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ABSTRACT

Insulin therapy is essential for regulating glucose levels in diabetic patients.
However, subcutaneous insulin injection, despite being a standard
procedure, is invasive and often painful and can lead to complications such
as skin damage and infections. These issues often result in poor patient
compliance and inadequate glycemic control. Recently, transdermal insulin
administration has been explored as an alternative to subcutaneous
methods; however, no universally accepted protocol has been developed
for its use. This systematic review aimed to evaluate the effect of
iontophoresis on transdermal insulin administration in laboratory animals.
Using the PICO search strategy and in accordance with PRISMA guidelines,
relevant articles published from January 1980 to May 2025 were retrieved
from Scopus, PubMed, ISI Web of Science, PEDro, Science Direct, and
Google Scholar databases. The findings from these studies suggest that
combining iontophoresis with physical enhancers of skin penetration can
effectively regulate blood glucose levels while minimizing the risk of
hypoglycemia. DOI: 10.61186/ibj.5127
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INTRODUCTION

administration—subcutaneous, intravenous, or

t is predicted that by 2030, one in 10 people
worldwide will have diabetes. The disease will also
affect one-third of the population in the United
States. This situation poses a major challenge to global
public health(!l. In the Middle East and North Africa
regions—including Iran—the number of people with
diabetes was estimated to be around 73 million in 2021.
The most recent data from the IDF Diabetes Atlas (10%
edition, 2021) indicates that by 2045, this figure is
anticipated to rise to 136 million, a concerning 87% rise
in the diabetic population!?],
Diabetes management is typically achieved through
oral hypoglycemic drugs, subcutaneous insulin
injections, or insulin pumps. The routes of insulin

List of abbreviations:

intramuscular—are selected based on the individual
patient’s needs and their clinical situation. Although
continuous access to exogenous insulin is a safe and
effective treatment for type 1 diabetes>4l, it has its own
disadvantages and challenges. The main disadvantage of
oral drugs is their first-pass metabolism in the liver and
degradation in the gastrointestinal tract™%, which
significantly reduces their efficacy. Moreover,
subcutaneous injections and insulin pumps can be
painful and inconvenient due to the use of metal
needles!’). These challenges can result in poor control
of glucose level and serious complications such as
amputations and blindness!'”. To address these issues,
various needle-free insulin delivery methods have been
investigated!® "), One of the main obstacles to treatment
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is the low penetration of insulin into body tissues, which
diminishes its bioavailability and effectiveness in
clinical settings!'>!4]. The transdermal delivery methods
are less intrusive than painful subcutaneous injections
for delivering insulin through the skin!!'>16],
Additionally, the nasal, oral, and pulmonary techniques
have also been applied. Transdermal insulin delivery
protects the drug from enzymatic and chemical
degradation in the GI tract!!7], helps maintain glucose in
steady state and encourages patients adherencel'®],

In addition to chemical enhancement approaches,
various physical technologies—including ultrasound,
pyrojet injectors, iontophoresis, electroporation,
microneedles, and thermal erosion—facilitate the
transport of macromolecules across the skinl!”l,
Electroporation, an electrically assisted transdermal
delivery method®”, along with other innovations such
as sonophoresis, patches, vesicles, microemulsion,
nanoparticles, and microdermabrasion, have been
reviewed for insulin delivery?!.

Iontophoresis is a non-invasive technique that uses
low current density (0.5 mA/cm?) for 20-30 minutes to
deliver drug molecules through the skin. Depending on
the surface charge of the drug molecules, one electrode
serves as either the cathode or the anode, while the other
acts as the oppositel??!. In animal studies, iontophoretic
insulin delivery has been shown to effectively reduce the
blood glucose levels; however, applying this method in
humans is more challenging due to higher insulin
requirements and longer diffusion paths(?*!,

Transdermal insulin delivery is a promising
alternative to subcutaneous injections for diabetes
management!!*2%24], This method protects insulin from
degradation and allows for a controlled release pattern,
improving patient compliance and hyperglycemia
management!?*], Decades of research have led to various
strategies for optimizing transdermal delivery by
adjusting physical, physicochemical, and physiological
parameters. This study aimed to identify the most
effective protocol by systematically evaluating
iontophoresis-based transdermal insulin delivery in
laboratory animals. Following preclinical validation, the
selected studies will focus on animal models to provide
basic knowledge for future human applications.

