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Abstract

Purpose To investigate in vitro transdermal delivery of tofacitinib citrate across human skin using microporation by 
microneedles and iontophoresis alone and in combination.
Methods In vitro permeation studies were conducted using vertical Franz diffusion cells. Microneedles composed of polyvi-
nyl alcohol and carboxymethyl cellulose were fabricated and successfully characterized using scanning electron microscopy. 
The microchannels created were further characterized using histology, dye binding study, scanning electron microscopy, 
and confocal microscopy studies. The effect of microporation on delivery of tofacitinib citrate was evaluated alone and in 
combination with iontophoresis. In addition, the effect of current density on iontophoretic delivery was also investigated.
Results Total delivery of tofacitinib citrate via passive permeation was found out to be 11.04 ± 1 μg/sq.cm. Microporation 
with microneedles resulted in significant enhancement where a 28-fold increase in delivery of tofacitinib citrate was observed 
with a total delivery of 314.7±33.32 μg/sq.cm. The characterization studies confirmed the formation of microchannels in the 
skin where successful disruption of stratum corneum was observed after applying microneedles. Anodal iontophoresis at 0.1 
and 0.5 mA/sq.cm showed a total delivery of 18.56 μg/sq.cm and 62.07 μg/sq.cm, respectively. A combination of microneedle 
and iontophoresis at 0.5 mA/sq.cm showed the highest total delivery of 566.59 μg/sq.cm demonstrating a synergistic effect. 
A sharp increase in transdermal flux was observed for a combination of microneedles and iontophoresis.
Conclusion This study demonstrates the use of microneedles and iontophoresis to deliver a therapeutic dose of tofacitinib 
citrate via transdermal route.
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Abbreviations

JAK  Janus kinase
PVA  Polyvinyl alcohol
CMC  Carboxymethyl cellulose
SEM  Scanning electron microscopy
PBS  Phosphate buffered saline
IVPT  In vitro permeation testing
CLSM  Confocal laser scanning microscopy

Introduction

Psoriasis is a chronic immune mediated inflammatory skin 
disease affecting a large population with an estimated 60 
million people in 2021 [1]. It is often associated with sev-
eral comorbidities, including psoriatic arthritis, psychologi-
cal, cardiovascular, and hepatic diseases. Mild psoriasis is 
usually treated by topical treatment, but moderate to severe 
psoriasis needs phototherapy, conventional systemic thera-
pies, or the use of biologics [2]. Although several drugs are 
approved to treat psoriasis, toxicity and failure rates asso-
ciated with conventional systemic therapies and decreased 
efficacy over time in biologics underline the importance of 
alternative treatment options for psoriasis [3, 4]. An alter-
native approach involves developing inexpensive, easy to 
administer small-molecule agents that inhibit intracellular 
proteins or enzymes in the immune response. Janus kinase 
(JAK) inhibitors are one such class of drugs currently under 
investigation for the treatment of psoriasis [2]. Tofacitinib is 
a widely studied JAK inhibitor for treating psoriasis and is 
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currently approved for rheumatoid arthritis, psoriatic arthri-
tis, and ulcerative colitis [5]. It is proven effective against 
chronic plaque psoriasis in phase III clinical trials with an 
oral dose of 10 mg twice daily [6], making it a promising 
candidate for the treatment of psoriasis.

Existing marketed formulations of tofacitinib are oral 
tablets of its salt form- tofacitinib citrate. However, oral 
administration of tofacitinib citrate is associated with sev-
eral side effects, including gastrointestinal disorders, upper 
respiratory tract infections, headache, and cold-like symp-
toms [7]. In addition, in 2019, a study indicated a higher 
risk of blood clots with oral administration of tofacitinib 
citrate, raising safety concerns [8]. Thus, alternative routes, 
more specifically localized routes, are being explored for 
delivery of tofacitinib citrate. A transdermal system that can 
bypass hepatic metabolism and provide local delivery with 
decreased side effects arising from systemic exposure can 
serve as a better delivery route for tofacitinib citrate.

Skin, with a large surface area of 1-2  m2 and ease of 
accessibility, is a possible route with high potential for 
administration of drugs [9]. However, stratum corneum, the 
outermost layer of skin, is a major barrier for penetration 
of drugs into and across skin. An ideal drug for passive dif-
fusion is an unionized, potent, low molecular weight (less 
than 500 Da), moderately lipophilic (log P ~1-3) molecule 
with a melting point of < 250 °C [10]. Thus, passive deliv-
ery of hydrophilic or large molecules is difficult. Various 
physical enhancement technologies such as microporation 
by microneedles, iontophoresis, electroporation, and sono-
phoresis have been investigated to deliver such molecules 
[11, 12]. The hydrophilic nature and positive charge at a 
physiological pH of 7.4 make passive delivery of tofacitinib 
citrate a challenge [13]. Literature also reports slower pen-
etration and low permeability of tofacitinib citrate across the 
skin [7]. Therefore, in this study, we investigated the effect 
of physical enhancement techniques, namely microneedles 
and iontophoresis alone and in combination for transdermal 
delivery of tofacitinib citrate.

Microneedles are micron-sized needles that create hydro-
philic microchannels in the skin bypassing the stratum cor-
neum layer enabling delivery of hydrophilic drugs [14]. 
These microneedles offer a pain-free, needle-free mode of 
drug delivery. Our lab has successfully delivered glycopyr-
rolate, cimetidine, vismodegib, donepezil using micronee-
dles [15–18]. Polyvinyl alcohol (PVA) and carboxymethyl 
cellulose (CMC) are hydrophilic biocompatible polymers 
reported to be used for microneedle fabrication [19, 20]. 
We fabricated PVA-CMC microneedles to microporate skin, 
which was investigated for microneedle-mediated transder-
mal delivery of tofacitinib citrate.

