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Abstract

Purpose The present review article focuses on highlighting the main technologies used as tools that improve the delivery of
transdermal biomolecules, addressing them from the point of view of research in the development of transdermal systems that use
physical and chemical permeation enhancers and nanocarrier systems or a combination of them.

Results Transdermal drug delivery systems have increased in importance since the late 1970s when their use was approved by the
Food and Drug Administration (FDA). They appeared to be an alternative resource for the administration of many potent drugs.
The first transdermal drug delivery system used for biomolecules was for the treatment of hormonal disorders. Biomolecules have
been used primarily in many treatments for cancer and diabetes, vaccines, hormonal disorders, and contraception.

Conclusions The latest technologies that have used such transdermal biomolecule transporters include electrical methods (phys-
ical penetration enhancers), some chemical penetration enhancers and nanocarriers. All of them allow the maintenance of the
physical and chemical properties of the main proteins and peptides through these clinical treatments, allowing their efficient
storage, transport, and release and ensuring the achievement of their target and better results in the treatment of many diseases.

Keywords Transdermal drug delivery - Transdermal systems - Chemical and physical enhancers - Biomolecules - Proteins -
Microneedles

Introduction

Drug delivery is related to many problems focused on the
molecular stability, pharmacokinetic, and amphoteric nature
of a substance. Due to chemical instability and high degrada-
tion by enzymatic action regardless of the distance to the spe-
cific target organ, all of this is more complicated when the
bioactive substance that is intended to be administered is a
biomolecule, such as peptides and proteins [1].

Currently, there is a system that is applied to the protein-
drug delivery, which is a non-conventional system developed
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primarily for protein and peptide drug delivery. This new de-
livery system has a higher efficiency that improves the pas-
sage of the protein drug to the skin [2]. The transdermal drug
delivery (TDD) system reduces potential exposure to side ef-
fects in the host and improves protein stability by also reduc-
ing enzymatic degradation, which is very common to occur
when a drug takes the most conventional routes to enter the
body, such as oral and subcutaneous routes. Mainly, TDD
systems avoid the first pass of metabolism, which occurs in
the liver [3]. The protein and peptide drugs are important in
many innovative treatments, such as immunotherapy, where
biomolecules, such as antibodies, growth factors, and interleu-
kins, are used. These are proteins with high susceptibility to
degradation to many endogenous and exogenous factors, such
as temperature and pH, and most importantly, enzymatic deg-
radation and immune clearance.

One of the most important advantages of the transdermal
route is to maintain drug release in a constant and prolonged
release to achieve optimal blood circulation concentrations
[4]. For transdermal protein-drug delivery systems, specific
methods or devices are used to allow or enhance intact pas-
sage through the stratum corneum (SC). The most suitable
systems for the release of biomolecules are the third-
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generation transdermal delivery systems, whose effects are
directed to the SC. For TDD systems of biomolecules and
vaccines, thermal ablation and microneedles are the most
widely used physical penetration enhancers. However, there
are many other systems that have been tested for transdermal
release of biomolecules [3] that have been included in the
second and third generation of transdermal delivery systems,
such as iontophoresis and electroporation.

This article highlights the main technologies used as tools that
improve transdermal protein-drug delivery systems, addressing
them from the point of view of research in the development of
transdermal systems where many technologies and devices have
a high possibility of use in conventional drug treatments, such as
nanotechnology devices. The authors provide an overview of the
various systems that exist in TDD that have been tested and
proposed for the transdermal delivery of biomolecules.

Skin Anatomy

The skin is a three-layer laminate that is made up of the SC,
the epidermis, and the dermis [5]. The epidermis is the outer-
most layer and is formed from the stratified epithelium (the
stratum germinativum, spinosum, granulosum, lucidum, and
corneum) (Fig. 1).

Fig. 1 Cross-sectional scheme of
the skin. The main epidermis
stratum classification is observed
such as the dermis and
hypodermis components
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The SC is the outermost and impermeable skin layer that
prevents the entry of most chemicals [6]. This barrier is
formed by around 10 to 25 lines of dead keratinocytes
(corneocytes) that have united with each other with
corneodesmosomes forming a wall embedded in a lipidic ma-
trix. The extracellular matrix is formed by lipids, such as fatty
acids, ceramides, cholesterol, cholesterol sulfate, and sterol/
wax esters arranged in lamellae, and multiple lipid bilayers,
although the matrix is primarily composed of ceramides [7, 8].
Corneocytes contain involucrin, loricrin, and cornifin around
their periphery and have a thickness of 10 um, but this can be
modified by factors such as hydration and the anatomic site of
the skin [9]. This stratum contains high amounts of keratin
inside the corneocytes, and the keratin filaments provide the
hexagonal shape and stratum mechanical strength of the
corneocyte [10]. In addition, the SC acts as a barrier,
preventing desiccation and pathogen entry and protecting
against ultraviolet rays. The SC also plays an important role
in wound repair.

Transdermal Delivery Route

The transdermal delivery route has been used many times for
the local application of therapeutic substances, and it is a

Stratum corneum

Hair root
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practice that is still used and that will continue to grow in the
coming years.

