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The intrinsic properties of therapeutic proteins generally present a major impediment for transdermal delivery,
including their relatively large molecule size and susceptibility to degradation. One solution is to utilize
microneedles (MNs), which are capable of painlessly traversing the stratum corneum and directly translocating
protein drugs into the systematic circulation. MNs can be designed to incorporate appropriate structural mate-
rials as well as therapeutics or formulations with tailored physicochemical properties. This platform technique
has been applied to deliver drugs both locally and systemically in applications ranging from vaccination to diabe-
tes and cancer therapy. This review surveys the current design and use of polymericMNs for transdermal protein
delivery. The clinical potential and future translation of MNs are also discussed.
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1. Introduction

Transdermal drug delivery offers a clinical superiority over tradi-
tional, invasive injections. As compared to oral delivery, protein drug
transportation across the skin avoids the hepatic first-pass extraction
and is delivered to the systematic circulation at a pharmacologically rel-
evant rate [1,2]. However, the clinical application of transdermal deliv-
ery had been limited to lipophilic drugs with a molecular weight less
than 500 Da [3–5] until the emergence of polymeric microneedles
(MNs), which provides a broad and versatile platform to overcome
the challenges of the skin barrier formacromolecular drugs. In this tech-
nique, arrays of microscopic needles with lengths ranging from 50 to
900 μm are designed to painlessly transverse the stratum corneum
and penetrate the epidermis layer at a predetermined depth, thereby
avoiding the stimulation of the nerve endings [6–9], improving treat-
ment compliance and patient acceptability. Drugs exposed to the epi-
dermis/dermis layers of the skin can be rapidly absorbed through both
diffusion and lymph-mediated uptake in the regional capillaries and
lymphatic networks [10–12]. In addition, the skin acts as a highly active
organ from an immunological perspective [13–16]. Enhanced local im-
mune responses can also be achieved via MN administration route due
to the abundance of resident antigen-presenting cells (APCs) including
Langerhans cells and subsets of T lymphocytes in the dermal layer
[17–20]. A dose-sparing effect of MN vaccine has been observed

compared to the traditional intramuscular immunization, eliciting com-
mensurate humoral, cellular and mucosal immune responses [21,22].

To date, MNs have been applied in the delivery of distinct cargoes,
from native protein therapeutics to nano- or microparticle (MP)-based
formulations [12,23–28]. Of these models, biocompatible polymer-
based MN devices have been leveraged to address several issues in
transdermal protein delivery [7,29–32]. Compared to the MNs devel-
oped in the early years, such as the silicon or metal MNs, the polymeric
MNs can eliminate the sharp biohazardwastes, avoid deleterious effects
on drug stability and allow the drug loading to be readily tailored
[33–35]. Encapsulating proteins in the polymeric matrix provides the
opportunity for long-term maintenance of bioactive protein in a dried
state without the cold chain requirement, thereby minimizing the
costs and restrictions of transportation [36–38]. Further adjustment of
the formulation facilitates optimization of the physiochemical proper-
ties and spatiotemporal release profiles of the drugs over hours to
days [39–42]. This review summarizes the delivery of proteins through
representative types of polymeric MNs for a variety of applications, dis-
cusses the current state of the field, and highlights the future potential
of polymeric MNs for protein delivery. The challenges for clinical trans-
lation are also discussed in the end.

2. Types of delivered protein

Proteins play functionally distinct and dynamic roles in the body,
such as enzymatic catalysis, cellular regulation, biological scaffold and
molecular transportation [43]. The clinical development of protein
drugs is estimated to expedite compared to small-molecule drugs and
other macromolecular therapeutics [44,45]. Protein drugs can be used
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to directly replace the dysfunctional endogenous protein and are appli-
cable to a variety of cancer treatments, vaccinations and therapies for
genetic disorders [46–48]. Additionally, because of the specific function-
ality and structural hierarchy, therapeutic proteins mitigate the side-
effects of interference with the biological system [49,50]. However, the
intrinsic properties of the therapeutic protein also pose significant chal-
lenges for the full potential of its transdermal delivery [49,51,52]. For
example, protein denaturation during administration and/or subse-
quent storage process can result in limited therapeutic efficiency, al-
tered regulatory response and impaired vaccination efficiency [53–55].
Besides the maintenance of bioactivity, the therapeutic efficacy is also
impacted by the drug absorption efficiency, which is determined by
the chemical properties, the structural differences of the drug and the
physiological conditions of the skin [56,57]. Cellular permeability re-
lated to the molecular size is also critical: proteins/peptides of less
than approximately 5000 Da could transverse the skin layer and blood
capillaries easily compared to those with the molecular weight greater
than 20,000Da [54,58,59]. In addition, it has been suggested that thehy-
drolytic attacks by proteases in the skin and blood/lymphatic network
may also limit the bioavailability of MN-administered proteins [60].
Therefore, appropriate materials and formulations to preserve the pro-
tein integrity and improve the delivery efficiency are highly desirable
for this form of therapy [61,62]. In this section, typical protein therapeu-
tics and their properties associated with MN-mediated delivery ap-
proaches are briefly surveyed.