MATERIALS AND METHODS

Search strategy

A PICO-based search strategy was conducted
following PRISMA guidelines to identify relevant
articles published between January 1990 and May 2025
(Fig. 1). Articles were collected from various databases
and the specialized search engines including Scopus,
PubMed, ISI Web of Science, PEDro, Science Direct,
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and Google Scholar. The initial search strategy was
developed for PubMed and then adapted for other
databases. Two independent reviewers conducted the
literature search. Duplicate articles were removed using
EndNote 20. The titles, abstracts, and full texts of the
articles were screened independently by two
researchers. Any discrepancies in the selection process
were resolved through discussion between the
researchers and, if necessary, a third reviewer was
consulted.

Inclusion and exclusion criteria

This study included in vivo and in vitro experiments.
All original articles were published in English and
addressed iontophoresis and its effects on transdermal
insulin delivery, regardless of their publication date.
However, studies published only as abstracts, without
access to the full text, were excluded.

Evaluation of methodological quality of selected
articles

The methodological quality of the included preclinical
studies was assessed using the modified Downs and
Black Scale. This scale evaluates the quality, external
validity, study bias, and statistical power of the study!?3].
Each item was scored as “No” (zero), “Not determined”
(zero), and “Yes” (one). The final scores for the 32
included studies are presented in Table 1.

Data extraction

Data extracted from the studies included laboratory
sample characteristics, quality assessment scores,
details of the interventions, control group information,
obtained results, and key findings. These data are
summarized in Table 1

RESULTS

A total of 1,244 relevant articles were identified
during the initial search of the electronic databases.
After screening the titles and abstracts, 134 articles were
selected for further evaluation. Duplicates (n = 78) were
removed, resulting in 32 articles that were directly
related to the main objective of our study. These articles
were selected by two authors of this review (Fig. 1). The
studies were then analyzed for their relevance to the
research question, reporting quality, and extracted data
codes. All included studies were experimental animal
studies (clinical trials) and had scored above 14
according to the modified Downs and Black assessment
tool. Of a total score of 27, individual study scores
ranged from 14 (poor) to 25 (good), with a mean
score of 17 (fair). Specifically, 9 studies scored between
14 and 16 (poor), 4 scored 17 (fair), and 19 scored
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[ Identification of studies via databases ]
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—»| EndNote 20 tool.

> PubMed, ISI WOS, Scopus,
Science Direct, PEDro, and
Google Scholar

Records were excluded based on
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Records were excluded by

Reports excluded:
Articles without full text in

c
o
§ Records identified from*:
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€
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s
=
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g
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(n=43)
—\ A4

-] L . .
g Studies included in review
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o
=

\4

English (n =5)

Other types of study and not
related to the main question of
the review article (n = 6)

Fig. 1. Flowchart indicating the article selection process based on the PRISMA method. “From: Page MJ, McKenzie JE, Bossuyt PM,
Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ
2021;372:n71. doi: 10.1136/bmj.n71; For more information, visit: http://www.prisma-statement.org/.

between 18 and 25 (good). Overall, the majority of the
studies demonstrated good methodological quality
(Table 2).

Five studies focused on the epidermis of New Zealand
white rabbits?¢-3%, four studies examined the epidermis
of pork belly®'4, two studies used guinea pigs!>>36,
two studied human corpse skin®**371, and one explored
the skin of various laboratory animals!*®). The remaining
studies employed laboratory mice, as well as male and
female Sprague-Dawley and Wistar rats. lontophoresis
was the primary intervention used in all studies.
However, several ones incorporated enhancement

strategies, such as  dermal  patches!26:2%,

Iran. Biomed. J. 29 (4): 189-205

chemical  enhancersP32343%401  electrophoresisi!],

electroporation*?l, microneedles, and nanovesicles!?*-3¢:
38.43.44] ' Among these studies, 8 were conducted in vivo,
13 were in vitro, and 10 employed both experimental
approaches. Cheng et al. emphasized the importance of
combining both in vivo and in vitro approaches!*.
Control group protocols varied across the included
studies and encompassed passive diffusion and
penetration[?7-38:40.46-50] subcutaneous insulin
injectionsB®>3%311 skin  patches!?®l, iontophoresis*4,
enhancement?], absence of pretreatment while using

chemical enhancers*'-3237]  and no therapeutic
interventions!#>334,  The outcomes measured in the
191
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Table 1. Quality assessment of the included animal studies using the modified Downs and Black checklist