The transdermal drug delivery systems also allow homo-
geneous absorption and have good pharmaceutical efficiency,
reducing the adverse effects that drugs could cause in the host
and reduce the drug risk to suffer alterations caused by enzy-
matic factors and the immune system present in the intrinsic
environment. Besides that, these systems are more comfort-
able for the patient [11].

This method is formed by steps that start when the thera-
peutic molecule enters the skin until it enters the blood circu-
lation. The first step is penetration, which occurs when the
drug is deposited onto the specific skin layer. Later, the per-
meation step occurs when the molecule diffuses from one
layer to another. Finally, in the resorption process, the drug
enters the bloodstream [8, 12].

This type of drug delivery system has advantages over
traditional systems because it can allow the storage of small
amounts of drugs in the transport and delivery structure,
which are developed by nanotechnology using mainly poly-
meric nanomaterials made with biopolymers, microneedles,
and nanoparticles.

With these devices, it is possible to improve drug delivery
and its bioavailability. Thus, it is possible to reduce the fre-
quency between drug administrations. The most innovative
property is that the device is only replaced when the dose is
finished and it can take several days [13, 14]. The exact side
effects that they could trigger are unknown, since they could
mainly depend on the type of bioactive drug it contains, which
could be related to some effects of the mechanical properties
of the skin [15] (Table 1).

Biomolecule Medical Application: Possible
Target for Transdermal Protein Delivery
Systems

Peptides and proteins have long been important resources in
the treatment of many diseases. Many of the therapies that are

Table 1

Advantages and disadvantages of transdermal drug delivery systems

applied for many diseases have recently used peptides and
proteins, which is called biological therapy and focuses on
the production of the main proteins obtained from living or-
ganisms such as transforming bacteria.

The main diseases which are treated with proteins are dia-
betes, hemophilia, infectious diseases, and anemia. These
therapeutic proteins are primarily hormones, interleukins, an-
ticoagulants, and enzymes, which are recombinant proteins.
Other protein drugs, such as calcitonin, rituximab,
gemtuzumab, insulin, epidermal growth factor, and inter-
ferons, are best known for their importance in the treatment
of osteoporosis, lymphoma, leukemia, and diabetes mellitus
[16].

The most employed biological protein therapy is immuno-
therapy, which has several applications. One of the most im-
portant applications is cancer treatment, which is a specific
treatment that employs cytokines, a kind of protein produced
by the immunity system that helps the patient’s immune sys-
tem eliminate cancer cells and prevents the replication of can-
cer cells. These immune proteins are classified in therapeutic
groups known as cytokines, monoclonal antibodies, tyrosine
kinase inhibitor, and rapamycin receptor inhibitors in mam-
mals (mTOR) [17]. Two main kinds of cytokines are the most
importantly used in biological therapies: interleukins and in-
terferons. Production is carried out with laboratory animals
and once extracted and purified, they are used by injection
into a human recipient for clinical treatment (e.g., monoclonal
antibodies). However, there are many applications for prod-
ucts, such as antibodies obtained from live organisms and
these are used mainly for the prevention of diseases such as
in the development of vaccines. The most important pharma-
ceutical products are listed in Table 2 [3].

Each one of these peptides or proteins has a different meth-
od of administration, such as intravenous, oral, topical, or
intravesical. Some other proposed methods of administration
that would avoid the difficulties of the route of administration
and offer comfort to the user include the nasal, pulmonary,
ocular, and rectal routes [18], which could be as invasive as
the traditional routes in many cases. The main drawback of

Advantages

Disadvantages

High storage of drug-protein system

Short action time

Improve the bioavailability

Reduce the administration frequency

Reduce the adverse effects caused by the drug intake
Availability constant and uniform plasma levels

Easy replacement when content is out of stock

Apparently without secondary effects

These are minimally invasive techniques

These techniques do not affect pharmacological activity of the drug protein
These techniques do not modify protein drug effectiveness

Likelihood of skin irritation derived from the device compounds
Likelihood of skin irritation derived from the drug protein
Inflammation and irritation in the area of action

Passage of pathogenic microorganisms and skin microbiota
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this type of therapies is that traditional administration such as
subcutaneous injection and intravenous administration can
modify their effectiveness, since the route of administration
may vary in different clinical circumstances; for example, it
may contribute to an increase in blood pressure [19].

When any substance, including proteins, enters the blood-
stream regardless of the route of administration, these proteins
are exposed to many environmental threats such as sequestra-
tion by the reticuloendothelial system mainly for macrophage
internalization, enzymatic degradation and absorption and
elimination of serum proteins by the liver [20-24], which is
an important factor to consider, since it represents a low effi-
ciency in the application of biological therapy due to its high
rate of degradation and elimination [25]. In addition to
protecting the lability of all therapeutic proteins, it is also
about preventing them from exerting their activity in places
that do not require it. Although immunotherapy is more effec-
tive and less toxic than therapies made with chemical mole-
cules, these immune proteins also trigger adverse effects in the
host, such as autoimmunities and non-specific inflammatory
processes [26]. For these reasons, research is being carried out
on the use of alternative technologies with which these side
effects can be controlled, such as with the use of nanotechnol-
ogy using polymers, with which these proteins can be
protected, favoring their transport and direct delivery to their
objective, preventing them from exerting their toxic effect on
non-specific cells and sites [27].

