30 s, and they completely dis-
solved within 5 min for a 100% CsA release (Fig. 2). The 
failure force required to break MNs is marked by the steep 
reduction in applied force (Fig. 3). The x-axis represents the 
distance moved by the upper stage after coming in contact 
with MN tips. Then the stage is lowered until a set distance 
of 0.8 mm is reached. The MN strength was in the order: 
F3 > F2 > F1. A proportional increase was observed between 
the compression force applied and %PVP polymer used to 
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fabricate the MN arrays. MNs with low PVP%, F1, broke at 
a shorter distance. Trypan blue was used to visualize MN-
induced defects in the sclera. As shown in Fig. 4A and B, 
MNs were rigid enough to penetrate the sclera to deliver 
their drug payload into various ocular tissues. Once they 
penetrate the sclera, dissolving MNs will soften and rapidly 
dissolve (Fig. 4C), preventing ocular tissues from damage, 
as extended mechanical force is not required.

Ocular Distribution of CsA in Isolated Perfused Eyes

The extraction efficiency data is presented in Table  II. 
The drug concentration obtained from various ocular tis-
sues suggests that the recovery (extraction efficiency) 
was > 90% for various ocular tissues (sclera, 94.85 ± 1.356%; 
cornea, 94.83 ± 0.306%; retina, 95.24 ± 1.401%; iris, 
99.14 ± 0.650%; lens, 98.89 ± 2.291%; VH, 92.08 ± 8.812%). 
Restasis® (cyclosporine 0.05% ophthalmic emulsion) eye 
drops are approved by the FDA for use in patients with 
chronic dry eye disease (DED). MNs made with 70% PVP 
(F3) was compared with Restasis®. CsA was observed in 
all ocular tissues with formulation F3. However, Restasis® 
had no detectable drug levels in the retina, sclera, and VH 
(Fig. 5). To confirm the distribution of drug within ocular 
tissues from MNs, FITC was traced within the ocular tissues. 
As shown in Fig. 6, MNs penetrated the porcine sclera and 
delivered FITC to both the retina and sclera.

Stability Study

The stability of MNs was studied over 1  month. The 
content of CsA in the MN arrays was 95 ± 5%. Even 
though mechanical properties have not been evaluated, 
SEM analysis clearly revealed that the arrays maintained 
their uniform shape and sharp appearance (Fig. 7) with 

A B C

Fig. 1   PVP-based biodegradable MN arrays, 8 mm × 8 mm (A). The SEM image showing the structure the MN with a sharp tip, on a side view 
of the MN (B) and from the front-view of the MNs (C)

Fig. 2   Dissolution profiles 
of microneedle formulations. 
The values represented as 
mean ± standard error, n = 3

Fig. 3   Stress–strain curves from Texture Analyzer. Plot shows data 
until the MN failure point (dip in the curve)
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no cracks or fractures for at least 1 month. In addition, 
SEM analysis after 1 month showed that MN arrays had 
adequate stability as they maintained their shape with 
sharp MN tips. The stability study showed that the PVP 
polymer used in the fabrication of MNs had good compat-
ibility with CsA, as there was no significant change in the 
content of CsA in the MN arrays after 1 month compared 
to the initial CsA content (P > 0.05).

Discussion

Diseases affecting the posterior eye, such as posterior 
uveitis, DR, AMD, and retinitis, are primary causes of 
vision loss, requiring the need for repeated administra-
tion of drugs. CsA has been widely used for treating vari-
ous diseases in effecting the anterior and posterior seg-
ment of the eye. CsA, due to its high hydrophobicity (log 

Fig. 4   A MN insertion points 
in the sclera after applica-
tion showing the entire array 
penetrates the eyeball without 
failure; B SEM image of PVP 
MN arrays (F3) before inser-
tion; and C after insertion into 
porcine scleral tissue for 60 s 
showing tip dissolution

Table II   Validation of Ocular Drug Distribution Study: Extraction Recovery of Various Ocular Tissues Spiked with CsA

VH, vitreous humor; AUC​, area under curve

Extraction sample Sclera Cornea Retina Iris Lens VH

AUC-1 2,336,572 2,513,522 2,772,713 2,630,758 2,401,917 1,592,368
AUC-2 2,273,741 2,501,406 2,783,779 2,612,110 2,450,871 1,374,173
AUC-3 2,306,306 2,499,126 2,711,466 2,598,000 2,344,831 1,624,214
Recovery (µg)-1 480.95 475.88 479.23 499.07 495.05 480.51
Recovery (µg)-2 467.39 473.48 481.22 495.38 505.62 409.87
Recovery (µg)-3 474.42 473.03 468.21 492.59 482.73 490.82
% recovery-1 96.19 95.18 95.85 99.81 99.01 96.10
% recovery-2 93.48 94.70 96.24 99.08 101.12 81.97
% recovery-3 94.88 94.61 93.64 98.52 96.55 98.16
% recovery ± SD 94.85 ± 1.356 94.83 ± 0.306 95.24 ± 1.401 99.14 ± 0.650 98.89 ± 2.291 92.08 ± 8.812
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P = 4.12), low aqueous solubility (7.3 µg/mL) [34–37], and 
high molecular weight (1202 Da), topical penetration of 
CsA is very poor. Similarly, oral administration of CsA 
causes serious systemic toxicity such as nephrotoxicity 
and hypertension [38–40]. Therefore, there is a need to 
develop novel formulations that can improve ocular bio-
availability and reduce adverse effects associated with cur-
rently marketed formulations.