[ DOI: 10.61186/ib].5127 ]
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Q1 objective clearly described 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Main outcomes in
Q2 introduction or methods 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1
Patient characteristics
Q3 clearly described 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
oy Interventions of interest
g Q4 clearly described 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—
§ Principal confounders
s Q5 clearly described 0 0 o0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
g Q6 Main findings clearly described 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3
g_ Estimates of random variability
= Q7 provided for main outcomes 0 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 0 1 1
£
£ All adverse events
% Q8 of intervention reported 1 0 1 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 1 1 1 0 1 1
= -, .
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38 Q9 lost to follow-up described 0 0 o0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
Probability values reported
Q10 for main outcomes 0 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
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Location and delivery
Q13 of study treatment 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Internal validity—bias and confounding
Study participants
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3 Analyses adjust for differing 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
9 Q17 lengths of follow-up
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Table 2. Key characteristics of the included animal studies

Author Quality  Quality Test . .
Ref. (vear) Country score state Sample conditions Intervention Control group Outcome measures Conclusion
TJue-Chen ) Two key parameters ident.iﬁed were
[65] (1988) USA 15/27 Poor Hairless rats In vivo Iontophoresis - Blood glucose level frequency and current intensity. Applying
(abdominal site) a 1:1 on/off ratio resulted in improved
regulation of blood glucose levels.
Meyer Patches containing Patches containing an equal S : . Statistically significant differences were
. R . . . . erum insulin level . . .
[26] (1989) USA 18/27 Good (Albino rabbits) In vivo insulin with/without  amount of insulin but without Blood glucose level observed between animals with active
iontophoresis electrical current (passive) patches and control animals in both means
and peak insulin responses (p < 0.05).
Hairless mouse skin Control experiments were Performing iontophoresis following
[37] Srinivasan USA 16/27 Fair (abdomi'nal site) In vivo Tontophoresis conducted without .ethar}ol Skin permeability a tvyo-hour pretreatment with 100% -
(1989) Full-thickness pretreatment under identical Flux ethanol significantly increases the permeability
human skin conditions. coefficient of insulin across human skin.
. Hairless rat skin In vivo Skin permeation flux Pulsed direct current offers superior
[27] (Clg;e(;l) USA 14/27 Poor New Zealapd white In vitro Tontophoresis Passive diffusion Blood g_lucosp level _ c?fﬁ_cacy of conventiona} direct currgnt on
rabbits Plasma insulin level facilitating the transdermal iontophoretic delivery
of peptide and protein-based medicines.
B Hail ‘ Blood el level Extended application durations and
anga airless rats ; ; 00d glucose leve higher donor concentrations of insulin
74 USA 15/27 Poor : : In vivo Iontophoresis - -l g
[74] (1993) (abdominal site) p Plasma insulin level were shown to enhance transdermal delivery
when facilitated by iontophoresis.
Rats Rats did not receive insulin In the group treated with Nair® on the day
[53] Cawley USA 15/27 Poor (abdominal and In vivo Pulsed iontophoresis treatment; however, Nair® Blood glucose level of the study, blood glucose levels decreased by an
(1996) torso site) was applied to their skin on average of 68% after one hour of iontophoresis.
the day of the study.
During iontophoretic transdermal delivery,
[28] Huang Female New significant skin metabolism and electrical
(1996) Taiwan 14/27 poor Zealand white In vitro Iontophoresis - Permeation ratio of degradation were observed, especially at high
rabbits the degradation of temperature conditions. The rate of degradation was

(inner pinna skin)

insulin

effectively reduced by decreasing the temperature
or incorporating stabilizing agents.