Nanocarriers, such as nanotubes, [28] microneedles (MNs)
[29-31], fusion peptide carriers [32], or peptide-conjugated
nanoparticles (NPs) [33, 34] are some of the main carriers
and protective systems used in immunotherapy, regardless of
the size or structure of the molecule to be transported and
protected, which could be genetic material, interferon, inter-
leukins, or antibodies.

In 1979, the US FDA approved the use of TDD systems
and their use has been increasing in relevance for protein

drugs because for some molecules these delivery systems im-
prove the solubility of the compound, in addition to allowing
it to pass efficiently through the skin.

There are important findings in research revealing that
TDD technologies allow the loading, transport, and release
of protein drugs. They are very promising for the effective
treatment of local cancers, with skin location, and they have
a second benefit of activating the immune system from a re-
mote distance. Some of them have been developed to carry
ribonucleic acid (RNA) that can regulate localized gene ex-
pression within a known target. In other cases, it is possible to
use an immunologic protein that could produce a strong adap-
tive immune response against a specific antigen in the case of
vaccines, where it could be made with the tumor antigen
expressed in the gene, tumor-related protein or peptide, spe-
cific epitope, or cell lysate [35].

For immunotherapy, it might be possible to employ
monoclonal antibody-loaded TDD systems and tumor ag-
nostic therapies, non-specific immunotherapies (use of in-
terferons and interleukins), and cancer theranostic treat-
ment where SC could be interrupted by a nanogel deliv-
ering a drug through the skin and allowing it to accumu-
late at the tumor site [36] or these systems may even
function by delivering vaccine antigens (cancer vaccines)
using nanoparticles and liposomes as antigenic carriers
loaded on nanogels to pass the antigen through the SC
by iontophoresis [37]. It is also possible to use
microneedles loaded with Dermatophagoides farinae ex-
tract to achieve effective allergen release and effective
immune response induction [38].

These strategies have a wide range of application in various
skin pathological circumstances, in addition to their main role
in cancer therapy, and many products are used for the treat-
ment of cancer. Some of the commercial pharmaceutical prod-
ucts used for cancer therapy, which are administered transder-
mally, are described in Table 3 [39].

Table2  Most relevant molecules where the TDD is applied for its administration

Protein, hormones, peptides Use in the treatment of

Produced by

Estradiol/levonorgestrel Menopausal symptoms

Estradiol Menopausal symptoms
Ethinyl estradiol/norelgestromin Contraception
Fertility hormone Female infertility

Heat-labile enterotoxin of E. coli Travelers’ diarrhea

Human growth hormone Growth hormone deficiency

Influenza vaccine Influenza prophylaxis

Insulin Diabetes mellitus
Parathyroid hormone (1-34) Osteoporosis
Testosterone Female sexual dysfunction

Testosterone disorder

Testosterone Testosterone deficiency

Hypoactive sexual desire disorder

Climara Pro Bayer Healthcare Pharmaceuticals (Wayne, NJ)
Estraderm Novartis (East Hannover, NJ)

Ortho Evra Ortho-McNeil Pharmaceutical (Raritan, NJ)
Vyteris/Ferring

Tomai

TransPharma/Teva

Becton Dickinson/Sanofi-Pasteur

Zealand Pharma/Altea

Zosano Pharma, Inc.

Acrux/VIVUS

Procter & Gamble/Watson

Testoderm Alza, Mountain View, CA
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Through the use of transdermal delivery systems, it is
sought to increase the solubility and stability, the circulating
life, and the pharmacokinetic properties of drug proteins and
peptides. It is recommended to consider that the TDD system
is not applicable to many of the biomolecules that are used as
medical treatments since the success in the transdermal pas-
sage could depend on certain factors. The efficacy of this
therapeutic system depends both on the physical and chemical
properties of the proteins and on the percutaneous administra-
tion systems of biomolecules to be used. Regarding protein,
the main physical properties to consider are the shape and size,
molecular weight, solubility, and amphoteric nature, the latter
being perhaps one of the most important to consider since due
to its amphoteric property it can migrate in an electric field and
its migration direction depends on the net charge that it has.
The knowledge of this property could help to elucidate which
are the best percutaneous administration systems to facilitate
passage through the SC. In the case of charged proteins, phys-
ical (electrical) enhancers are the best option to use. The
chemical nature of proteins is another especially important
factor to know. This composition could help us to choose
the best TDD system through which the protein will pass
through the SC avoiding the reactivity of some functional
groups of proteins. For these reasons, there is little increase
in the development of new therapeutic formulations adminis-
tered by TDD systems, since there are some protein properties
that need to be studied and analyzed to know if they can be
administered by this route without affecting its stability and
pharmacokinetic properties.

Passage of Biomolecules through the Skin

Peptides are molecules that have a molecular weight between
300 Da and 1000 kDa. This molecular weight depends on the
molecular structures and their lengths with a small amount of
amino acids or constitutes a protein with a complex structure.
These molecules are charged in a physiological pH and are
hydrophilic, which complicates their permeability across the
skin. Some drugs have a lower or higher affinity with the
lipophilic condition of the SC, which determines the quantity

of the molecule that can cross this layer of the skin naturally.
Therefore, it is better to use a technique that improves passage
to the skin, using or not natural permeation molecular routes
avoiding the degradation of peptides or proteins and ensuring
passage and integrity during the transport and release process-
es [40].