Other delivery routes such as periocular or intravitreal 
administration are invasive in nature with poor patient com-
pliance. Moreover, after injecting the drug, it is not pos-
sible to stop the drug action if toxic effects such as retinal 
inflammation are observed. MNs have gained popularity in 
ophthalmic drug delivery due to their ability to minimize 
tissue damage, prevent the risk of pathogen-related infec-
tions, provide faster healing, and improve the overall patient 
safety. MNs enable precise targeting to the SCS, thereby 
increasing the drug concentrations in between the sclera 

and the choroid. In addition, due to the unique anatomy of 
the eye, MNs does not infuse the drug in all directions as 
observed with conventional injections, rather it infuses the 
drug circumferentially within the SCS thereby covering a 
significant portion of the posterior eye even with a single 
administration [5].

This research shows that utilizing MNs to target SCS may 
be a viable option due to its ease of administration, safety, 
and enhanced targeting ability. Thus, MNs help in achiev-
ing higher drug levels and dosage accuracy with reduced 
exposure to non-target tissues compared to the marketed 
formulation [41–43]. Microneedles made of polymers are 
advantageous over metal or silicone-based needles due to 
its increased drug loading, rapid dissolution, and biocom-
patibility [44].

PVP-based MNs are rapidly dissolved after application. 
PVP is a biocompatible polymer which is commonly used to 
prepare MNs for ocular applications [22]. In this research, 

Fig. 5   A Perfusion eye experi-
mental setup for ocular absorp-
tion and tissue distribution of 
CsA from rapidly dissolvable 
microneedles applied on to 
scleral surface. Modified from 
Shelley et al. and used with 
copyright permission [52]. B 
Ocular distribution of CsA 
in isolated porcine eyes in a 
continuous perfusion model 
after 2 h. Values represented as 
mean ± SD, n = 3
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dissolvable MN arrays of 800-μm length were fabricated, 
which permit easy insertion into the sclera. This enables the 
drug release into the SCS, between the sclera and choroid, 

without penetrating the chorioretina [5]. Localized delivery 
to the SCS can result in higher concentration of CsA in the 
retina compared to topical formulations [45]. The diameter 
of MN tips was 20 μm, and the distance between needle 
tips was 680 μm. Due to its shorter and narrower needle 
tips, MNs causes less trauma to the eye, avoiding the need 
for surgical procedures and risk of infection and bleeding 
compared to conventional needles [46]. The final weight of 
the MNs were approximately 46, 32.5, and 28 mg for MN 
arrays made of 70, 50, and 30% PVP formulations, respec-
tively. These polymer concentrations were sufficient enough 
to produce rigid MN arrays with encapsulated CsA without 
compromising MN dissolution rate (discussed later). The 
MN arrays were uniform and sharp enough to pierce the 
ocular tissues without bending or fracturing to deliver CsA 
to SCS, as shown by the SEM images (Fig. 1).

Dissolving MNs could enable the delivery of a high dose 
of drugs with large molecular weight because they allow 
the entrapment of drugs within the polymeric matrix [6]. 
The polymer was rapidly dissolved (30 s), leaving the drug 
particles in the dissolution medium, and the particles also 
dissolved quickly due to the presence of 30% ethanol in the 
dissolution medium. The dissolution time of microneedles 
reported in this study is slightly lower than the previously 
reported values by Datta et al. [18]. This could be due to the 
presence of 30% ethanol in the dissolution media, which acts 
as a good solvent for the dissolution of PVP. In the in vivo 
situation, the particles would remain in suspended form and 
would show sustained action for a prolonged time. The goal 
of the in vitro experiment was mostly to show microneedle 
dissolution rather than drug dissolution and quantitative 
expression of the MN dissolution profile. Being fabricated 
from a hydrophilic polymer, PVP MNs rapidly dissolved 
within the ocular tissues due to high water solubility [6] 
(Fig. 2). This rapid dissolution may increase the patient’s 
compliance because wearing the patches for a long period 
of time is not necessary [47]. In addition to rapid dissolu-
tion, polymer from dissolved MNs must not bind the drug 
and reduce its diffusion rate since sustained release is not 
required. Complete CsA release from dissolved MNs indi-
cates that the drug freely diffuses into the receptor solution.