2.1. Proteins with enzymatic or regulatory activity

Effective delivery of proteins with enzymatic or regulatory activity
has been developed using MN technology, including insulin,
desmopressin, erythropoietin, lysozyme, glucagon, glucagon-like
peptide-1 (GLP-1), parathyroid hormone (PTH), growth hormone and
etanercept [6,42,63]. The selections ofmaterials and formulation to pre-
serve the protein drug stability remain to be a challenge, particularly in
large-scale storage schemes and in production chains for clinical use.
Donnelly et al. investigated the thermal stability of the loaded protein
and found that the high melting temperature (160 °C) of molten galac-
tose during MN fabrication process resulted in substantial loss of incor-
porated 5-aminolevulinic acid and bovine serum albumin (BSA) [64].
Researchers further measured the effect of thermal exposure (135 °C)
of BSA in melted poly(lactide-co-glycolide acid) (PLGA) during the fab-
rication process and found little difference in the circular dichroism
spectra comparing the ratio of α-helix/β-sheet to the native BSA [5].
Moreover, it was demonstrated that the proteins in the solid state had
increased stability during thermal processing than the proteins in the
aqueous solution [5,65]. Carboxymethylcellulose (CMC)-based MNs
have successfully incorporated a variety of protein compounds, includ-
ing BSA and lysozyme [23], which were found to be stable after two
months of storage. Carbohydrate melt-based MNs, which involve cast-
ing the solution into a mold followed by evaporation at 37 °C, have
also been developed [23]. For example, recombinant human growth
hormone (rhGH) and insulin were stably embedded in MN patches
and stored at room temperature for 15 months and one month, respec-
tively [42,66]. PTH was coated onto MNs and retainedmost of its bioac-
tivity after up to 18 months at room temperature and 60% humidity
[67].

2.2. Antibodies

Monoclonal antibodies leverage the antigen recognition capability of
immunoglobulin sites and the receptor-binding domains of protein
ligands to target certain cells and regulate the immune system
[59,68,69]. Their effectiveness has been proven for a wide spectrum of
diagnostic and therapeutic applications [70–74]. For example, immune
checkpoint blockade therapy has recently shown promise in cancer im-
munotherapy to overcome the immunosuppressive nature of tumors.

Strategy of local delivery, rather than systemic administration, is one
approach to address the immune-related adverse events by alleviating
the overstimulation of self-reactive T cells. Therefore, researchers have
investigated the applicability of MN-mediated transdermal technique
to deliver monoclonal antibodies [75,76].

Potential complications of antibody delivery may also arise from the
deactivation of protein, including loss of efficacy, risks of immunogenic-
ity and immune complex hypersensitivity [77–79]. It is critical that the
stability of antibodies in MN formulations is well preserved to avoid
such undesirable effects. Properties of antibodies need to be character-
ized including targeting specificity, molecular structure and antigen af-
finity [80]. To this end, studies have shown that more than 80% of
monoclonal immunoglobulin G (IgG)was recoveredwith stable tertiary
conformation after the dissolution of hyaluronan (HA)-based dissolv-
able MNs [81]. Further, no formations of IgG aggregation or HA/IgG
complexes were detected during the MN preparation process. Studies
have also indicated that human IgG delivered through hairless rat skin
remained mostly localized in and around the microchannels created
by the maltose MNs [75]. The skin retention capability of the active
IgG was influenced by factors including the MN array size, the length
of the MNs and macromolecule concentration. Other factors such as
biocompatibility, availability and production cost also need to be
considered.

2.3. Vaccines

Current vaccines are generally limited to subcutaneous injection
[82–85], while MNs loaded with antigenic therapeutics have recently
been studied to induce significant antibody- and cell-mediated immune
responses [22,86,87]. The merits of MN vaccines include the effective
antigen presentation to skin-resident dendritic cells (DCs) which often
enables stronger topical immunization than soluble antigens via intra-
muscular injection [88–90]. In addition, a variety ofMNmatrix biomate-
rials could also serve as adjuvants to enhance the immune responses
due to their intrinsic immunogenicity. For instance, PLGA could pro-
mote antigen-specific antibody and type 2 T helper (Th2) cell-
dependent humoral responses against co-delivered antigen [91]; HA is
associatedwith a key role in regulatory functions of T cells in the periph-
eral blood [92].