There are important skin conditions that can change per-
meability, such as age, heat, racial differences, freezing, abra-
sion, chemical irritant activity, and some diseases such as
atopic dermatitis and psoriasis. It is very important to recog-
nize these for the development and use of devices employed in
transdermal protein-drug delivery.

In the skin, three molecular permeation routes are the most
important: intracellular, intercellular, and follicular routes. All
of these are beneficiated by the concentration gradient of the
molecules present in the milieu, allowing passive diffusion
across the SC [41]. Moreover, physicochemical properties
from the molecule affect its passage through the SC.
Hydrophobic molecules can cross the SC intercellularly,
whereas hydrophilic molecules cross intracellularly by
corneocytes. Passage through the skin can take place through
so-called cutaneous defects, in which the skin has a disconti-
nuity, such as sweat glands or hair shafts [42].

In the skin, the SC and lipid layers have a barrier function,
as both prevent the loss of water and avoid the entry of any
substances, molecules, or microorganisms from the environ-
ment or microbiome. These layers play a crucial role in the
passive passage of proteins and other chemicals into the skin.
The liquid flux between the lipid layer depends on the lamellar
and linear lipid matrix arrangement. The lamellar layer is gen-
erally oriented parallel to the SC, and linear lipids are perpen-
dicular to the SC. If no long-periodicity phase (LPP) exists,
the permeability increases [43]. However, if the orthorhombic
phase (OP) predominates, the permeability of the lipids is
reduced, and if the OP predominates in the lateral layer, the
permeation decreases [44]. The LPP is primarily formed by
ceramides, cholesterol, and free fatty acids, and these have a
unique tri-layer organization, while an all-frans chain lipid
organization exists in the OP phase, which has a rectangular
crystalline lattice and no mobility.

Table 3 Some of the main products employed for cancer therapy by using TDD systems
Carrier Drug
Dextran nanoparticle/HA MNs aPD1

HA nanoparticle/HA MNs

OSM-(PEG-PAEU) and poly(I:C) layer-by-layer coated MN
PEI modified single-wall carbon nanotubes

Polyelectrolyte multilayers coated MNs

SPACE-EGF fusion peptide

Tat and PEI modified gold nanoparticles

aPD1/1-Methyl-DL-tryptophan

Ovalbumin plasmid/poly(I:C)

siRNA targeting

p53 DNA

siRNA silencing c-Myc

DNA plasmid encoding microRNA-221 inhibitor gene
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Biomolecule Percutaneous Administration
Systems

A challenge in transdermal delivery systems is the large mo-
lecular weight from some biomolecular drugs due to problems
crossing the SC. Many technologies allow the passage of
drugs through the skin; however, these molecules can be ex-
posed to degradation by environmental modifications, such as
temperature, humidity, oxygen, carbon dioxide, light (deter-
mined by their chemical integrity), and diminished therapeutic
effects, which can even lead to the decomposition of the mol-
ecule or the generation of toxic products. The degradation
mechanisms that are present in organic molecules are the same
in organic compounds; however, these reactions are in low
concentrations.

Prausnitz and Langer in 2008 described third-generation
delivery systems including thermal ablation, electroporation,
cavitational ultrasound, and combinations of chemical en-
hancers, biochemical enhancers, microdermabrasion, and
MNs [45]. These can improve the passage of peptides and
proteins through the skin because they can allow therapies that
use vaccines, peptides, macromolecules, and hydrophilic mol-
ecules. These transdermal delivery systems are suitable for
proteins for the reason that they do not interfere with the pro-
tein structure and do not affect its stability and properties. All
these protein delivery mechanisms are employed for drug de-
livery; however, some are not accepted by the patient because,
in very particular cases, especially those that use electric cur-
rent, they can produce inflammation and irritation in the area
of action, which is bothersome for patients. In this article, we
classified the main biomolecule cutaneous administration sys-
tems in active and passive methods, within the active ones we
have mainly electroporation, iontophoresis, and ultrasound,
and in the passive methods we have the use of chemical pen-
etration enhancers.

Active Methods: Electrical Delivery

Transdermal drug delivery has been used for many years, and
the skin was thought to be impervious to exogenous chemical
molecules. Currently, it is known that the skin is a semi-
permeable barrier, which allows its use as a transport route
for molecules, allowing the molecule to reach the therapeutic
target intact. However, due to its anatomy, hydrophilic mole-
cules can only pass through the skin if they are small, and even
then, in many cases, they require help from an electric field
(electrotherapies), as in the case of electroporation [46] and
iontophoresis [47]. These techniques use a low-voltage sup-
plementation (direct current) around the drug site, allowing
and enhancing passage through the skin [48]. When an electric
field is applied to the skin, a large molecular movement occurs
and the molecule can take the path of the hair follicle through
the skin or induce pore formation [49, 50].