Iontophoresis is another technique that helps in deliv-
ering neutral and charged drug molecules using a small, 
physiologically acceptable amount of electric current (0.5 

mA/cm2 or less) [21]. Iontophoretic delivery of several 
drugs has been reported [10]. Electro-osmosis and electro-
repulsion are the two driving forces enabling iontophoretic 
delivery of molecules where current densities and duration 
of application can be altered for modulated delivery [21]. 
Our study investigates iontophoretic delivery of tofacitinib 
citrate at two current densities.

Further, the combination of microneedles and ionto-
phoresis has been explored previously for a wide range of 
molecules, including small molecules [22, 23], peptides 
[24], and proteins [25], to investigate any synergistic effect 
observed as both techniques work by different mechanisms 
and the effect is dependent on various factors. Therefore, 
we investigated the combination of microneedle and ion-
tophoresis to assess the effect of combination on delivery 
of tofacitinib citrate. Transdermal delivery of tofacitinib 
citrate using hollow and dissolving microneedles was 
investigated recently [26]. However, iontophoretic deliv-
ery of tofacitinib citrate and its effect when combined with 
microneedles has not been investigated previously. Thus, 
this study focuses on transdermal delivery of tofacitinib 
citrate into and across full-thickness human skin using 
microneedles and iontophoresis alone and in combina-
tion. The effect of microporation was further character-
ized using electrical resistance measurement, dye binding 
studies, scanning electron microscopy (SEM), confocal 
microscopy, and histological evaluation.

Materials and methods

Materials

Tofacitinib citrate was purchased from CSN Pharm 
(Arlington Heights, IL, U.S.A). Phosphate buffered 
saline, pH 7.4 (PBS, 10X), sodium phosphate dibasic, 
orthophosphoric acid, and silver wire (0.5 mm diameter, 
99.99%) were obtained from Fisher Scientific (Fair Lawn, 
NJ, U.S.A). HPLC grade acetonitrile and methanol were 
procured from Pharmco-Aaper (Brookfield, CT, U.S.A). 
Polyvinyl alcohol (PVA 26-88 EMPROVE® exp Ph Eur, 
USP, JPE) and carboxymethyl cellulose sodium salt (CMC 
low viscosity CAS 9004-32-4) were obtained from Sigma 
Aldrich (St. Louis, MO, U.S.A). Silver chloride elec-
trodes (2 mm x 4mm) were purchased from A-M systems 
(Sequim, WA, U.S.A.). Staining solutions, namely meth-
ylene blue and Fluoresoft (0.35%), were procured from 
Eastman Kodak Co. (Rochester, NY, U.S.A) and Holles 
Laboratories Inc. (Cohasset, MA, U.S.A), respectively. 
Full-thickness human skin tissue was procured from the 
National Disease Research Interchange (NDRI) with sup-
port from NIH grant U42OD11158.
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Methods

Solubility studies

Saturation solubility of tofacitinib citrate was determined 
in 1X PBS solution. To test saturation solubility, excess 
amount of drug was added to 1mL of solvent followed by 
overnight shaking at room temperature. After that, the solu-
tion was centrifuged at 13,400 rpm for 15 min at 25 °C, 
filtered through 0.22 μm syringe filters (Cell treat Scientific 
Products, Shirley, MA, USA), diluted appropriately, and 
analyzed using HPLC.

Fabrication of PVA‑CMC microneedles

Microneedles were fabricated by micromolding technique. 
First, the polydimethylsiloxane molds were prepared by 
the previously optimized method [27]. Then, to fabricate 
microneedles, 3 g of PVA and 1 g of CMC sodium salt were 
dissolved in 10 mL of DI water heated to 90 °C, and the 
mixture was kept in the oven at 90 °C until the polymers 
dissolved. The dissolved polymeric solution (300 μL) was 
then placed into the PDMS mold, centrifuged (Eppendorf 
Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany) 
at 4000 rpm for 15 mins at 40 °C to pull the solution into 
cavities without formation of air bubble. The microneedles 
were then dried in a convection oven at 60 °C for three days, 
separated from the mold, and stored in a desiccator until use.

Skin preparation

Fresh frozen full-thickness human cadaver skin tissue 
from multiple sites (abdomen, calf and back) and donors 
was obtained from National Disease Research Interchange 
(NDRI). The subdermal fat tissue was removed using for-
ceps and scissors, and the skin tissue was stored at -80 °C 
until further use. At the time of permeation testing, the fro-
zen skin tissue was thawed in 1X PBS at 37°C. Then, using 
die punches (diameter = 22 mm, area = 3.8  cm2), the skin 
tissue was cut into circular pieces and mounted on the Franz 
diffusion cell for permeation studies [28]. The thickness of 
each piece was recorded using a thickness gauge (MTG-DX2 
by Checkline®, Cedarhurst, NY, USA). The average thick-
ness of skin used for permeation studies was 1450 ± 186 μm.

Skin integrity measurement

The barrier integrity of skin was assessed by measuring 
skin’s electrical resistance. A digital multimeter (Agilent 
Technologies, Santa Clara, CA, U.S.A), a waveform gen-
erator connected to a silver/silver chloride electrode was 
used for this purpose. First, the skin piece was mounted on 
a Franz cell containing 5 mL of 1X PBS in the receptor 

compartment. Then, 300 μL of 1X PBS was added to the 
donor chamber, and the skin tissue was kept for equilibra-
tion for 15 mins. After that, the silver wire was placed in 
the receptor compartment, and the silver chloride electrode 
was placed in the donor compartment (without touching the 
skin). Next, the voltage drop across the circuit (Vo) and skin 
(Vs) was recorded using the multimeter. The resistance was 
calculated according to the following equation [18]:

Where the load resistor  (RL) was 100 KΩ and VO was set 
to 100 mV. Resistance values were calculated in KΩ. Skin 
samples having a resistance greater than 10 KΩ were used 
for permeation study [29].