Currently, availability of the vaccine is often limited by their reliance
on the low-temperature storage and transportation [93]. A better un-
derstanding of the vaccine stability throughout the fabrication, storage
and administration process is essential for the future optimization
[94]. Appropriate formulation methods using MN patch preserve the
long-term antigen immunogenicity and allow flexible storage condi-
tions [95]. To assess the effect of the coating formulation to the stability
of viral proteins, Zhu et al. suspended the viral proteins in a coating so-
lution and found the experimental responseswere comparablewith the
control groups in terms of antibody production [96]. A dissolvable MN
patch fabricated from CMC and trehalose was used to deliver influenza
vaccine. It was demonstrated that theMN injectionwas associated with
improved viral protein stability and protective immunity compared to
intramuscular injection of the solution-based vaccine [97]. At the
same time, a stabilizing effect of trehalose on the hemagglutinin activity
of inactivated influenza virus was also observed after being coated onto
theMN surface [98]. A recombinant protective antigen was also admin-
istered using dissolvable MNs and exhibited a comparable immune re-
sponse to intramuscular or intradermal injection in rats [99]. These
results suggested that the appropriate drying and coating procedure
could tune the glass transition temperature below the storage tempera-
ture in order to prevent the crystallization of vaccine formulation, lead-
ing to its long-term stability [100]. Ovalbumin (OVA) is a model protein
with unique lymph node-targeting capability that has often been used
to evaluate the performance of MNs for immunization. It was found
that mice administered with OVA-loaded MNs induced elevated fre-
quency of interferon-γ (IFN-γ)-secreting CD4+ T cells and enhanced
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level of serum IgG compared to intradermal immunization [11,101]. The
treatment efficacy of the MN approach has been tested in large animal
subjects as well, including non-human primates by Irvine's group [102].
MNs made of poly-L-lactide (PLA) were fabricated through melt-
molding and coated with Adenovirus Type 5 (Ad5) vectors in a 5%
aqueous sucrose matrix. To evaluate the functional immunogenicity of
MN-based adenovirus delivery, the patches were applied to the shaved
deltoid skin of anesthetized macaques twice. This delivery method in-
duced strong cellular and humoral adenovirus-specific vaccination inma-
caques equivalent to the traditional intramuscular injection [102]. In a
recent study, an MN patch containing sucrose and CMC was formulated
to encapsulate the standard dose of measles vaccine and was tested in
rhesusmacaques [103]. The researchers demonstrated that themacaques
responded toMNvaccinationwith equivalent neutralizing antibody titers
compared to the conventional subcutaneous injection.

3. Representative types of polymeric MN

The typical design parameters to be considered in the selection of
polymeric matrix include biocompatibility, biodegradability, solubility
andmechanical properties. Based on the available materials and formu-
lations, the construction of an MN delivery system can be achieved via
several main strategies as illustrated in Fig. 1. The first approach relies
on the coating of the polymer and drug formulation onto the solid
MNs and dissolution of the coating shell to facilitate drug release
(Fig. 1A). The second approach utilizes the incorporation of payloads
into the matrix of the dissolvable polymeric MNs (Fig. 1B). In this
method, delivery efficiency is determined by the rate of polymer disso-
lution following the insertion into the skin. The third approach allows
for the delivery of payloads via passive diffusion or degradation of the
polymeric matrix (Fig. 1C). When combined with secondary encapsula-
tion techniques such as the micro- and nano-formulations, the drug re-
lease can be tuned in a bioresponsive manner, which is described as the
fourth approach here (Fig. 1D). Next, each of these representative MN
types MNs will be discussed in details.

3.1. Coated MN

The first generation of MN therapy relies on the increased skin per-
meability after perforation by the solidMNs in combinationwith topical
application of activemolecules [93,104]. However, it has often been lim-
ited by low delivery efficiency, a lack of precise dosing and complex ad-
ministration procedures [7,33]. From a safety perspective, those

microchannels in the skin after needle removal cause exposure to
toxic agents such as pathogenic microorganism and impose infection-
associated risks [105]. One way to optimize this approach is to coat
the drug payload directly onto the surface of solid MNs. A variety of
strategies have been developed for coating and drying drug molecules
onto the surface of MNs, including dip-coating, casting and deposition
techniques [106,107]. Furthermore, the drug can be deposited at spe-
cific skin depth, determined by the dimensions of theMN and the appli-
cation method [108].

Peter et al. reported the preparation of a sucrose-coated titanium
MN system for transdermal delivery of recombinant human erythropoi-
etin alfa (EPO). The researchers evaluated the preclinical pharmacoki-
netic performance of this coating formulation [109]. Cormier et al.
prepared a titanium MN array coated with 82 μg desmopressin on the
MN surface for the treatment of enuresis [110]. Drug utilization to hair-
less guinea pigs was calculated to be 85%, while the desmopressin was
readily released following the dissolution of the coating polymer poly-
sorbate 20. Coated MN systems that incorporate the antigenic proteins
are particularly effective as an intradermal vaccination approach, pro-
viding striking improvements in immune response and minimum pa-
tient compromise compared to intramuscular injection [96,111,112].
This approach has been employed successfully in immunization studies
of OVA, H3N2 influenza antigen, inactivated influenza virus and Hepati-
tis C DNA vaccine, with doses ranging between 0.4 and 10 μg [113]. Spe-
cifically,Matriano et al. used 1 μg of OVApre-coatedMNarrayswith 300
μm high needles made of titanium and demonstrated a 100-fold in-
crease in the immune response compared to intramuscular route
[114]. Zhu et al. assessed the efficacy of CMC-coated metal MNs (500
μm) for antigen delivery using inactivated influenza viral proteins [96].
Within 5 min of insertion time, up to 90% of the coated viral proteins
were deposited inside the skin of a BALB/c mouse model. Moreover, the
delivery of antigen protein viaMNs induced robust antibody production
that was comparable to that induced by conventional intramuscular im-
munization. Mutwiri et al. selected polyphosphazene polyelectrolyte
(PCPP) as the polymericmatrix with fluorescein isothiocyanate (FITC) la-
beled BSA as amodel protein for the study [115]. In vitro and in vivo stud-
ies were conducted to investigate the MN capability of penetrating the
stratum corneum and the dynamics of the release profile of the model
protein. The results showed the complete dissolution of the polymer ac-
companied with the release of the total amount of protein in 15 min in
the porcine cadaver skin of a 4-week-old pig.