@ Springer

There is another technology using acoustic transmission
(sonophoresis) that is used in medical trials, such as hyper-
thermia treatment, physical therapy, and ultrasonic surgery,
which has the ability to facilitate drug transport to the skin
[51]. Through this technique, mechanical waves of medium
or low frequency are transferred to a physical medium, such as
a specific gel, which allows it to propagate and transmit ener-
gy. In the ultrasonic system, wave sounds have an oscillation
frequency greater than 20 kHz [52].

The TDD systems are an alternative route that allows the
control of the drug release and decreases the possibility of any
side effects associated with levels that are higher than the
minimum pharmacological concentration, reducing pharma-
cological dosing times because a patch is administered every
24 to 72 h. This eliminates the risk of metabolism of the
therapeutic agent and the loss of the available dose. In addi-
tion, there are other advantages, such as the noninvasive drug
delivery method, which can be discontinued at any time [53].
To facilitate TDD to improve SC permeation, some technol-
ogies improve drug flux of difficult drugs [54], such as
cryioneumatic and photpneumatic technologies, sonphoresis,
iontophoresis, electroporation, jet injection, and MN, which
are used in the delivery of many drugs [55].

The disadvantage in the above cases is that all devices
require a low-voltage supplement. In addition, it is necessary
to purchase equipment to manage the electrical current. In
addition, in some people it can cause sensitivity, such as tin-
gling and irritation, and the technique can even cause blister-
ing of the skin. In these cases, when the technique is not well
applied, it can cause burns to the skin. In all circumstances,
these techniques must be applied by trained personnel.

Despite these drawbacks, considerable research has been
focused on the transport of peptides through the skin with
good results. In Table 4, we list some examples of these stud-
ies, the biomolecules and penetration enhancers, and the main
result of each. The table also indicates whether the physical
penetration enhancer acts alone or is enhanced by a combina-
tion with another enhancer or nanocarrier [12, 56-66].

Chemical Penetration Enhancers

Many compounds have been employed to improve the pene-
tration of substances across the skin, such as azone,
pyrrolidones, alkanols, sulfoxides, glycols, alcohols, and sur-
factants [67]. Each of the chemical penetration enhancers has
a specific action mechanism in the skin penetration process.
Due to the characteristics of the upper layer of the skin,
which is specialized in avoiding and preventing the entry of
any molecule or pathogen, the SC is complicated in terms of
the passage of molecules greater than 500 Da, but it is not
impossible. In many cases, this process can be carried out
using penetration enhancer molecules, which have good re-
sults in terms of penetration of molecules through the skin.
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However, it represents a disadvantage because it could permit
not only pathogens but also microorganisms in the cutaneous
microbiota to enter as a consequence of cellular disruption
integrity and the focal detachment of superficial corneocytes,
such as in the use of thioglycolate in depilatory treatments
[67]. The process of percutaneous absorption of a therapeutic
molecule consists of several processes, which include the dis-
solution and release of the therapeutic agent, partition and
diffusion within the SC, partition from the SC to the aqueous
phase of the epidermis and its diffusion, and finally, access to
the systemic circulation and target tissue.

There are three routes through which any molecule can
breach this and reach the microcirculation through the tissue.
These are the intercellular, transcellular, and transappendageal

routes, but the route can depend on the drug’s molecular
weight (Fig. 2) [68].

Chemical penetration enhancers are a good alternative
to allow the passage of biomolecules, but most of them
cause skin irritation, which is uncomfortable for patients
[12]. In many cases, the penetration enhancers have syner-
gic activity when they are used in combination, [69] but
they can generate more skin irritation problems. The mode
of action of these enhancers is different for each one and
depends on the mechanism by which it interacts with the
compounds of the SC. Due to this capacity, it has been
classified according to their interaction ability in those that
(a) interact with lipid heads within aqueous domains of the
lipid bilayers and interact with the lipid alkyl chain, (b)

Table 4 Some examples about the use of chemical and physical penetration enhancers for the passage of biomolecules through the skin