In vitro permeation testing (IVPT)

IVPT was performed using vertical static Franz diffusion 
cells (PermeGear, Hellertown, PA, U.S.A) having a diffu-
sion area of 0.64  cm2. The selected (treated/untreated with 
microneedles) skin pieces were clamped between the donor 
and receptor compartment, ensuring no air bubble forma-
tion. The receptor compartment was filled with 5 mL of 1X 
PBS, selected as a receptor solution based on solubility stud-
ies to maintain the sink condition. The receptor compart-
ment was maintained at 37 °C using a recirculatory water 
bath to keep the skin temperature at 32 °C. After putting the 
drug solution in the donor chamber, receptor samples (300 
μL) were taken at 0,1,2,4,8, 22, and 24 h from the sampling 
arm, followed by replenishing the receptor solution with an 
equal volume of 1X PBS at each time point. At the end of 
the study, two dry cotton swabs were used to remove excess 
donor solution. After that, the donor chamber was removed, 
and the permeation area was gently wiped with a cotton 
swab dipped in 5% lauryl ether sulfate for 30s in a circular 
motion to remove the unabsorbed drug from skin surface. 
This process was repeated once again. Finally, a new donor 
chamber was placed, and the permeation area was washed 
with 1 mL of 1X PBS thrice. The skin piece was then dried 
using two dry cotton swabs and removed from the Franz 
diffusion cell for skin extraction study. All samples were 
analyzed using HPLC, and results were reported as mean 
± SE (n=4). The specific protocol followed for each group 
is as follows:

Passive permeation

For testing passive diffusion of tofacitinib citrate across skin, 
100 μL of 5.9 mg/mL (90% saturation solubility in 1X PBS) 
tofacitinib citrate solution in 1X PBS was added in the donor 
compartment, and IVPT study was conducted as mentioned 
earlier.
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Microneedle mediated delivery

To assess microneedle-mediated delivery of tofacitinib cit-
rate, the skin piece was microporated using the fabricated 
PVA-CMC microneedles. First, the skin piece was placed on 
parafilm (Parafilm “M” Laboratory film, Neenah, WI, USA) 
to mimic the soft tissue beneath the skin, thereby avoiding 
excess pressure on the skin. Next, the PVA-CMC micronee-
dles (10 x 10 array of 100 microneedles; 395 μm needle 
length) were applied perpendicularly with equal force to the 
skin using fingers for 2 min to ensure uniform micropora-
tion. After application, the microneedle array was removed, 
and the skin piece was mounted back on the Franz diffusion 
cell, ensuring that the diffusion area matched the micropo-
rated area. Finally, the donor compartment was filled with 
500 μL of 5.9 mg/mL tofacitinib citrate solution in 1X PBS 
followed by the same protocol mentioned in IVPT testing. 
Skin microporation was further characterized using dye 
binding, histology, SEM, and confocal microscopy.

Iontophoretic delivery

As tofacitinib citrate is positively charged at pH 7.4, anodal 
iontophoresis was performed. The iontophoretic setup con-
sisted of a silver wire (anode) placed in the donor cham-
ber and silver chloride (cathode) in the receptor chamber. 
These electrodes were connected in series to a source of 
constant current supply device (Keithley 2400 Source Meter 
R, Keithley Instruments Inc., Cleveland, OH, USA). The 
required current density was applied for 4 h, followed by 
passive delivery to 24 h. The donor chamber contained 500 
μL of 5.9 mg/mL tofacitinib citrate solution in 1X PBS. 
Two different current densities (0.1 and 0.5 mA/cm2) were 
used to study the effect of current density on delivery of 
tofacitinib citrate, with the rest of the protocol being same 
as explained previously.

Delivery using combination of microneedle 

and iontophoresis

To test delivery of tofacitinib citrate using a combination of 
microneedle and iontophoresis, the skin piece was micropo-
rated using fabricated microneedles, followed by iontopho-
retic delivery using the setup mentioned in iontophoretic 
delivery section. The combination was tested at a current 
density of 0.5 mA/cm2 using the same IVPT protocol.

Skin extraction / distribution study

To determine the amount of tofacitinib citrate delivered 
into skin, an extraction study was performed. Following 
IVPT, skin permeation area was cut out and added to a tube 
along with 3 mL of methanol. The skin tissue was then 

homogenized using a bead mill homogenizer (Bead Ruptor 
24 Elite by Omni International, Kennesaw, GA, U.S.A) at 
set parameters (number of cycles: 2, speed: 6.00 m/s, time: 
30 s, dwell time: 60 s) followed by 4 h of shaking and then 
filtered through 0.22 μm syringe filters (Cell treat Scientific 
Products, Shirley, MA, USA) and analyzed using the HPLC 
method. Results were reported as mean ± SE (n=4) for each 
group.

Lag time and flux calculation

A graph of the cumulative amount of tofacitinib citrate 
delivered per unit area was plotted against time to determine 
the lag time required for permeation of tofacitinib citrate into 
the receptor. The X-intercept of the linear portion was used 
to determine the lag time. The flux profile was plotted with 
amount of tofacitinib citrate delivered into the receptor per 
unit area per unit time.

Quantitative analysis

Receptor and skin extraction samples were analyzed using a 
validated UV-HPLC method. Isocratic reverse phase chro-
matographic analysis was performed using Waters Alliance 
2695 separation module (Milford, MA, USA) coupled with 
2996 photodiode array detector. The separation was carried 
out on Phenomenex C18 (250 x 4.6 mm, 5μm) maintained 
at 25 °C. The mobile phase consisted of acetonitrile and 
pH 7 buffer (10 mM  Na2HPO4) in the ratio of 25:75 with a 
1 mL/min flow rate and an injection volume of 10 μL. The 
run time was 15 minutes, the retention time was 7 minutes, 
and the detection was carried out at 286 nm. The limit of 
detection and quantification were 0.03 μg/mL and 0.08 μg/
mL respectively, whereas the linearity range was 0.1-50 μg/
mL  (R2= 1). No interference due to components leaching 
out from skin was observed for quantification of tofacitinib 
citrate.