Furthermore, a layer-by-layer assembled polyelectrolytemultilayers
(PEMs) structure was reported by DeMuth et al. [116]. This technique

Fig. 1. Representative types of polymeric MNs for protein delivery. A) Solid MNs coated with polymeric drug formulation on the MNs surface for direct delivery. B) Dissolvable polymeric
MNs that remain in the skin and dissolve to deliver the drug encapsulated within. C) Degradable polymeric MNs that remain in the skin and degrade over time. Drug delivery occurs via
passive diffusion or degradation of the polymericmatrix. D) Bioresponsive polymericMNs. Drug release is dependent on the degradation or dissociation ofMNmatrix and/or formulations
from the MN matrix.
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allowed the researchers to control the film thickness and drug dosage
for tunable stabilizing and releasing purposes. Specifically, liposomes
loaded with OVA, an adjuvant, and a fluorescent tracer were co-
encapsulated inside the PEMs. The OVA was taken up by the APCs pre-
sented abundantly in the cutaneous tissue after the transcutaneous vac-
cination. This resulted in significantly higher levels of anti-OVA IgG
titers in the serum and enhanced humoral immune response (Fig. 2). Ir-
vine and coworkers tested the efficacy of PEMs-coated PLGA MNs for
transporting antigens into the skin, targeting epidermal and dermal
APCs [117]. They used a biodegradable polymer poly(β-amino esters)
(PBAEs) to encapsulate protein antigen-loaded lipid nanovesicles
[118]. Multilayers of MN surface were assembled to deliver the protein
payload into the dorsal ear or flank skin of mice via the MN administra-
tion. Subsequent confocal imaging revealed that the PBAE multilayers
were degraded in the treated tissue over one day period, and the dis-
persed nanovesicles were continuously taken up by the APCs. More
than 10-fold higher serum IgG titers were observed compared to the
free OVA injection, suggesting that this system could be used as a plat-
form for vaccination against emerging infectious pathogens [117]. In ad-
dition, Prausnitz and coworkers developed another technique of layer-
by-layer deposition of polyelectrolytes, which was used to coat bovine
pancreatic ribonuclease A onto the stainless steelMNs [119]. The release
of the protein drug was mediated by the hydrolytic degradation of the
coating layer after the insertion into the porcine cadaver skin with a
depth of around 500 μm. More recently, MNs loaded with a conserved
humanmelanoma antigenwith assembled PEMs structureswere devel-
oped [120]. The immunizedmice showed expansion of tumor-specific T
cells and potent memory recall responses. A potential limitation of this
approach, however, is that such MNs often leave behind biohazardous

waste after use, raising potential concerns about needle-based injuries
without special disposal protocols. The effectiveness of coated MN-
based delivery is also limited by the surface area of the MNmatrix and
the adhesion to the drug-loaded polymer film, resulting in variability
in drug loading [30,96,104,110].

3.2. Dissolvable MN

Dissolvable MNs are designed to encapsulate drug within the soluble
polymeric matrix and become fully dissolved upon insertion into the
skin. The associated therapeutic duration has been reported to vary
widely, ranging fromhours to days, and is largely dependent on the disso-
lution kinetics of the selected polymer and administration time of MNs
[121,122]. Regarding the protein stability, it requires the mild conditions
formicromolding tomaintain the bioactivity of protein drugs [26]. Typical
dissolvable polymers used for preparing MNs include CMC [42], maltose
[28,123], chitosan [124] and polyvinyl alcohol (PVA) [125].

Maltose-based MNs can fully dissolve in the human skin within
10 min after insertion [126]. However, theseMNs often require the fab-
rication temperature to be above 100 °C to effectively transform the
maltose into the glassy phase [123]. Such a high fabrication temperature
is generally not suitable for protein-associated formulations. In addition,
it is difficult to control themechanical properties of the MNs, due to the
properties of the disaccharide maltose under high humidity conditions.
New fabrication techniques have also been developed to address the
thermal challenges of melting fabrication process. For example, Jung
et al. invented a dissolvableMN fabrication technique by directly apply-
ing the droplet-born air blowing to the polymer droplet to solidify the
MN shape, thereby providing benign fabrication conditions for the

Fig. 2. A) Schematic illustration of multilayers deposited onto the PLGA MN surfaces. MNs transfer coatings into the skin as an initiation of adaptive immunity. B) Anti-OVA IgG titers in
serum over time with MN-based and control immunizations on days 0, 28, and 56. Quantification of C) anti-OVA IgG1 and D) IgG2c subtypes in serum at day 107.
Adapted with permission from Ref [116].
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delivery of insulin [127]. The high 96.6 ± 2.4% bioavailability data was
confirmed by the regulated blood glucose (BG) levels in the experimen-
tal type 1 diabetic mice. Martin et al. tested a low-temperature vacuum-
forming methodology, demonstrating that MNs could be fabricated
from a dehydrated sugar mixture of trehalose anhydrous (TRA), treha-
lose dihydrate (TRD), sucrose and maltose [128]. The feasibility of dex-
tran MNs prepared by forming thread with polypropylene has been
studied in rats. The plasma levels of rhGH in rats reached peak levels
1 h followingMN administration andwere shown to have a comparable
profile with the intravenously injected rhGH solution [129]. The maxi-
mum serum drug concentration was achieved in a dose-dependent
manner based on the drug loading capacity of the MNs.