Biomolecule Percutaneous method ~ Model Results Author
-Plasmid (pRFP) Nanoelectroporation CHO and HEK 293 -Positive protein transfection in the 81% of  Xi Xie et al.,
-Cotransfection RFP and green cells CHO cells 2013 [55]
fluorescent protein (pGFP) -Cell viability of 98%.
-Transfection in HEK 293 with efficiency of
67%
-CRISPR/Cas9 gene editing Tube electroporation Rabbit fibroblast cell  -Effective release of CRISPR/Cas9 RNP and Linyuan Ma,
culture ssODNs and precise gene editing in rabbit et al.,
and human cells 2019 [56]
-DNA plasmid/Alexa Fluor 594 Electroporation Hippocampal slice -Protocol Wiegert J. S.
cultures etal.,
2017 [57]
-mRNA encoding the SARS-CoV-2 N Electroporation VeroES6 cells -Infected cells developed cytopathic effects ~ Xie X. et al.,
-Wild-type icSARS-CoV-2 4 days after transfection, producing 2020 [58]
(icSARS-CoV-2-WT) infectious virus
-Developed a similar replication kinetics on
Vero E6 cells
-Transdermal delivery of bovine serum Iontophoresis Hairless rat skin -Significant increase of penetration into the Bai Y. et al.,
albumin (BSA), 66 kDa protein Microporation with (in vivo and in vitro)  skin as compared only with MN 2014
-Alexa Fluor 555 BSA conjugate maltose [59]
microneedles
-Interleukin-2 (IL-2) in treatment of ~ Sonophoresis Volunteers in treatment -The therapy could improve the delivery of Tian A.
malignant pleural effusion of malignant pleural IL-2 employing Chinese medicine etal.,
effusion 2019
[60]
-CHK-R4 heptapeptide Chemical Penetration ~ Hs68 human dermal ~ -Accelerated cellular penetration Hur G. etal.,
enhancer fibroblasts 2019
[61]
-Composite microneedles integrated ~ Microneedles and Diabetic rats -High efficiency LiuD. etal,,
with insulin-loaded CaCO; micro- microparticles -Constant delivery 2018 [62]
particles and PVP
-Development of vector for skin cancer Methyl-f-cyclodextrin = A431 cells -Inhibited the internalization of peptide into Gan B.K.
(cell-penetrating peptide) (MBCD) nanoparti- the cells etal,
cles 2018 [63]
-Transdermal delivery of ketoprofeno  Peptide dendrimers and Swiss albino mouse -Synthesized peptide dendrimers could Manikkath J.
sonophoresis skin increase the transdermal permeation of etal,
ketprofen 2017 [64]
-Therapeutic peptide A delivery Coated microneedles ~ Naive young adult -There was an efficient penetration of the Kapoor Y.
female Yucatan microneedles. etal.,
minipigs -The transfer from coated microneedles to 2019 [65]

the skin was very efficient
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interact with actin filaments in the corneocytes, (c) allow
partitioning augmentation and increase drug-protein solu-
bility in the SC, and (d) improve penetration indirectly,
modifying the drug (Fig. 3) [70]. Some of the most studied
chemical penetration enhancers are the terpenes, amide,
fatty acids, monoglycerides, and surfactants, and some of
the most commonly studied are, D-limonene, azone, lauric
acid, monoolein and sodium lauryl sulfate [71].

Carriers

In the drug delivery systems, some technologies are
employed to permit the transport and delivery of certain
molecules, such as peptides and proteins, decreasing the
risk of degradation during their passage through the skin.
These technologies allow and facilitate the transport, pres-
ervation, and delivery of these molecules. They are made
from polymers, which are biocompatible and biodegrad-
able and do not generate rejection or inflammatory reac-
tions in the recipient. Some may be of natural origin and
others of synthetic origin. Several methodologies have
been developed to obtain specific morphologies of poly-
meric nanocarriers, such as nanofibers, nanospheres, nano-
and microcapsules, polymersomes, polymeric micelles,
and nanogels for medical applications [72, 73].

Fig. 2 Main routes of protein
drug administration

Conveyors

Depending on their chemical structure, some polymers can
transport drug molecules within their structure, as in the case
of cyclodextrins and their derivatives together with other sac-
charides (moieties) that can transport drugs as ketoprofen [74]
or biomolecules such as levothyroxine sodium (T4) which has
been used as a topical treatment to eliminate lipid deposits in
subcutaneous adipose tissue. The main problem with this type
of application has been the IT4 detection in rabbits 24 h after
the application of the cream. The use of dimethyl-cyclodextrin
as a solubilizer for levothyroxine increased its solubility, but
unfortunately, it only succeeded in penetrating much less
levothyroxine through the skin than the required dose in
humans [75]. In this way, it is important to highlight that the
complex improves the solubility of the molecule allowing it to
pass through the SC, and in another specific treatment, it could
recognize a specific target in the cell plasma membrane and
then adhere to it and release its content in a more efficient way.

Nano- and Microcarriers

Nanocapsules Proteins are a substantial problem when we try
to pass them through the skin. First, they are larger, and sec-
ond, they are highly susceptible to enzymatic degradation. Not
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all are thermostable, and finally, another difficulty is that pro-
teins and peptides live for a short time in plasma. For this, it is
necessary to protect them during their trip to the place of
action. Furthermore, this protection enables controlled deliv-
ery. Passing through the skin can be less difficult if the protein
is in a capsule, which is best when the capsule size is in the
nanometric range.

Advances in the science of polymers applied in pharmacy
have allowed the development of many encapsulation tech-
niques that range from the most impractical to the most revo-
lutionary methods. However, this reveals a problem, as some
polymers are not soluble in water and require organic solvents.
Furthermore, the integrity of the protein to be encapsulated is
compromised regardless of the encapsulation technique.

Many types of polymers could be used in drug delivery;
however, their chemical structure and molecular weight do not
allow dissolution in water in many cases, and most dissolve
well in organic solvents. The solubility of the polymer is a
characteristic that is important to determine before use be-
cause it can determine the environmental resistance in the
process in which it will be used.

Biopolymers and their combinations are best used for these
procedures, helping to improve the stability of the formulation
as in the case of encapsulating transforming growth factor
(TGF-f31) in poly(D,L-lactic-co-glycolic acid) (PLGA) and
polyethylene glycol (PEG) polymeric microparticles for bone
regeneration [76]. Insulin-loaded PCL-PEG-PCL NPs are an-
other example where the NPs were prepared by the w/o/w
double emulsion solvent evaporation method and demonstrat-
ed satisfactory insulin delivery and efficacy in treating diabet-
ic rats [77]. These NPs possess a specific protein-drug deliv-
ery with a delivery degradation speed. They are hydrophobic
or hydrophilic according to what is necessary for the encap-
sulation procedure and for improvement in the stability of the
protein drug. They have a low or no chance of rejection and
are safe to use.