The MN failure force study revealed the mechanical 
strength of the microneedles, as shown by the texture analy-
sis data in Fig. 3. The mechanical strength and mechanical 
properties of dissolving MNs are dependent on affected by 
several factors, including polymer type and concentration, 
drug type, and concentration [22, 48]. In this study, higher 
polymer concentration helped achieve higher mechanical 
strength for the MN. In contrast, MNs with lower concen-
trations of polymer fractured at a shorter distance compared 
to others. Comparable results were observed in a previous 
study by Shelley et al. (2022) where the strength of the 
microneedles was found to be directly proportional to the 

A

B

Fig. 6   Image of the retina (A) and the sclera (B) after application of 
MNs (F3) loaded with FITC

Fig. 7   SEM images revealing structure and sharpness of MNs upon 
1-month storage
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molecular weight of the polymer [7]. An essential factor 
in the successful development and application of dissolv-
ing MNs is their ability to penetrate into the ocular tissue 
without fracture or delamination of MN arrays. Trypan blue 
staining studies showed that the needles were intact and 
able to penetrate the scleral tissue. No mechanical or visual 
defects were noted for the MNs.

The isolated perfused porcine eye model used in the present 
study simulated the in vivo conditions such as tissue viabil-
ity and circulation, thus allowing CsA determination in the 
individual ocular tissues. The CsA quantification method in 
various ocular tissues was validated to ensure that the drug 
was extracted well with a minimal process loss (Table II). MNs 
made with 70% PVP (F3) showed a similar release profile and 
drug content as F1 and F2. However, we selected F3 since it 
showed the best needle strength. Due to the presence of ante-
rior permeation barriers such as the cornea and tear film, the 
amount of CsA in the posterior segment is often undetect-
able [49]. Dissolving MNs successfully delivered CsA in the 
SCS. The rapid dissolution of MNs leads to the quick release 
of CsA from MNs and its penetration in various ocular tis-
sues. This strategy requires a shorter application time, which 
could improve patient acceptability [50]. MNs also increase 
CsA retention in the sclera as the drug is unperturbed by the 
protective properties of the eye [6]. The distribution of drug 
within ocular tissues after MN application was confirmed by 
the presence of fluorescence from FITC in the retina. No sign 
of hemorrhage was observed in isolated porcine eyes after the 
application of MN patch. It is also noteworthy to mention that 
the MNs fabricated in the current study are fast dissolving and 
does not require continued contact with the eyeball surface 
thereby minimizing risk of side effects such as tissue damage, 
irritation, inflammation, and infection [51]. In our study, we 
designed transcleral MN for posterior eye delivery and were 
able to achieve high retinal concentrations within 2 h of appli-
cation of the patch in a viable perfusion eyeball model that we 
have previously established [52]. We allowed 2-h equilibra-
tion time before sampling each tissue because the drug that is 
released from the microneedle dissolution should penetrate and 
distribute to various ocular tissue.

The use of dissolvable MNs can be considered as a viable 
approach for localized delivery of drugs to the posterior eye 
for treating back of the eye diseases. Many drugs such as 
amphotericin B [53], dexamethasone [54], triamcinolone 
acetonide [55], and fluconazole [56] have been successfully 
delivered for treating the ocular inflammation or infection 
affecting the eye.

The amount of CsA penetration from the topical formula-
tions is limited for the treatment of posterior eye inflammatory 
conditions like uveitis. Following topical application of Res-
tasis® in New Zealand White Rabbits, negligible concentra-
tions were observed in posterior eye tissues such as vitreous 
humor, choroid, and retina [57]. Hence, the dissolving MNs 

for CsA delivery as proposed in this research appears very 
promising. Even though the microneedles are safe for human 
use and poses a minimum risk of infection, the poked sites 
might act as a possible cause of infection if microneedles are 
not properly sterilized. Therefore, radiation sterilization, such 
as gamma rays and electron beam, will be utilized for termi-
nal sterilization of biomedical devices. Previous studies have 
shown that microneedles fabricated with PVP K90 did not 
show any change in microstructure, morphology, and dissolu-
tion when exposed to gamma radiation of dose 25 kGy [58].

However, there is no sufficient data regarding the safety 
of microneedles for ophthalmic administration. Therefore, 
more studies are required to understand the long-term safety 
of MNs in ocular application. Finally, due to inherent sim-
plicity and compatibility of MNs, delivery to the SCS is a 
straightforward approach without the need for surgical proce-
dures commonly utilized for conventional SCS delivery [59].

Conclusion

This study demonstrated the design, fabrication, and char-
acterization of rapidly dissolving MNs composed of PVP 
to overcome various ocular barriers to improve ocular drug 
delivery of CsA to the back of the eye. MNs dissolved rap-
idly (less than 5 min) within the sclera and released encap-
sulated CsA effectively (around 98%). MNs could resist the 
force needed for insertion in the eye and penetration of the 
sclera tissue without breaking. CsA level in posterior eye 
tissues was significantly higher than CsA ophthalmic emul-
sion (Restasis®) in the perfusion eye model. To conclude, 
rapidly dissolving MNs fabricated with PVP is a promising 
platform to deliver CsA to the posterior segment of the eye.
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