Data Analysis

All results were reported as mean (n=4) with standard error 
(SE) or standard deviation (SD). GraphPad Prism (GraphPad 
Software, San Diego, CA; version 8.4.3) was used for statis-
tical analysis. One-way ANOVA with Tukey’s post-hoc test 
and Student’s t-test were used for comparison, and a p-value 
of less than 0.05 was considered to conclude a significant 
difference between the test groups.

SEM study

The structure and morphology of microneedles and micro-
channels created by microneedles were investigated using 
the Phenom™ field emission SEM system (Nanoscience 
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Instruments, Inc., Phoenix, AZ, USA). Microneedles were 
mounted directly on metal stub whereas, for microchan-
nels, full-thickness human skin was treated with micronee-
dles for 2 mins, dried, and then mounted on metal stub 
using a double-sided tape (Ted Pella, Inc. Redding, CA, 
U.S.A.). All samples were examined using field emission 
S.E.M. (Hitachi, S4100).

Dye binding study

The microchannels created by microneedles were con-
firmed by a dye binding study using a 1% methylene blue 
solution. First, full-thickness human skin was placed on 
parafilm and treated with microneedles. After removal 
of microneedle array, 1% methylene blue solution was 
applied to the microneedle treated area for 2 min. Then, 
the excess dye was removed using Kimwipes and alcohol 
swabs, and the stained microchannels were visualized.

Confocal laser scanning microscopy (CLSM) study

To determine the depth of microchannels created by 
microneedles, CLSM studies were carried out (n=3). 
 Fluoresoft® (0.35%, 200 μl) was applied to full-thickness 
human skin treated with the microneedles for 1 min. 
Excess calcein was removed, and the skin sample was 
placed on the glass slide and visualized using a comput-
erized Leica SP8 confocal laser microscope. Samples were 
viewed with a 10X objective at an excitation wavelength of 
496 nm. X-Z sectioning was employed using Application 
Suite-Advanced Fluorescent software (step size = 15 μm) 
by Leica to determine the depth of microchannels.

Histology studies

Histological studies were used to characterize further the 
microchannels created by microneedles using a similar 
procedure as mentioned in previous studies [30]. Full-
thickness human skin treated with microneedles was fixed 
flat in Tissue-Tek using an optical coherence tomography 
compound (OCT) medium and stored at -80 °C to solidify 
the block. Microm HM 505 E (Southeast Scientific, Inc., 
GA, USA) was used to section the block where the sec-
tion thickness was 10 μm. The sectioning was performed 
at -20 °C with the block glued to the object holder in the 
cryotome chamber. The sections were fixed on a glass slide 
(Globe Scientific, Inc., NJ, USA), stained with hematoxy-
lin and eosin, and viewed under Leica DM 750 microscope 
(Leica microsystems, Buffalo Grove, IL, USA).

Results

Solubility studies

The solubility of tofacitinib citrate in 1X PBS was found 
to be 5.9 mg/mL. The solubility was enough to maintain 
sink conditions, and hence 1X PBS was selected as recep-
tor solution.

Characterization of microneedles 
and microchannels

SEM of fabricated microneedles and microchannels

SEM image of fabricated PVA-CMC microneedles showed 
pyramidal-shaped microneedles having tip to base length 
of 395 ± 2.6 μm, base of approximately 123 μm, and 
needle-to-needle distance of 323 μm (Fig. 1a and b). The 
fabricated microneedles had sufficient strength to create 
micropores without breaking. Figure 1c shows an SEM 
image of untreated skin with intact stratum corneum. 
Fabricated microneedles successfully microporated skin, 
creating microchannels that are visible as micropores on 
the skin surface. Figure 1d shows a magnified image of a 
single microchannel.

Dye binding and histology studies

The sharpness, density, and penetration ability of fabri-
cated microneedles were tested using a dye binding study. 
Skin treated with microneedles (Fig. 2) showed micro-
channels stained with hydrophilic methylene blue dye, 
confirming skin microporation.

The morphology of microchannels created by micronee-
dles was visualized by performing histological characteri-
zation of skin. The vertical section of skin treated with 
microneedles showed disruption of stratum corneum, as 
seen in Fig. 3, indicating microchannel formation.

CLSM studies

The depth of micropores created by microneedles was 
determined using CLSM studies. Micropores stained with 
fluorescent dye confirmed the formation of microchannels 
in skin. Next, the depth of micropores was calculated by 
performing a z-stack where the stained microchannel was 
imaged at different depths (z) until the fluorescent dye was 
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no longer visible. Figure 4 shows the image of the z-stack. 
The depth of pore created by microneedles was estimated 
to be 120 ± 15 μm.

In vitro permeation testing

Passive permeation

There was no passive diffusion of tofacitinib citrate across 
full-thickness human skin into the receptor chamber 
(Fig. 5a). The amount delivered into skin at the end of 24 h 
was 11.04 ± 1 μg/cm2. This indicated low passive perme-
ability of tofacitinib citrate.

Microneedle mediated delivery

The effect of microporation on transdermal delivery was 
investigated by testing delivery of tofacitinib citrate across 
skin treated with PVA-CMC microneedles. Creation of 
microchannels was supported by the results of several char-
acterization studies, including dye binding, SEM, CLSM, 
and histology, as described earlier. Microporation resulted 
in a significantly higher delivery of tofacitinib citrate both 
across (199.32 ± 24 μg/cm2) and into (115.38 ± 17.5 μg/
cm2) skin with a total delivery of 314.7 ± 33.3 μg/cm2 
(p<0.01) as seen in Fig. 5. The lag time was found to be 
3.7 h.