Encapsulation processes are classified into two types
(chemical and mechanical), which are then classified ac-
cording to the methodology used to make the capsule.
This can be determined according to the desired size,
shape, and composition/surface chemistry. The encapsula-
tion of biomolecules by these methods allows us to avoid
the degradation of the free protein and allows the
prolonged and constant release of a protein drug in con-
stant time [78, 79].

With these methods, it is possible to obtain nano-sized
particles, which are especially important to avoid their

elimination by the immune system and the liver [80].
Smaller and softer particles can better evade the immune sys-
tem, and this can be compatible with the recipient organism. It
is important to note that capsules with a diameter size of
<10 pm have the risk of being engulfed by phagocytic im-
mune cells; therefore, the recommended NP size that could
have an appropriate delivery range is 10 to 200 nm [81].

Dendrimers Dendrimers are three-dimensional NPs, like mac-
romolecules, and are considered based on nanometric size.
These are radially symmetric and comprise an inner core
structure made up of a central atom covalently bonded be-
tween other atoms. The external composition is highly
branched, forming a dendrimer structure. These branches al-
low the formation of cavities into which bioactive molecules
[82] can be incorporated, such as proteins [83] and peptides
used for many pathological treatments [84] and for storage,
transport, and controlled delivery.

There are many types of dendrimer structures, and depend-
ing on the synthesis method, these methods could use click
chemistry [85] and divergent and convergent strategies. In
addition, there are different designs and chemical elements.
Their application in the administration of drugs has focused on
the fact that these have many biocompatible characteristics.
These characteristics include non-immunogenicity, non-toxic-
ity, and a high ability to cross biological barriers, such as cell
membranes, blood vessels, intestines, and the blood-brain bar-
rier [86].

In addition, they have high stability in blood circulation
and a prolonged blood circulation half-life, and they target
specific structures. These NPs can be manufactured in high
purity and have some degree of in vitro toxicity when
manufactured with cationic and anionic surface groups.
However, it is possible to reduce this toxicity by using surface
protection by PEGs or fatty acids [87].

In TDD systems, dendrimers have been employed for the
penetration of nonsteroidal anti-inflammatory drugs, such as
indomethacin, which is an arthritis and osteoarthritis auxiliary
drug in the treatment of the pain generated from this disease.
There is a study that reports the progress of the TAT/PAMAM
dendrimer system developed as a non-viral vector for the
transdermal release of DNA plasmids where the dendrimer
system was modified. The HIV transcriptional transactivator
(TAT) was conjugated as a cell-penetrating peptide to enhance
the uptake of constructed plasmid DNA pIRES-H5/GFP by
cells [88]. Dendrimers are an excellent drug penetration en-
hancer [89] and they are some of the best nanostructures that

@ Springer



328

JPharm Innov (2022) 17:319-332

have high applicability in medicine for the delivery of pep-
tides and proteins.

Microneedles

When discussing NPs, it is appropriate to include another
delivery system, MNs, which is a biomolecule delivery sys-
tem that is like NPs in that it can store, transport, and deliver
any molecule. Unlike NPs, MNs can contain nanometric di-
mensions in their internal structures and they can be as many
as the length and thickness dimensions of the device can carry.
These devices can have a small reservoir to store microliters or
micrograms of protein drugs, alone or even encapsulated.

The MNs are a minimally invasive delivery method for the
recipient and offer an excellent option for delivery systems in
which the user must use a hypodermic metal needle to intro-
duce the protein drug as in the case of insulin treatment [90].
The TDD insulin system in conjunction with MNs is a good
delivery system that can avoid painful applications generated
by constant hypodermic injections [91].

With MNs, devices are easier and less invasive drug-
protein delivery systems. It is not necessary to employ other
devices or an electric current supplement. The MNs can cross
the SC, obtaining a local accumulation when the drug is being
released into the bloodstream [92]. Moreover, these MN sys-
tems facilitate the passage of hydrophilic high-molecular-
weight molecules across the SC [93], such as proteins and
peptides. The main role of MNs is to cross the SC.
Therefore, they must have an appropriate structure that allows
penetrating the SC and must retain it during the necessary time
for protein-drug delivery. Many materials have been
employed in MN manufacturing, such as metal (palladium,
stainless steel, nickel, palladium-cobalt titanium [94]), ce-
ramics [95], silicon [96], polymers [97], silica glass [98],
and carbohydrates [99].

In addition, MNs have been used as a transport mechanism
to cross the skin, and their design allows the passage of diverse
sizes of molecules by employing the MN channels like a route
for these molecules to enter and cross the skin, reaching the
bloodstream more rapidly. The needles allow the storage and
passage of molecules, and this capability is possible depend-
ing on the needle’s morphology and chemical formulation.