Polymerswith high solubility are associated with rapid swelling and
dissociation of the polymer chain network, thereby accelerating the
drug diffusion uponMN insertion [11]. Migalska et al. described dissolv-
able MNs prepared from an aqueous blended solution of poly
(methylvinylether maleic anhydride) (PMVE/MA) for insulin delivery,
showing a significant reduction of BG levels in diabetic mice upon treat-
ment [130]. Brouwstra et al. developed HA-based MNs for the delivery
of active monoclonal IgG [81]. HA is a polyanionic disaccharide that is
ubiquitously present in the body and has been approved by US Food
and Drug Administration (FDA) as a dermal filler [92]. MNs containing
2% or 10% (w/w) of monoclonal IgG were successfully prepared using
the micromolding method. Upon dissolution of MNs, 80% of the incor-
porated IgG was recovered and its tertiary conformation was insignifi-
cantly affected by the preparation process. HA and IgG were found to
localize within the skin 10 min after the needle insertion [81]. MNs
made of other biocompatible materials such as polyvinylpyrrolidone
could also be used to deliver inactivated influenza virus vaccine in a few
minutes [12]. The length ofMNswas approximately 650 μm, correspond-
ing to the penetration depth of around 200 μm into the porcine cadaver
skin ex vivo. When the MNs were administrated to the mice in vivo, MN
dissolved quickly and deposited drug loading into the epidermis. As a re-
sult, the mice immunized with MN showed similar levels of serum
influenza-specific IgG titer and isotypes, IgG1 and IgG2a (Fig. 3). It was
further observed that a 1000-fold higher extent of lung virus clearance
was associated with the MN vaccine versus intramuscular immunization.

In addition, Donnelly and co-workers formulated dissolvable PMVE/MA-
based polymeric MN arrays to encapsulate recombinant HIV antigens
[131]. The MNs treated-subjects elicited a significantly higher degree of
antigen-specific immunity including type 1 T helper (Th1)/Th2 profile,
Th2 polarization as well as immunoglobulin A (IgA) levels which
surpassed the mucosal vaccination method.

Physiochemical properties of thematrixmaterial should be carefully
evaluated to achieve ideal mechanical properties and drug release dy-
namics. For example, researchers formed dissolvable MNs via polymer-
ization of a liquid monomer vinyl pyrrolidone and inactivated
hemaglutinin antigen [12]. The researchers further characterized the
dissolving kinetics and showed that MN deposited around 34%, 63%
and 83% of the total polymer in the porcine skin after 5, 10 and
15 min, respectively. Chen et al. encapsulated insulin into a dissolvable
starch/gelatin MN patch that could rapidly dissolve in the interstitial
fluid of the skin after insertion [132]. In this system, gelatinwas selected
as oneof thematrixmaterial because of its biodegradability, biocompat-
ibility, non-immunogenicity and film-forming ability. Blended with
starch, it formed a durable and strong composite suitable forMNmatrix.
Moreover, after storage at 25 or 37 °C for one month, the relative bio-
availability of insulin wasmeasured to be greater than 90%. The reduced
BG levels demonstrated stable encapsulation of bioactive macromole-
cules in MNs (Fig. 4). The assembled layers were developed to deliver
multiple payloads within the one array and to avoid excess payload
waste on the surface of the skin. Takada et al. reported two-layered dis-
solvable MNs for the delivery of rhGH and desmopressin in the rat ab-
dominal skin. The proteins were co-encapsulated in the MNs
composed of water-soluble biopolymers chondroitin sulfate or dextran
[133]. Similarly, a two-layered MN array was reported with accumu-
lated PLGA particles at the needle tips and dissolving PVA polymer
throughout the needle body for maximum drug deposition in the skin
[134].

3.3. Degradable MN

A variety of therapeutic proteins require continuous release over a
pre-determined period to maintain a constant therapeutic dose [8]. To

Fig. 3.A) Side viewof dissolvable polymericMNs. B) Top viewof porcine cadaver skin after insertion and removal ofMNswith encapsulated sulforhodamine. C) Fluorescence image of pig
skin cross section after insertion of one MNs. D) Brightfield image of the skin section with hematoxylin and eosin staining. Quantification of serum influenza-specific E) IgG titers F) IgG1
titers G) IgG2a titers at the indicated days after immunization.Micewere immunized intramuscularly with inactivated influenza virus or via anMNpatch encapsulating the same amount
of virus.
Adapted with permission from Ref [12].
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achieve this, transdermal MN patches made of biodegradable polymers
have been developed for the sustained release of payload upon hydroly-
sis of the polymeric matrix [5]. The release profile of the protein drug
depends on the degradation of the polymer and the diffusion of the

protein from the MNs, which in turn can be controlled by selection of
polymers with appropriate molecular weight and degradability [124].

Hammond and coworkers reported the utilization of silk fibroin/
poly(acrylic acid) (PAA) composite to fabricate microstructures with

Fig. 4.A) Schematic illustration of transdermal deliveryof insulin using starch/gelatinMNs,which could rapidly dissolve in the skin to release encapsulated insulin. B) Plasma glucose levels
and C) plasma insulin concentrations of diabetic rats after administration of control and insulin-loaded MNs.
Adapted with permission from Ref [132].