Iran. Biomed. J. 29 (4): 189-205
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Author Quality  Quality Test . .
Ref. (vear) Country score state Sample conditions Intervention Control group Outcome measures Conclusion
Tomohira Iontophoresis Combining electrical switching with
[42] (1997) Japan 19/27 Good Wistar female rats In vivo (switching Non-switching iontophoresis ~ Blood glucose level the use of a chemical enhancer, such as urea, may
technique) offer dual benefits by enhancing transdermal
absorption while minimizing skin irritation.
Chronic diabetic Control group animals The concurrent application of depilatory
Zakzewski rats received topical application treatment and passive insulin administration on the
(1997) (The torso and . . . of depilatory lotion on the same day (with a 1-hour gap) led to a 29% decrease
[54] USA 19727 Good abdominal region) In vivo Pulsed iontophoresis day of the study and were Blood glucose level in blood glucose levels 1 hour post-insulin
placed in restraint cages for injection. In contrast, no significant difference
80 minutes without insulin (p > 0.05) was observed when depilatory was used
administration. alone or 24 hours before insulin administration."
Hairless mice While human hexametric insulin exhibits minimal
Langkjer (Full thickness transdermal flux, monomeric insulin analogues
[80] (1998) USA 17/27 Average dorsal skin) In vitro Tontophoresis - Flux bearing at least two additional negative charges can
be effectively delivered across hairless mouse skin
via iontophoresis.
Wistar rats Application of depilatory cream immediately prior
(abdominal region) to the experiment led to a significant reduction in
Kanikkannan Blood glucose level plasma glucose levels through both passive
[46] (1999) India 18/27 Good In vivo Tontophoresis Passive diffusion Plasma glucose level diffusion and iontophoresis. Also, diabetic rats that
received monomeric human insulin analog via
undamaged (untreated) skin exhibited a substantial
decrease in plasma glucose levels.
[47] Pillai India 17/27 Average Male Sprague- In vitro Iontophoresis Passive permeation Insulin concentration Optimizing the concentration and
(2003) Dawley rats experiments were used as in the donor solution composition of competing ions in solution
control Flux can enhance the transdermal transport efficiency
of large peptides such as insulin.
[48] Pillai India 18/27 Good Male Sprague- In vitro Iontophoresis Passive permeation Insulin permeation Insulin penetration and stability were significantly
(2003) Dawley rats experiments (fluxes) affected by the pH shift induced by platinum
Plasma glucose level electrodes during iontophoretic delivery.
196 Iran. Biomed. J. 29 (4): 189-205
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Author Quality  Quality Test . .
Ref. (vear) Country score state Sample conditions Intervention Control group Outcome measures Conclusion
[39] Pillai India 18/27 Good Female Sprague- In vivo Iontophoresis To the control groups, a Plasma glucose level Throughout the storage period, the poloxamer gel
(2003) Dawley rats In vitro Chemical enhancers subcutaneous injection of Permeation of insulin ~ maintained both chemical and physical stability. In
insulin (1 IU / kg) was ex vivo studies, linoleic acid and menthone
administered. demonstrated a synergistic improvement in insulin
The passive permeation penetration when combined with iontophoresis.
experiments served as control
in ex vivo studies.
[49] Pillai India 18/27 Good Female Sprague- In vitro Iontophoresis with Passive and iontophoresis Flux The co-application of iontophoresis with
(2003) Dawley rats terpenes were treated as controls for terpene/ethanol formulation produced a
the respective groups. synergistic improvement in insulin penetration,
which was regulated by the type and
concentration of the terpene used.
[31] Rastogi USA 18/27 Good Epidermis of In vitro Tontophoresis with Untreated epidermis Flux Tontophoretic delivery resulted in a
(2003) porcine ears depilatories significant increase (p < 0.05) in insulin
permeability across depilatory-pretreated
epidermis, compared to untreated controls.
[40] Pillai India 18/27 Good Female In vitro Iontophoresis with Passive permeation Flux Combining iontophoresis with chemical
(2004) Sprague-Dawley chemical enhancers experiments were used as enhancers targeting intercellular lipids could
rats control. significantly improve the transdermal penetration
of large peptides such as insulin.
[32] Rastogi USA 18/27 Good Porcine ears In vitro Chemical Epidermis without Flux In compared to the untreated control epidermis,
(2005) Epidermis penetration pretreatment was used as a both passive and iontophoretic insulin transport
Enhancer and control. were significantly enhanced (p < 0.05) through pig
iontophoresis skin pretreated with fatty acids and limonene.
[33] Murthy USA 17/27 Average Porcine belly skin In vitro Electroporation Passive diffusion Insulin transport Combination of electroporation, anionic lipids,
(2006) with DMPS and and electroosmosis could enable noninvasive in
iontophoresis vivo insulin delivery at therapeutic levels, while
also facilitating effective glucose extraction.
[41] Panchagnula India 16/27 Fair Sprague-Dawley In vitro Iontophoresis - Electrochemical The study highlighted the necessity of evaluating