For many protein drugs, this resource would be inadequate
for transport and delivery because some biomolecules are too
susceptible to enzymatic degradation. It is possible that, de-
spite the use of MNs, they suffer partial or total degradation.
With this disadvantage, it would be preferable to first encap-
sulate the biomolecule and then introduce it into the needles to
be delivered into micro-conduits created by MNs that previ-
ously traveled through the SC, allowing free access to
nanocapsules that contain the protein drug [100].

The MNs could have different characteristics that allow
their application in some clinical treatments. The most
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important characteristic is the material that the MNs are
manufactured with and their design, which depends on the
necessities of the drug-protein delivery system. The delivery
system can be hollow or solid [101-103], dissolving [97],
degradable [104], and coated or uncoated [105]. Each has a
specific function and exhibits very good results in the drug
delivery system; however, some can allow proteins to pass
across according to size. In many cases, it is possible to com-
bine two or more polymers to generate MNs with a particular
structure that allows better perforation of the skin that im-
proves the passage of protein drug through the skin.

There are some proteins with regulatory activity as insulin,
etanercept, growth hormone, erythropoietin, glucagon,
glucagon-like peptide-1 (GLP-1), parathyroid hormone
(PTH), desmopressin, and lysozyme which have been intro-
duced into MNss for their transdermal delivery and the passage
and delivery have been successful [106]. It has been observed
that after the vaccine application by MNs there are an effective
antigen presentation with the skin-resident dendritic cells.
This effectivity has been compared with the traditional topical
immunization where the result obtained by the MN immuni-
zation is the same as that of the intramuscular injection [107].
This TDD system with MNs is often used in the regulation of
the immune system, for which monoclonal antibodies are
used, mainly in cancer therapy, also known as immunothera-
py. With the antibody, local administration is possible to avoid
overstimulation of self-reactive T lymphocytes and then to
avoid immune depletion [108].

Transdermal Biomolecule Delivery Systems Focused on Using
Nanoparticles into Microneedles

As mentioned, traditional routes (intradermal, gastric, or intra-
venous) have long been the main delivery route for all drugs.
Nevertheless, the appearance of an increase in chronic dis-
eases has allowed the development of new technologies that
are less invasive and have high efficiency upon reaching the
target, especially in cases in which a user must take more than
one medicine for the treatment of one or more diseases at a
time.

Although the design and use of MNs can ensure the en-
trance of molecules across the skin, biomolecules have a high
degradation risk that can occur at any time (in the charging
process or at the moment of release). Thus, it is better to
protect the protein contained within a specialized structure,
such as nanocapsules or dendrimers (NPs in both cases).
This procedure has no danger for the protein or peptide struc-
tural composition, which improves the conservation and pas-
sage of these compositions across the SC (Fig. 4).

The PLGA NPs can go through SC better with the help of
MNs because the micro-conduits created by these needles
allow the NPs to avoid the SC barrier and arrive at other skin
layers and deliver the complete contents (Fig. 4) [109]. For
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Fig. 4 Schematic representation
about the NP release from MNs

Microneedles

into the epidermis

this procedure, it is necessary to consider that, in all cases, the
penetration capacity of NPs depends on the particle and chan-
nel size [110]. Despite this important consideration, among
others, the procedure also avoids the limitations of the skin’s
physicochemical properties that do not permit crossing it.

Some experimental studies have demonstrated the pen-
etration and distribution of PLGA NPs in MNs [90]. The
most common use of NPs/MNs is for experimental insulin
release systems using murine models in rats with induced
diabetes, where the insulin is introduced into H,O,-respon-
sive mesoporous silica NPs, and MN patches are
manufactured for later transdermal application. Its release
behavior analysis demonstrated effective release [111]. For
immunity induction, an excellent response occurs when the
NPs/MNs were employed. For example, for the induction
of immunity against endogenous prostate cancer stem cell
antigen RALA/pPSCA, the immunization via the NP/MN
release system resulted in anti-tumor activity in both cases
of prophylactic and treatment assays in vivo [112].
Another experimental process that allows probing the sys-
tem efficacy is the use of poly(methylmethacrylate) coated
with 100 nm of gold NPs, which has great potential in
tumoral cell destruction [27].

Currently, there are few authorized devices; however, these
are increasing because for many treatments, such devices are
more appropriately used, effective, and exhibit more recom-
mended results. Perhaps shortly, these devices will be the
most appropriate techniques for drug and protein delivery
systems.

Nanoparticles

S
~ Microcirculation

Conclusions

For many decades, a great number of therapies to resolve the
problems associated with drug release have been implicated to
probe numerous kinds of devices and pharmaceutical innova-
tions to solve many diseases or applications in various clinical
trials for the diagnosis of diseases or treatments of diseases.
For this application, it is necessary to design new technolo-
gies, and pharmaceutical chemistry has been concerned with
offering the best administration methods for therapeutic
agents.

Lately, many research studies have reported numerous
results that indicate the most appropriate technologies to
use in each case of a drug delivery system. Each of the
aforementioned TDD systems has some advantages and
disadvantages for use in administering protein-drug
delivery.

However, these technologies create substantial and impor-
tant opportunities for administering biomolecules. In the com-
ing years, we will observe an increase in their design, devel-
opment, characterization, and clinical trials for the treatment
of many important and chronic diseases.
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