Fig. 5. Fabrication and characterizations of silk/PAA compositeMNs. A) Schematic ofMN fabrication. B)Opticalmicrograph of silk/PAAMNarraywith silk (blue) in the tips andPAA (red) in
the pedestals (scale bar 500 μm). C) Confocal micrographs of composite MNs (scale bar 500 μm). D) SEM micrographs of a single silk tip following 30 s exposure to water. Micrographs
show the MN tip structure and silk hydrogel structure (left, scale bar 500 μm, center, scale bar 20 μm, and right, scale bar 5 μm). E) Quantitative analysis of programmed release
profiles of fluorescent OVA from silk and PAA portions of the MNs over time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Adapted with permission from Ref [135].
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high biocompatibility and biodegradability [135,136]. The MN patch
was composed of a silk tip supported on a PAApedestal base. Thebenign
aqueous-based micromolding fabrication method, room temperature
condition and atmospheric pressure, helped preserve the activity of
temperature-labile therapeutics such as peptides, antibiotics and vac-
cines. Variation in the strength of antigen-specific T-cell responses
was dependent on the programmed release of the model drug OVA,
which was achieved by adjusting the post-processing conditions of
theMNstructures (Fig. 5). Other stretchable deviceswith biodegradable
MNs have been developed for insulin delivery. The crosslinked HA ma-
trix efficiently protected the protein from enzymatic degradation and
exhibited sustained release efficiency after each stretching trigger
(10 cycles of stretchingwith strain level of 50%). The pulsatile reduction
of BG levels was observed upon the three stretching events with four
hour-intervals [137]. Recently, phase-transition MNs developed by
Yang et al. were able to release insulin by converting the MN material
form hard glassy state to hydrogel state upon insertion into the skin
[138]. The needles made of PVA were cross-linked to avoid dissolution
in the dermis layer, allowing the entire needle to be completely
withdrawn from the skin after drug release. Moreover, a transdermal
cancer vaccine patch made of the same crosslinked HA materials has
been demonstrated by Ye et al. [139]. The MNs consisted of whole
tumor lysate from B16F10 melanoma with melanin as well as
immunostimulatory agent granulocyte-macrophage colony-
stimulating factor (GM-CSF). The content of melanin provided a photo-
sensitizer that promoted immune cells recruitment and activation via
localized near-infrared light irradiation and subsequent heat genera-
tion. Together, this vaccine induced the antitumor effect in both prophy-
lactic and established B16F10 melanoma tumor models and led to
enhanced survival [139]. Factors to be considered during the design of
immunotherapeutic MN patches include the incorporation of
immune-stimulatory adjuvant, appropriate temporal or spatial control
over immune cell activation and co-treatments to overcome the im-
mune evasion.

Compared with bulk formulations, substantial efforts have been
aimed to incorporate functionalized moieties within the nano/
microformulation designs for therapeutic proteins. Drug-loaded MPs
have been exploited for prolonged and responsive release from poly-
meric MNs. Using this approach, the release kinetics of a model protein

drug BSA has been shown to range from hours to months, controlled by
the formulation of CMC and polylactide acid (PLA) MPs encapsulated
within the PLGAMNs [5]. After incubation in phosphate-buffered saline
(PBS) for 9 h, MNs showed minimum morphology changes caused by
polymer dissolution. The release was also simulated by the diffusion-
based Higuchi equation. Zaric et al. found that PLGA nanoparticles
(NPs) containing chickenOVA could be successfully delivered byMNar-
rays into the skin in situ [140]. The skin APCs were able to carry the NPs
to cutaneous draining lymph nodes via the afferent lymphatics. More-
over, those antigens were found to be more efficiently cross-presented
via major histocompatibility complex (MHC) class I molecules to
CD8+ T cells than soluble antigens, allowing the simultaneous stimula-
tions of OVA-specific IFN-γ positive CD4+and CD8+T cells in amurine
model. The system is applicable to para-influenza infection and mela-
noma vaccination (Fig. 6). Additionally, Park and coworkers reported
swellingMNs composed of a network of depot hydrogel MPs for topical
delivery of drugs through the hydrogel volume expansion in the skin
[141]. TheseMNswere fabricated bymicromolding of PLGAmatrix con-
taining 53% (v/v) poly-N-isopropylacrylamide (PNIPAAm) MPs.
Implanting biodegradable polymeric MNs with hydrogel particles
promised a long-termdelivery of drugs over a fewdays to a fewmonths.
This implantation was described as a two-step process. First, all MNs
weremechanically broken after insertion in the skin due to themorpho-
logical change of particles. Drug release was then achieved by drug dif-
fusion and degradation of the PLGA MNs.

3.4. Bioresponsive MN

Bioresponsive MNs can be triggered to release protein therapeutics
in response to the physiological signals [52,142,143]. This platform
often integrates the polymeric matrix only, or together with the sub-
micrometer- or nanometer-sized particles in which a therapeutic pro-
tein of interest is encapsulated [144–146]. TheMNmatrix or embedded
carriers can undergo dissociation or degradation under certain physio-
logical conditions such as variations in pH, glucose, reactive oxygen spe-
cies and enzymes [146–148]. It offers opportunities for on-demand
release of payload in a relatively precise manner [149,150].