(2006)

rats
(dorsal skin)

anodal
electrophoresis

stability of insulin
Insulin concentration

peptide/protein stability during iontophoretic
optimization, as electrode-induced pH fluctuations
can significantly influence the physical and
chemical stability of the delivered biomolecules.
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Author Quality  Quality Test . .
Ref. (vear) Country score state Sample conditions Intervention Control group Outcome measures Conclusion
[50] Tokumoto Japan 18/27 Good Male Sprague- In vivo Electroporation Passive diffusion Blood glucose level The synergistic effect of electroporation and
(2006) Dawley rats Iontophoresis Plasma insulin level iontophoresis was significantly affected by the
conformational state of insulin in solution,
with the inhibition of insulin aggregation
further enhancing this effect.
[35] Chen China 16/27 Fair Male guinea pigs In vitro Iontophoresis To the control groups, a Blood glucose levels Charged nanovesicles exhibited significant
(2009) (dorsal portions) In vivo Microneedle subcutaneous injection of transdermal penetration capabilities when assisted
Insulin-loaded insulin (1.0 IU/kg) was by physical enhancement techniques such as
Male Sprague- nanovesicles administered. microneedles and iontophoresis.
Dawley rats
[34] Rastogi USA 17/27 Average Porcine epidermis In vitro Chemical enhancers Diabetic control Flux The controlled application of iontophoresis
(2010) Cadaver skin In vivo Iontophoresis (normal saline intravenous) Blood glucose level combined with a chemical enhancer blend resulted
Male adult Wistar in a sustained reduction in blood glucose leve for
rats eight hours.
[51] Kajimoto Japan 19/27 Good Sprague-Dawley In vitro Liposomes Injection of insulin (i.p.) Blood glucose level Tontophoresis-driven Transfollicular delivery of
(2011) rats (dorsal skins) In vivo Iontophoresis Plasma insulin drug-encapsulating liposomes could be useful for a
concentration broad range of therapeutics and is not limited to
low-molecular-weight compounds.
[44] Qin China 18/27 Good Sprague-Dawley In vitro Microneedles In the control group, only i.p. Blood glucose level The use of micro conduits significantly improved
(2012) Rats (abdominal In vivo and/or lontophoresis ~ was applied for one hour on Insulin delivery transdermal insulin penetration and allowed for
skins) @i.p.) the intact skins. consistent basal delivery rates. A synergistic
enhancement in insulin transport was observed
when microneedles were combined with
iontophoresis.
[52] Akram Pakistan 18/27 Good Albino rats In vitro Iontophoresis Only insulin emulgel Permeation flux Emu oil exhibits strong penetration-enhancing
(2013) In vivo Insulin emulgel Blood glucose level properties when combined with polysorbate 80 and
formulation isopropyl myristate, and its effectiveness is further
amplified by the synergistic effect of iontophoresis.
[29] Yang China 18/27 Good Rabbit skin In vitro Smartphone- Vesicle Insulin delivery
(2020) Sprague-Dawley In vivo powered Blood glucose level This in vivo study has shown that the integrated
rats iontophoresis- microneedle-assisted platform offers controllability
microneedle and delivery efficiency compared to conventional
Array patch microneedle or iontophoretic insulin administration
and induces significant hypoglycemic effects in a
type-1 diabetic rat model.
198 Iran. Biomed. J. 29 (4): 189-205
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Author Quality  Quality Test . .
Ref. (vear) Country score state Sample conditions Intervention Control group Outcome measures Conclusion
[36] Li, X. Huang China 19/27 good Pig skin In vitro Microneedles Healthy rats without any Blood glucose level Mesoporous microneedles enable efficient
(2021) Sprague-Dawley rat In vivo Iontophoresis treatments subcutaneous exchange of therapeutic substances
by painlessly penetrating the stratum corneum.
When integrated with iontophoresis, this system
allows for precise electrical control, significantly
enhancing both glucose and insulin delivery.
[30] Li, J. Yang China 19/27 Good New Zealand rabbit In vitro Iontophoresis driven - Mechanical test Iontophoresis-driven porous microneedle array
(2021) Sprague-Dawley In vivo device Blood glucose levels patch achieved a 99% skin penetration rate, and
rats Serum insulin maintained excellent biocompatibility without
concentration inducing skin irritation or hypersensitivity.
[38] Tari Iran 14/27 Poor Various animal In vitro Iontophoresis Passive permeation Blood glucose Effective surface absorption of loaded insulin onto
(2021) skins (rodent, pig, Water-soluble experiments were performed concentration water-soluble Polypyrrole nanoparticles. These
rabbi Polypyrrole as a control without applying insulin-loaded nanoparticles were utilized in in
and snake) nanoparticles any current vitro studies to facilitate transdermal drug delivery
across rat skin.
[84] Khamoushian Iran 25/27 good Male diabetic rats In vitro Insulin PBS (pH 7.4) and ChCl/UR Q24h, insulin flux The combination of deep eutectic solvents,
(2023) (eight weeks old) In vivo iontophoresis with as controls and Papp in in vitro especially ChCI/EG and ChCI/GLY, with
induced with skin pretreatment studies iontophoresis significantly increased transdermal
Streptozotocin with eutectic insulin penetration and led to a marked reduction in
solvents (ChCl/GLY In vivo reduction of blood glucose level in a diabetic animal model. No
Rat skin samples and ChClI/EG) as blood glucose levels skin irritation or adverse reactions were observed.
for in vitro study chemical enhancers by up to 26%
compared to baseline
H&E staining for skin
pathology
[83] Wang et al. China 24/27 good Streptozotocin - In vitro Wearable -Group receiving only patch *Blood glucose Application of wearable transdermal device +
(2025) induced diabetic In vivo iontophoresis device without current levels incorporating indwelling patch led to a rapid and
male mice (6-8 with microneedle -Subcutaneous injection of *Plasma insulin and sustained reduction in blood glucose level,
weeks) and 4T1 patches containing insulin or PBS glucagon enhanced insulin absorption, effective
tumor-bearing mice insulin or glucagon concentrations hypoglycemia management, and notable inhibition
or doxorubicin *Tumor growth of tumor growth. Iontophoresis demonstrated