Fig. 1  (a and b) SEM image 
of fabricated PVA-CMC 
microneedles (c) SEM image of 
untreated skin (d) SEM image 
of microneedle treated skin

Fig. 2  Methylene blue-stained microchannels in skin
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Iontophoretic delivery

As tofacitinib citrate is positively charged at pH 7.4, anodal 
iontophoresis was performed and the delivery was tested at 
two different current densities, 0.1 and 0.5 mA/cm2. Ionto-
phoresis at 0.5 mA/cm2 delivered significantly higher total 
amount of tofacitinib citrate (62.07±7.6 μg/cm2) as com-
pared to both iontophoresis at 0.1 mA/cm2 (18.56±4 μg/cm2) 
and passive diffusion. There was no significant difference in 
total delivery of tofacitinib citrate between passive diffu-
sion and iontophoresis at a current density of 0.1 mA/cm2. 
Figure 6 shows delivery of tofacitinib citrate into and across 
skin for all three groups. Based on the highest delivery, 0.5 
mA/cm2 was selected as current density for testing delivery 
of tofacitinib citrate using a combination of microneedles 
and iontophoresis. The observed lag time for permeation of 
tofacitinib citrate into receptor at the current density of 0.1 
and 0.5 mA/cm2 was 6.1 h and 3.7 h, respectively.

Delivery using a combination of microneedles 

and iontophoresis

The effect of combination of microneedles and iontophore-
sis was investigated at current density of 0.5 mA/cm2. The 
total delivery of tofacitinib citrate from a combination of 
microneedles and iontophoresis was 566.59±19.2 μg/cm2, 
which was significantly higher than microneedles and ion-
tophoresis alone. Figure 7 shows comparative delivery of 
tofacitinib citrate amongst the groups tested. Further, the lag 

time for permeation of tofacitinib citrate was reduced to 1.06 
h using a combination of microneedles and iontophoresis.

Discussion

Topical and transdermal delivery of tofacitinib citrate was 
investigated to explore this route for the administration of 
tofacitinib citrate for the treatment of psoriasis and pso-
riatic arthritis. This route can provide sustained delivery 
of drugs with lesser potential systemic side effects [31], 
which is desired for this molecule. Additionally, this route 
can also facilitate localized delivery at the site of action 
for treatment of psoriasis. Delivery into dermis would be 
beneficial in this case as the pharmacological targets for 
tofacitinib citrate (B and T cells) are in the dermis [32]. 
Literature reports use of topical solution of tofacitinib cit-
rate with promising results with 2% tofacitinib citrate oint-
ment in Phase IIa clinical trial [33]. Other studies report 
topical formulations [7] and proposomes [32] of tofacitinib 
citrate for treatment of psoriasis indicating therapeutic 
effectiveness of delivery into skin. However, based on the 
results of studies conducted, passive permeability of tofac-
itinib citrate was found to be very low where no receptor 
delivery was observed across full-thickness human skin in 
24 h with low delivery into skin. This can be due to tofaci-
tinib citrate's ionized and hydrophilic nature, making it 
challenging to cross lipophilic stratum corneum. Physical 
enhancement techniques such as microneedles and ionto-
phoresis applied in this study can bypass stratum corneum 

Fig 3  Histological evaluation of 
skin treated with microneedles 
showing formation of micro-
channel
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or enhance delivery across it thereby providing delivery at 
the site of action for treatment of psoriasis. Besides topi-
cal delivery, transdermal delivery of tofacitinib citrate is 
not explored widely. Various physical enhancement tech-
niques have been used to enhance transdermal delivery 
of hydrophilic molecules in past years [12, 34]. Thus, we 
investigated microneedles and iontophoresis alone and 
in combination, as mentioned earlier, to see the effect of 
these physical enhancement technologies on delivery of 
tofacitinib citrate.

The fabricated PVA-CMC microneedles successfully 
microporated skin. Skin characterization studies performed 
verified formation of micropores. Dye binding study con-
ducted using methylene blue confirmed hydrophilicity of 
micropores as the dye was selectively taken up by hydro-
philic micropores where intact lipophilic stratum corneum 
remained unstained. Histological sections of skin treated 
with microneedles and SEM images of skin treated with 
microneedles showed formation of micropores as well. 
The depth of microchannel created by microneedles was 

Fig 4  Confocal microscopy image showing z-stack of microchannel created by microneedles in full-thickness human skin
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determined using confocal microscopy studies. Fabricated 
microneedles having a length of approximately 395 μm cre-
ated microchannels 120 μm deep, consistent with results 
of our previous microneedle fabrication studies [20]. The 
fabricated microneedles created microchannels, bypass-
ing stratum corneum and epidermis, allowing diffusion of 
hydrophilic tofacitinib citrate, which resulted in a 28-fold 
increase in delivery of tofacitinib citrate as compared to pas-
sive diffusion. A recent study conducted using dissolving 
microneedles showed a similar enhancement in the delivery 
of tofacitinib citrate across porcine skin [26], demonstrating 
the effect of microporation. The flux profile of tofacitinib 
citrate across microporated skin showed a gradual increase 
over time (Fig. 8b).

Iontophoresis, as mentioned earlier, aids delivery of 
neutral or charged molecules wherein electroosmosis and 
electrorepulsion are the two mechanisms at play [21]. The 
polar and water-soluble nature of tofacitinib citrate makes it 
a good candidate for iontophoresis. Moreover, as at pH 7.4 
(formulation pH), tofacitinib citrate is positively charged, 
anodal iontophoresis was carried out. The effect of cur-
rent density on iontophoretic delivery of tofacitinib citrate 

was investigated where an increase in current density led to 
increased delivery of tofacitinib citrate into and across skin. 
This is because the transport pathways are current depend-
ent, causing increase in delivery with increase in current 
seen in other previous studies [35]. The flux profile for ion-
tophoretic delivery of tofacitinib citrate (Fig. 8a) showed 
a continuous increase even after the current termination, 
which can be due to changes in the electrical properties of 
the stratum corneum or due to possible formation of drug 
depot in the skin. A higher current density also led to a 
higher average flux at every time point.