For example, Yu et al. invented a transdermal system composed of
crosslinked HA matrix containing glucose-responsive vesicles (GRVs)

Fig. 6. A) Schematic of dissolvable MN arrays laden with antigen-loaded NPs to increase vaccine immunogenicity by targeting antigen specifically to DC networks within the skin. B) The
antigen-encapsulated NP vaccination viaMNs generated robust antigen-specific cellular immune responses in mice.
Adapted with permission from Ref [140].

7Y. Ye et al. / Advanced Drug Delivery Reviews xxx (2018) xxx–xxx

Please cite this article as: Y. Ye, et al., Polymeric microneedles for transdermal protein delivery, Adv. Drug Deliv. Rev. (2018), https://doi.org/
10.1016/j.addr.2018.01.015



as a “smart insulin patch”, representing a painless and disposable mo-
dality [41]. Drug delivery occurred as follows: in the presence of high
BG, glucose oxidase (GOx) catalyzed glucose oxidation by consuming
the dissolved oxygen in the body fluid, resulting in a localized hypoxic
environment. The resulting bioreduction product of 2-nitroimidazole
conjugated HA was water-soluble, leading to the rapid dissociation of
GRVs and subsequent release of insulin. In vivo, the transcutaneous
MN containing the GRVs caused BG levels in the chemically-induced di-
abetic mice to quickly decline to around 200 mg/dL within half an hour
after treatment. Critically, the use of an additional patch could further
prolong the treatment period without the risks of hypoglycemia. The
treated skin recovered within 6 h with no obvious inflammation, indi-
cating the biocompatibility of the insulin delivery device (Fig. 7). Fur-
thermore, Ye et al. described an innovative MN-based strategy for the
glucose-responsive regulation of insulin secretion from exogenous pan-
creatic β-cell lines without implantation [151]. The MNs encapsulated
synthetic glucose-responsive nanovesicles, which were used to amplify
the glucose signals through sequential enzymatic reactions. The subse-
quently amplified glucose signal within the MN microenvironment
was able to trigger insulin secretion from the pancreatic β-cell capsules
positioned on the base of the patch. One such MN patch was shown to
quickly reduce blood sugar levels of streptozotocin (STZ)-induced
type 1 diabetic mice and maintain reduced glucose levels for over
10 h. Such bioresponsive system was constructed to leverage the
byproduct of glucose oxidation to facilitate insulin release from the
MNs [152]. In addition, Yu et al. have also designed hypoxia and H2O2

dual-sensitive vesicles integrated with MNs for enhanced glucose-
responsive insulin delivery [153]. Diblock copolymers consisting of
poly(ethylene glycol) (PEG) and 2-nitroimidazole-modified polyserine

were utilized to formulate the dual-sensitive nanovesicles. Rapid oxy-
gen consumption and H2O2 generation upon contacting with glucose
contributed to the increasedwater-solubility of such copolymer, leading
to the dissociation and release of insulin. This patch could effectively
regulate BG levels in diabetic mice for 10 h and was associated with
minimal skin inflammation. Most recently, Chen and coworkers re-
ported MN-array patches loaded with mineralized particle formula
to deliver exendin-4 (Ex4) while avoiding the leakage of GOx for
long-term type 2 diabetes treatments. Using diabetic C57BL/6 db/
db mice as a model, they demonstrated the crosslinked alginate
patch loaded with 300 μg Ex4 could control the BG of mice for 5 to
6 days. Furthermore, by integrating the mineralized particles, the
failure force of the needles was significantly increased to facilitate
skin penetration [63].

With a pH ranging from 4.2–5.6 across the stratum corneum, the
local environment is mildly acidic and can act as a significant physiolog-
ical trigger for drug release from transdermal patches [154]. Kim et al.
developed a pH-responsive PEM assembly composed of alternating
heparin and albumin films to form a polydopamine (pDA)-coated MN
patch [155]. Due to its charge reversal characteristics, albumin was
employed to facilitate the pH-dependent hydrolysis of cationic PEM as-
sembly layer. In another example of pH-responsive MNs, poly
(vinylpyrrolidinone) (PVP) MNs were composed of hollow PLGA MPs,
encapsulating red-fluorescent dye Cy5 as a model drug and a pH-
sensitive element sodium bicarbonate (NaHCO3) [156]. A key compo-
nent in this system was NaHCO3, which has shown to trigger the pH-
responsive drug release rapidly in a Lewis rat model. Upon insertion
into the slightly acidic skin, PVP dissolved rapidly and NaHCO3 gener-
ated CO2 bubbles within minutes, sequentially allowing the release of

Fig. 7.A) Schematic of the smart insulin patch composed of HA andGRVs composed ofHA. B) Formation andmechanism of glucose-responsiveMNpatch. C) The indicatedmouse skinwas
applied with an MN-array patch (Scale bar: top right 500 μm, bottom 100 μm). D) In vivo BG level changes E) and plasma human insulin concentrations in diabetic mice after indicated
treatments.
Adapted with permission from Ref [41].
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the cargo. In addition,Wang et al. reported a self-degradable MN patch,
which promoted the generation of acid in the local environment to facil-
itate sustained delivery of anti-programmeddeath 1 (anti-PD-1)mono-
clonal antibody for treatment of melanoma [157]. Each MN was
composed of biocompatible HA integrated with NPs made from
ethoxypropene-conjugated dextran. Upon piercing into the immune-
cell-rich epidermis, the MN delivered NPs to the regional lymph and
capillary vessels in the skin. At the same time, the catalase (CAT) and
GOx assisted BG oxidation and helped consume undesired H2O2