* Animal survival

superior efficacy compared to patch application
alone

Quality assessment was performed using the modified Downs and Black checklist, which evaluates the methodological quality of studies based on 27 criteria. The total possible score is 28, with higher scores indicating

higher quality.
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selected studies included blood glucose levels, insulin
flux, skin penetration rate, plasma insulin accumulation,
insulin transfer rate, and electrochemical stability of
insulin. Notably, none of the studies reported skin
irritation. All studies demonstrated a reduction in blood
glucose levels within hours and an increase in insulin
penetration (Table 2).

DISCUSSION

In 2019, the estimated global death toll from diabetes
was 4.2 million, which is equivalent to one death every
seven seconds®*). While subcutaneous insulin injection
is currently the most effective method for regulating
blood glucose levell®®), it can have adverse effects,

including  inflammation, tissue death, pain, and
microbial infections associated with injection
processt®3. In contrast, transdermal drug delivery

systems offer several advantages, such as ease of use,
increased patient compliance, and a reduced risk of
injection-related infectionsl®’°1, The skin serves as an
excellent route for iontophoretic drug delivery due to its
accessibility, large surface area, and well-characterized
permeability propertiest®0-611,

Iontophoresis, first developed in the early 20%
century, is a noninvasive, cost-effective, and portable
method for transdermal drug delivery[®>93], It allows for
painless drug administration without damaging cellular
tissues, making the treatment more acceptable to
patients*3%4l. This review investigates the effect of
iontophoresis on insulin delivery in animal models.
Evidences suggest that iontophoresis can improve
insulin penetration and maintain elevated glucose levels
for hours without causing skin irritation.

In the process of iontophoresis, both direct and
alternating currents are used to optimize insulin
transport and mange glucose levels. The penetration of
the drug through the skin is mainly influenced by several
physical parameters, including the shape of the pulse
wave, frequency, intensity, and density of the electric
current (mA/cm?), active/inactive time ratios, duration
of current application, and electrode placement
methods[®!. In addition, chemical-physical factors such
as acidity (pH), ionic strength of the environment, drug
concentration, buffer solution composition,
pretreatment of the skin, hair removal methods, and the
use of microneedles also play significant roles!?’l. These
enhancement strategies can be classified into physical,
physicochemical, and physiological categories.

During iontophoresis, two electrodes are placed
between the skin and the capillaries beneath(®®,
Positively charged molecules are repelled by the
positive electrode (anode) and driven toward the

200

capillaries. In contrast, negatively charged particles are
repelled by the negative electrode (cathode) and the
similarly charged capillary walls. This repulsion
ultimately facilitates systemic absorption of the drug
into the bodyl®”l. The transport of ions across the skin
layers occurs through two main mechanisms:
electromigration and electroosmosis!®?l. The efficiency
of these processes is directly influenced by the strength
of the applied electric field and the duration of
contact!®®®1. Due to the natural negative charge of the
skin, cationic drugs penetrate more rapidly, whereas the
transdermal delivery of negatively charged insulin
(~5800 Da) confers physiological challenges!’*73],