In comparison, microneedles alone delivered a signifi-
cantly higher total amount of tofacitinib citrate than ion-
tophoresis (0.5 mA/cm2) (Fig. 7d). A similar trend was 
observed previously where in vitro delivery of methotrex-
ate via microporation was higher than iontophoresis [36]. 
However, other studies suggest higher delivery of drugs via 
iontophoresis [15, 18]. These differences can be attributed 
to differences in drug physicochemical properties, including 
its charge, size, lipophilicity, and other formulation factors 
such as pH and the presence of other competitor ions that 
affect its delivery via microporation and iontophoresis [21].

Fig. 5  Microneedle mediated delivery: (a) Permeation profile of tofacitinib citrate across full-thickness human skin into receptor over 24 h (b) 
Amount of tofacitinib citrate delivered into skin at the end of 24 h (c) Total amount of tofacitinib citrate delivered into and across full-thickness 
human skin. Data presented as average values ± SE (n=4); **: p < 0.01; MN: Microneedles
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As iontophoresis acts on the drug molecule itself while 
microporation works by altering structure of skin layers, a 
combination of microneedles and iontophoresis was tested 
to elucidate its effect on delivery of tofacitinib citrate. The 
total delivery of tofacitinib citrate using a combination of 
microneedles and iontophoresis was significantly higher than 
microneedles or iontophoresis alone, demonstrating a syn-
ergistic effect. Literature reports a similar synergistic effect 
observed for delivery of prochlorperazine edisylate [37], 
methotrexate [38], and fluorescein isothiocyanate dextrans 
[39]. As seen from the flux profile (Fig. 8b), the combina-
tion of microneedles and iontophoresis showed significant 
enhancement in transdermal flux compared to microneedles 
and iontophoresis alone. Moreover, for the combination of 
microneedles and iontophoresis, the flux profile showed a 
continuous increase until 8 h, followed by a sharp decrease 
until 22 h. This suggested possible modulated delivery of 
tofacitinib citrate using a combination of microneedles and 
iontophoresis.

Considering the total delivery achieved in this study, a 
therapeutic dose of tofacitinib citrate was not achievable 

with passive diffusion (considering a maximum patch size 
of 50  cm2). Amongst microneedles and iontophoresis, the 
therapeutic dose was achievable using microneedles alone. 
Although iontophoresis alone was not enough to achieve 
the therapeutic dose, when combined with microneedles it 
helped deliver a therapeutic dose of tofacitinib citrate with 
reduced patch size (Table 1).

Apart from target delivery, lag time is an important aspect 
in transdermal delivery, which is the time required for the 
drug to permeate across skin to reach systemic circulation. A 
shorter lag time is preferred due to faster availability of drug 
at the site of action. As seen from the results, there was no 
receptor delivery of tofacitinib citrate across full-thickness 
human skin via passive diffusion in 24 h, suggesting the use 
of enhancement technologies to deliver the drug. Micronee-
dles and iontophoresis alone enabled delivery of tofacitinib 
citrate with a reduced lag time of approximately 3.7 h. The 
combination further reduced lag time to 1.1 h, suggesting 
faster onset of action.

In addition to investigating the individual and combina-
tion effects of microneedle and iontophoresis on the delivery 

Fig. 6  Iontophoretic delivery: (a) Permeation profile of tofacitinib citrate across full-thickness human skin into receptor over 24 h (b) Amount of 
tofacitinib citrate delivered into skin at the end of 24 h (c) Total amount of tofacitinib citrate delivered into and across full-thickness human skin. 
Data presented as average values ± SE (n=4); *: p < 0.05, **: p < 0.01; ITP: Iontophoresis
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Fig. 7  Comparative delivery: (a) Permeation profile of tofacitinib citrate across full-thickness human skin into receptor over 24 h (b) Amount 
of tofacitinib citrate delivered into receptor at the end of 24 h (c) Amount of tofacitinib citrate delivered into skin at the end of 24 h (d) Total 
amount of tofacitinib citrate delivered into and across full-thickness human skin. Data presented as average values ± SE (n=4); *: p < 0.05, **: p 
< 0.01, ***: p<0.001; ****: p<0.0001 ;MN: Microneedles, ITP: Iontophoresis

Fig. 8  (a) Flux profile for iontophoretic delivery of tofacitinib citrate across full-thickness human skin (b) Flux profile for delivery of tofacitinib 
citrate across full-thickness human skin comparison between all groups. Data presented as average values ± SE (n=4); MN: Microneedles, ITP: 
Iontophoresis

Table 1  Projected patch size for 
delivery of tofacitinib citrate

Group Amount of tofacitinib citrate 
delivered per unit area
(μg/cm2)

Patch size required to achieve 
therapeutic dose  (cm2)

Feasibil-
ity of 
patch

Passive diffusion 11.04 1340 x

Microneedles 314.7 47 ✓
Iontophoresis 62.07 238 x

Microneedle + Iontophoresis 566.59 26.12 ✓



 Pharmaceutical Research

1 3

of tofacitinib citrate, the experimental data presented here 
can be used in calibration and validation of advanced com-
putational models of transdermal drug delivery that are 
being developed in collaboration [40]. The modeling and 
simulation capabilities can extend the current state of art to 
investigate the delivery of the drug to the target area, distri-
bution and residence times at the target.

Overall, these results suggest that microneedles and 
iontophoresis are promising technologies for transdermal 
administration of tofacitinib citrate. While microneedles can 
provide a pain-free mode of administration, iontophoresis 
can be coupled for faster delivery.

Conclusion

Physical enhancement techniques, namely microneedles and 
iontophoresis, enhanced permeation of tofacitinib citrate 
into and across human skin as compared to passive diffusion. 
Among the two, microporation by microneedles was found 
to be more effective than iontophoresis to deliver more tofac-
itinib citrate with a decrease in lag time. However, when 
combined with iontophoresis, microneedles delivered sig-
nificantly higher amounts than alone, demonstrating a syner-
gistic effect. Furthermore, the combination of microneedles 
and iontophoresis showed reduced lag time. Thus, this study 
demonstrates the potential of delivering a therapeutic dose 
of tofacitinib citrate via transdermal route.