[158–161]. With the GOx/CAT enzymatic system immobilized inside
the NPs, the enzyme-mediated generation of gluconic acid promoted
the gradual self-dissociation of NPs and resulted in the sustained release
of embedded anti-PD-1monoclonal antibody over a three-day adminis-
tration period. In addition, treated tumors were remarkably infiltrated
by both effector CD8+ and CD4+ T cells. The percentage of CD8+ T
cells in the tumor after the MN patch administration was 3-fold of
that in the free aPD1 treatment group and 5-fold compared to that in
the control MNs or untreated group [162,163] (Fig. 8).

The dysregulation of enzymes expression and activity is implicated
in many diseases, which may be leveraged in enzyme-responsive
patches for on-demand transdermal drugdelivery [52,143,164,165]. Re-
cently, the overexpressed hyaluronidase (HAase) in the tumormicroen-
vironment was applied by Ye et al. for synergistic immunotherapy to
enhance antitumor immunity [166]. In this work, 1-methyl-DL-
tryptophan (1-MT, an inhibitor of indoleamine 2,3-dioxygenase)-mod-
ified HA was self-assembled to form immunotherapeutic nanocapsules
encapsulating anti-PD-1 antibody [167]. Drug release was triggered by
the enzymatic digestion of HA material in the tumor microenviron-
ment. When the resulting MNs were administered to the local
tumor site in a B16F10 mouse melanoma model, the system gener-
ated an enhanced effective T cell immunity and reduced immuno-
suppression. In another study, a feedback-controlled drug delivery
system was engineered for the management of thrombotic diseases
[101]. Zhang et al. designed a heparin-conjugated HA (TR-HAHP)
matrix with a thrombin-cleavable peptide (GGLVPR|GSGGC) linker.
The resulting MNs patch made of TR-HAHP was designed to
promptly release heparin triggered by elevated thrombin concentra-
tion. Subsequent in vivo studies of the TR-HAHP patch demonstrated
efficient protection against thrombolytic challenge and long-term
thrombosis prevention.

4. Conclusion and outlook

As surveyed above, therapeutic protein delivery through polymeric
MN patches has received considerable attention for different applica-
tions (Table 1). Currently, there are approximately 23 active and 39
completed National Institutes of Health (NIH) clinical trials related to
MNs for treating a variety of diseases, including type 1 diabetes, psori-
atic plaques and topical anesthesia [184]. Most studies utilize commer-
cial available hollow MN infusion systems, and a few cases have
investigated the effectiveness of using polymeric MN for protein drug
delivery. For example, a Phase I study investigating the safety and im-
munogenicity of the dissolvable MN for the delivery of H1N1, H3N2
and B seasonal influenza virus vaccine strains has been published
(ClinicalTrials.gov identifier: NCT02438423) [185]. A coated transder-
mal MN delivery system has been completed in phase II clinical study
for the systemic delivery of a parathyroid hormone-related protein
(ClinicalTrials.gov identifier: NCT01674621). A complete Phase I study
with a Zosano Pharma PTH coated MN patch was to evaluate the injec-
tion site, treatmentwindow and drug dosage and determine the patient
preference and adverse effects in postmenopausal women
(ClinicalTrials.gov identifier: NCT02478879).

The future success of clinical application relies profoundly on the ra-
tional design of the polymeric MN with excellent biocompatibility over
both short- and long-term. More and more animal studies have in-
cluded biocompatibility evaluation upon the usage of polymeric MNs.
For example, Noh et al. measured human skin irritation after adminis-
tration of polycarbonateMNs, concluding that therewas little difference
in the transient redness after the MN application compared to the con-
trol group without treatment [186]. Moreover, the safety of the MN
patch has been evaluated in a rhesus macaque non-human primate
model and no signs of bleeding, swelling, discharge or other abnormal-
ities were observed in oneweek after the study [103]. Future studies in-
volve a thorough evaluation of the dermal metabolism of the drug as
well as degradation of formulation material and the long-term negative
patient adverse effects according to FDA's standards [187]. Moreover,
significant efforts regarding MN manufacture should be taken into ac-
count to expedite the translation potential, including large-scale fabri-
cation with limited defects, ease of sterilization and enhanced loading
capacity to meet versatile applications. The past two decades have
witnessed the prosperous development of both innovations and

Fig. 8. A) Schematic of the anti-PD-1 antibody delivery by anMN patch loaded with self-dissociated NPs. B) The blockade of PD-1 by anti-PD-1 antibody activates the immune system to
destroy cancer cells. C)Quantified tumor signals according to in vivo bioluminescence imaging of the B16F10 tumors in different treatment groups. D) Kaplan-Meier survival curves for the
treated mice.
Adapted with permission from Ref [157].
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translations of MNs for drug delivery application.With the further com-
bination of fundamental studies and commercialization programs, an
accelerating era of MN-mediated protein delivery products is optimisti-
cally expected to enhance patients' health and quality of life.
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