Extended treatment time has been found to prolong
glycemic control and reduce the risk of hypoglycemia.
Combining high frequencies with moderate currents has
been shown to increase blood glucose-lowering effects,
likely due to the reduction in skin electrical resistance.
Studies have indicated that a 1:1 active/passive ratio at
a frequency of 2000 Hz (equivalent to 0.5 ms per cycle)
represents the optimal conditions. The type of waveform
selected also significantly impacts the duration and
pattern of blood glucose reduction. Research findings
suggest that lowering current intensity, decreasing the
duration of current application, and replacing
continuous direct current with pulsed currents can
significantly reduce blood glucose levels!®. Although
increasing current intensity, frequency, and treatment
duration are mostly associated with improvements in
blood glucose reduction, using very high current
densities (<0.8 mA/m?) and high frequencies (<3000
Hz) does not yield proportional improvements in
resultst’?l. To minimize electrochemical side effects
such as skin irritation and burnst'62%77.781  alternating
current is considered a more suitable option due to its
lower incidence of adverse effects!’”). Shorter durations
of pulse current application, as opposed to continuous
direct current, led to significant decrease in blood
glucose levels, while lower current levels reduced skin
toxicity and improved treatment efficacy!”*l. This
method significantly increased the permeability of the
stratum corneum, allowing for better absorption of
proteins?®l. However, it is important to note that
increasing current density and temperature can
accelerate the degradation of insulin during
iontophoretic transdermal delivery®®. Switching the
polarity of the electrodes every 20 minutes has been
demonstrated to improve the absorption of peptide drugs
while reducing skin irritation, without compromising
the efficiency of the extraction process!l.

Insulin degradation in skin homogenates and under
experimental conditions poses challenges for in vivo
studies. During iontophoresis, insulin accumulates in
the skin and it is gradually released into the receiver
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medium. The efficiency of iontophoretic transdermal
drug delivery systems can be improved by three main
factors: adjusting the pH, increasing the duration of
current application, and increasing the concentration of
insulin in the donor compartment!’*. Studies have
shown a direct relationship between the concentration of
formulated insulin and its transdermal penetration rate.
Specifically, adjusting the pH to 3.6, which is below the
isoelectric point of insulin (5.2), resulted in the highest
skin penetration’®). Additionally, pH influenced the
direction and intensity of the electroosmotic current, as
well as the overall drug flux, which are dependent on the
buffer composition and the polarity of the electrodes!*’l.
Two main factors affect pH: (1) the composition of the
buffer, including the type and concentration of salts and
(2) the inverse polarity of the electrodes. Notably,
changes in pH caused by the operation of platinum
electrodes significantly impacted insulin penetration
and stability!*8]. Sodium chloride concentrations up to
0.05 M improved insulin transport by inducing ionic
convection, although higher concentrations may reduce
efficacy®’l. Gel formulations, particularly Poloxamer
407, were compatible with iontophoresis and improve
skin conformity and drug penetration®).

Srinivasan and colleagues were the first to investigate
the synergistic effect of iontophoresis combined with
chemical enhancer pretreatment for delivering high
molecular weight polypeptides. Their results showed
that pretreating the skin with absolute ethanol for two
hours before iontophoresis significantly increased
insulin transportB3”). Cawley et al. found that the most
rapid reduction in blood sugar occurred when a
thioglycollate-based depilatory cream was applied on
the day of iontophoresis. These depilatory creams
destroy the hair structure in the subepidermal layer,
allowing insulin to penetrate through the open hair
folliclesB3*4. Furthermore, Rastogi et al. showed that
depilatory creams such as Better Off, Marzena, and
Sally Hansen significantly increased passive insulin flux
compared with untreated epidermisP!l. These findings
are consistent with the results reported by Kanikkannan
et al.*®l. Langkjer and colleagues emphasized the
importance of pretreatment by showing that simple
cleansing with ethanol significantly improved the
iontophoretic transfer of negatively charged monomeric
insulin analogs. Gentle cleaning of the skin with
absolute alcohol before iontophoresis removes surface
lipids, reduces skin electrical resistance, and results in a
1000-fold increase in transdermal insulin transfer to the
untreated skinf®, Pillai et al. explored the use of
terpenes for skin pretreatment and found that combining
large peptides such as insulin with terpenes during
iontophoresis produced a synergistic effect, with
menthol/ethanol yielding the highest enhancement in