Acknowledgements The skin tissues used for studies were procured by 
the National Disease Research Interchange (NDRI) with support from 
NIH grant U42OD11158. All NDRI consent forms and protocols are 
reviewed and approved by the Institutional Review Board at the Uni-
versity of Pennsylvania. All samples obtained through one of National 
Disease Research Interchange’s (NDRI’s) tissue acquisition sites had 
obtained informed consent in writing to use that tissue for research.

Funding This research was supported by the National Institutes of 
Health/Food and Drug Administration under the Small Business Inno-
vation Research Program (SBIR) Phase II project awarded to CFD 
Research Corporation (Grant #: 2R44FD005345-02).

Declarations 

Conflict of interest The authors report no conflict of interest in this 
work.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Raharja A, Mahil SK, Barker JN. Psoriasis: A brief overview. Clin 
Med J R Coll Physicians London. 2021;21(3):170–3.

 2. Azevedo A, Torres T. Tofacitinib: A New Oral Therapy for Pso-
riasis. Clin Drug Investig. 2018;38(2):101–12.

 3. Levin AA, Gottlieb ABAS. A comparison of psoriasis drug failure 
rates and reasons for discontinuation in biologics vs conventional 
systemic therapies. J Drugs Dermatol. 2014;13(7):848–53.

 4. Kragballe K, van de Kerkhof PCGK. Unmet needs in the treatment 
of psoriasis. Eur J Dermatology. 2014;24(5):523–32.

 5. Di Lernia V, Bardazzi F. Profile of tofacitinib citrate and its poten-
tial in the treatment of moderate-to-severe chronic plaque psoria-
sis. Drug Des Devel Ther. 2016;10:533–9.

 6. Achelez H, van de Kerkhof PC, Strohal R, Kubanov A, Valen-
zuela F, Lee JH, Yakusevich V, Chimenti S, Papacharalambous 
J, Proulx J, Gupta P, Tan H, Tawadrous M, Valdez HWROCI. 
Tofacitinib versus etanercept or placebo in moderate-to-severe 
chronic plaque psoriasis: a phase 3 randomised non-inferiority 
trial. Lancet. 2015;386(9993):552–61.

 7. Ying Liaw, L., -Lun Liu, F., -Fen Liao, S., -Hsiung Chen, C., 
-Han Kao, Y., & Yin Chen Y. Topical formulations comprising 
tofacitinib. Vol. 1. 2019.

 8. FDA. FDA approves Boxed Warning about increased risk of blood 
clots and death with higher dose of arthritis and ulcerative colitis 
medicine tofacitinib (Xeljanz, Xeljanz XR). 2019.

 9. Boer M, Duchnik E, Maleszka R, Marchlewicz M. Structural 
and biophysical characteristics of human skin in maintaining 
proper epidermal barrier function. Postep Dermatologii i Alergol. 
2016;33:1–5.

 10. Banga AK. Transdermal and Intradermal Delivery of Therapeutic 
Agents Application of Physical Technologies. 1st Editio. CRC 
Press. Boca Raton: CRC Press; 2011. 309 p.

 11. Kalluri H, Banga AK. Microneedles and transdermal drug deliv-
ery. J Drug Deliv Sci Technol [Internet]. 2009;19(5):303–10. 
Available from:. https:// doi. org/ 10. 1016/ S1773- 2247(09) 50065-2.

 12. Cross SERM. Physical enhancement of transdermal drug appli-
cation: is delivery technology keeping up with pharmaceutical 
development? Curr Drug Deliv. 2004;1(1):81–92.

 13. ChemAxon Ltd., Chemicalize - Instant Cheminformatics Solu-
tions 2020a. https:// chemi calize. com/ app/ calcu lation/ tofac itinib 
(accessed 20 June 2021).

 14. Moffatt K, Donnelly RF. Chapter 17 - Microneedle technology. 
In: Chappel E, editor. Drug Delivery Devices and Therapeutic 
Systems [Internet]. Academic Press; 2021. p. 345–66. (Develop-
ments in Biomedical Engineering and Bioelectronics). Available 
from: https:// www. scien cedir ect. com/ scien ce/ artic le/ pii/ B9780 
12819 83840 00043

 15. Gujjar M, Banga AK. Iontophoretic and microneedle medi-
ated transdermal delivery of glycopyrrolate. Pharmaceutics. 
2014;6(4):663–71.

 16. Song Y, Herwadkar A, Patel MG, Banga AK. Transdermal 
Delivery of Cimetidine Across Microneedle-Treated Skin: Effect 
of Extent of Drug Ionization on the Permeation. J Pharm Sci. 
2017;106(5):1285–92.

 17. Nguyen HX, Banga AK. Enhanced skin delivery of vismodegib by 
microneedle treatment. Drug Deliv Transl Res. 2015;5(4):407–23.

 18. Kale M, Kipping T, Banga AK. Modulated delivery of donepezil 
using a combination of skin microporation and iontophoresis. Int 
J Pharm. 2020;589(September):119853.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1773-2247(09)50065-2
https://chemicalize.com/app/calculation/tofacitinib
https://www.sciencedirect.com/science/article/pii/B9780128198384000043
https://www.sciencedirect.com/science/article/pii/B9780128198384000043


Pharmaceutical Research 

1 3

 19. Park YH, Ha SK, Choi I, Kim KS, Park J, Choi N, et al. Fabri-
cation of degradable carboxymethyl cellulose (CMC) micronee-
dle with laser writing and replica molding process for enhance-
ment of transdermal drug delivery. Biotechnol Bioprocess Eng. 
2016;21(1):110–8.

 20. Nguyen HX, Bozorg BD, Kim Y, Wieber A, Birk G, Lubda D, 
et al. Poly (vinyl alcohol) microneedles: Fabrication, characteriza-
tion, and application for transdermal drug delivery of doxorubicin. 
Eur J Pharm Biopharm. 2018;129(January):88–103.

 21. Bakshi P, Vora D, Hemmady K, Banga AK. Iontophoretic 
skin delivery systems  : Success and failures. Int J Pharm. 
2020;586(June):119584.

 22. Singh ND, Banga AK. Controlled delivery of ropinirole hydro-
chloride through skin using modulated iontophoresis and 
microneedles. J Drug Target. 2013;21(4):354–66.

 23. Vemulapalli V, Yang Y, Friden PM, Banga AK. Synergistic effect 
of iontophoresis and soluble microneedles for transdermal deliv-
ery of methotrexate. J Pharm Pharmacol. 2010;60(1):27–33.

 24. Sachdeva V, Zhou Y, K. Banga A. In Vivo Transdermal Delivery 
of Leuprolide Using Microneedles and Iontophoresis. Curr Pharm 
Biotechnol. 2013;14(2):180–93.

 25. Bai Y, Sachdeva V, Kim H, Friden PM, Banga AK. Transdermal 
delivery of proteins using a combination of iontophoresis and 
microporation. Ther Deliv. 2014;5(5):525–36.

 26. Cárcamo-Martínez Á, Mallon B, Anjani QK, Domínguez-Robles 
J, Utomo E, Vora LK, et al. Enhancing intradermal delivery of 
tofacitinib citrate: Comparison between powder-loaded hollow 
microneedle arrays and dissolving microneedle arrays. Int J 
Pharm. 2021;593(November 2020).

 27. Kim Y, Bhattaccharjee SA, Beck-Broichsitter M, Banga AK. 
Fabrication and characterization of hyaluronic acid microneedles 
to enhance delivery of magnesium ascorbyl phosphate into skin. 
Biomed Microdevices. 2019;21(4):1–9.

 28. Dasht Bozorg B, Bhattaccharjee SA, Somayaji MR, Banga AK. 
Topical and transdermal delivery with diseased human skin: pas-
sive and iontophoretic delivery of hydrocortisone into psoriatic 
and eczematous skin. Drug Deliv Transl Res. 2021;(0123456789).

 29. Puri A, Murnane KS, Blough BE, Banga AK. Effects of chemi-
cal and physical enhancement techniques on transdermal 
delivery of 3-fluoroamphetamine hydrochloride. Int J Pharm. 
2017;528(1–2):452–62.

 30. Vora D, Kim Y, Banga AK. Development and evaluation of a 
heparin gel for transdermal delivery via laser-generated micropo-
res. Ther Deliv. 2021.

 31. Alkilani AZ, McCrudden MTC, Donnelly RF. Transdermal drug 
delivery: Innovative pharmaceutical developments based on dis-
ruption of the barrier properties of the stratum corneum. Pharma-
ceutics. 2015;7(4):438–70.

 32. Kathuria H, Nguyen DTP, Handral HK, Cai J, Cao T, Kang L. 
Proposome for transdermal delivery of tofacitinib. Int J Pharm. 
2020;585(December 2019):119558.

 33. Ports WC, Khan S, Lan S, Lamba M, Bolduc C, Bissonnette R, 
et al. A randomized phase 2a efficacy and safety trial of the topi-
cal Janus kinase inhibitor tofacitinib in the treatment of chronic 
plaque psoriasis. Br J Dermatol. 2013;169(1):137–45.

 34. Banga AK. New technologies to allow transdermal delivery of 
therapeutic proteins and small water-soluble drugs. Am J Drug 
Deliv. 2006;4:221–30.

 35. Sachdeva V, Siddoju S, Yu YY, Kim HD, Friden PM, Banga AK. 
Transdermal iontophoretic delivery of terbinafine hydrochloride: 
Quantitation of drug levels in stratum corneum and underlying 
skin. Int J Pharm. 2010;388(1–2):24–31.

 36. Nguyen HX, Banga AK. Delivery of Methotrexate and Charac-
terization of Skin Treated by Fabricated PLGA Microneedles and 
Fractional Ablative Laser. Pharm Res. 2018;35(3).

 37. Kolli CS, Xiao J, Parsons DL, Babu RJ. Microneedle assisted 
iontophoretic transdermal delivery of prochlorperazine edisylate. 
Drug Dev Ind Pharm. 2012;38(5):571–6.

 38. Vemulapalli V, Banga AK, Friden PM. Optimization of ionto-
phoretic parameters for the transdermal delivery of methotrexate. 
Drug Deliv. 2008;15(7):437–42.

 39. Wu XM, Todo H, Sugibayashi K. Enhancement of skin per-
meation of high molecular compounds by a combination of 
microneedle pretreatment and iontophoresis. J Control Release. 
2007;118(2):189–95.

 40. Somayaji MR, Das D, Garimella HT, German CL, Przekwas AJ, 
Simon L. An integrated biophysical model for predicting the clini-
cal pharmacokinetics of transdermally delivered compounds. Eur 
J Pharm Sci. 2021;167(June):105924.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Microneedle Mediated Iontophoretic Delivery of Tofacitinib Citrate
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Materials
	Methods
	Solubility studies
	Fabrication of PVA-CMC microneedles
	Skin preparation
	Skin integrity measurement
	In vitro permeation testing (IVPT)
	Passive permeation
	Microneedle mediated delivery
	Iontophoretic delivery
	Delivery using combination of microneedle and iontophoresis
	Skin extraction  distribution study
	Lag time and flux calculation
	Quantitative analysis
	Data Analysis
	SEM study
	Dye binding study
	Confocal laser scanning microscopy (CLSM) study
	Histology studies


	Results
	Solubility studies
	Characterization of microneedles and microchannels
	SEM of fabricated microneedles and microchannels
	Dye binding and histology studies
	CLSM studies

	In vitro permeation testing
	Passive permeation
	Microneedle mediated delivery
	Iontophoretic delivery
	Delivery using a combination of microneedles and iontophoresis


	Discussion
	Conclusion
	Acknowledgements 
	References