Iran. Biomed. J. 29 (4): 189-205

transdermal insulin permeation®°). In another study, the
same author confirmed that chemical enhancers
targeting extracellular lipids further improved the
penetration of large peptides such as insulin during
iontophoresis*’). Additionally, Rastogi et al. reported
significantly higher passive flux and insulin
iontophoresis in limonene-treated pork epidermis
compared to untreated controls, suggesting that
therapeutic doses of insulin could be achieved with this
combined approachB?l. Other enhancers contain
DMPSI! 1,8-cineole, oleic acid, and sodium
deoxycholate in a propylene glycol/ethanol mixture
(7:3)B41,

Various enhancement strategies—including
electroporation, insulin-loaded nanovesicles, charged
liposomes, insulin emulgel, and microneedles—have
been successfully integrated with iontophoresis. The
development of nanocarriers is the foundation of
modern drug delivery systems. These carriers greatly
increase the precision and efficacy of treatment by using
two main strategies: "passive targeting" (such as the
EPR effect) and "active targeting" (by binding a ligand
to the surface)®!l. Studies have shown that the
absorption of insulin using iontophoresis and
electroporation alone is not effective enough. However,
the combination of these two methods synergistically
improved transdermal insulin delivery. Likewise, using
insulin-containing nanovesicles with iontophoresis
significantly enhanced insulin delivery by increasing the
diffusion coefficient and partitioning. Transfollicular
delivery of liposome-encapsulated drug molecules via
iontophoresis has proven effective for a wide range of
compounds, as demonstrated in a landmark study that
first reported the potential of liposomes as carriers for
transdermal drug delivery®®'l. The combination of
transdermal emulgel with iontophoresis also resulted in
improved insulin absorption. Given the substantial
research, iontophoretic delivery of insulin emulgel is
considered an acceptable and painless alternative to
injections®?. However, these methods face several
limitations. Key challenges include inadequate drug
delivery, skin resistance, and insufficient peptide
dosage. Safety issues such as skin irritation, erythema,
pain, burns, adverse effects, and insulin accumulation
further limit their applicability. Despite these
challenges, numerous studies have suggested that
iontophoresis can be a substitute for conventional
methods(?%-30:36:38] Tn addition to new transdermal drug
delivery methods, cell-based therapies—such as islet
cell transplantation—are another approach to naturally
controlling blood sugar. Recent advances in this field
include techniques to more efficiently isolate these cells
and the use of biomimetic hydrogels to protect them
from immune system attack. The simultaneous
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development of these advanced drug delivery systems
and cell protection methods reflects the extensive and
multifaceted efforts of researchers to find an alternative
to daily insulin injections®?. Recent advances in
iontophoresis technology have opened exciting new
possibilities, which include its integration with deep
eutectic solvents and the development of smart wearable
systems that combine electrical stimulation,
microneedling, and thermal technologies. The findings
from studies in animal models have been remarkable,
demonstrating not only a significant increase in insulin
permeability but also a reduction in the natural
resistance of the skin, which enables precise and
controlled drug delivery. However, translating these
promising preclinical results into clinical applications
requires further investigation to address limitations such
as skin irritation and the need for controlled drug
delivery. Continued research is essential to validate
these technologies and facilitate their progression
toward clinical implementation®3 34,

CONCLUSION

Iontophoresis is a promising method for non-invasive,
programmed, and systemic delivery of peptide and
protein drugs, including insulin. The pursuit of
noninvasive strategies for diabetes management is a
rapidly evolving field that encompasses a variety of
approaches, from physical methods such as
iontophoresis to biological interventions such as
probiotic administration. Research evidence suggests
that probiotics improve glycemic control by modulating
the gut microbiota and its associated metabolic
pathways. Recent advancements in iontophoresis
systems and strategies to enhance their performance—
including transdermal patches capable of delivering
physiologic doses—have demonstrated that traditional
barriers to transdermal drug delivery can be overcome.
While the evidence presented in this review is largely
based on preclinical studies, the initiation of human
trials is a critical step toward clinical applications of this
technology. A  landmark clinical trial (ID:
NCT05444842) entitled “Comparison of the Efficacy of
Iontophoresis of Insulin Combined with Oleic Acid
Versus Topical Insulin in Patients with Chronic Diabetic
Foot Ulcers” (ClinicalTrials.gov) exemplifies the
growing interest in utilizing iontophoresis technologies
to address real-world therapeutic challenges. To fully
realize the clinical potential of this technology, further
human studies are recommended to validate the safety
and effectiveness of delivering intact peptides into
systemic circulation.
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