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Fig. 1 Integrated microneedle. (a) Preparation of Alg-APBA MN:s. (b) Digital image of Alg-APBA/HA MNs (Reprinted with
permission from Ref.[31]; Copyright (2017) Elsevier). (¢) Fabrication of Ca?*-Alg/HA MNs. (d) Bright-field image of Alg-
Mal MNs (Reprinted with permission from Ref.[32]; Copyright (2018) Elsevier). (¢) SCMC MNs fabricated by two-step
casting method: ((el) and (e2)) Optical and SEM images of MNs and dissolved MNs; (e3) Confocal fluorescence microscopy
image of MNs loaded with dextran-Rhodamine B, scale bar=1 mm (Reprinted with permission from Ref.[33]; Copyright

(2018) American Chemical Society).
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Fig. 2 Two-stage microneedle: (a) Schematic illustration of two-stage MNs. ((b) and (c)) Bright-field images of rhodamine B-
dextran loaded MNs.; ((d) and (e)) Histological sections of the porcine skin (d) and the rat skin (e) pierced by MNs loaded
with rhodamine 6G and rhodamine Bedextran, respectively. (Reprinted with permission from Ref.[34]; Copyright (2013)

Elsevier).
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Fig. 3 Separable microneedle: (a) MNs loaded with Mg microparticles; (b) Application of Mg microparticles when in contact
with bodily fluids; (c) Fabrication steps of the MNs patch; (d) Microscopy time-frame images taken from a single MNs tip
clearly showing polymer dissolution in PBS (Reprinted with permission from Ref.[36]; Copyright (2019) John Wiley and Sons).
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Fig. 4 Bioinspired microneedle: (a) Schematics of the bioinspired MNs and its application. (b and c) Representative curves of
peeling strengths and repeating cycles for adhesive MNs and conventional MNs (Reprinted with permission from Ref.[39];
Copyright (2021) Elsevier); (d) Schematic illustrations of bioinspired clamping MNs; (¢) MNs holding onto the skin during
rotation; (f) External weight addition process (Reprinted with permission from Ref.[40]; Copyright (2019) Elsevier).
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Fig. 5 Antitumor: (a) Schematics of combination of chemotherapy and photothermal therapy (Reprinted with permission from
Ref.[41]; Copyright (2015) American Chemical Society); (b) Schematic illustration of Cu-PDA-loaded MNs for photothermal
(PTT) and chemodynamic (CDT) synergistic therapy against skin melanoma; (c) /n vivo antitumor effect of Cu-PDA-loaded
the MNSs, changes of Tumor volume (Reprinted with permission from Ref.[42]; Copyright (2021) Elsevier); (d) Schematic
of the MNs-assisted delivery of aPD-1 for the skin cancer treatment; (e) /n vivo bioluminescence imaging of the tumors;
(f) Quantified tumor signals according to bioluminescence imaging and Survival curves for the mice (Reprinted with permission
from Ref.[43]; Copyright (2016) American Chemical Society).
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Fig. 6 Enhanced cancer vaccination by microneedle: (a) Schematic illustration of MNs delivery immunomodulators and
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Fig. 7 Rapid drugs delivery by microneedle: (a) Schematic illustration of delivery insulin using starch/gelatin MNs; ((b) and (b1))

Bright field micrographs of MNs (b) before and (bl) after skin insertion for 5 min; (¢) In vitro drug release profiles of insulin-
loaded MNs (Reprinted with permission from Ref.[46]; Copyright (2013) Elsevier).
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Fig. 8 Sustained drug release by microneedle: (a) Fabrication process of the integrated MNS; (b) Illustration and morphology
of the MNss; (c) Schematic illustration of the fabricated MNs, and real-time release of sulforhodamine B (red color) onto the
porcine cadaver skin; (d) /n vitro release profiles of insulin from the fabricated MNSs; (e) Blood glucose levels in diabetic rats
after treatment with regular insulin—loaded MNs fabricated from different materials; (f) Effects of various application methods
of insulin on blood glucose levels (Reprinted with permission from Ref.[49]; Copyright (2020) American Association for the

Advancement of Science).
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Fig. 9 Environment responsive microneedle: (a) Schematic of the glucose-responsive MNs; (b) /n vivo studies of the MNs for
diabetic mice; (c) Blood glucose change of diabetic mice treated with additional MNs (Reprinted with permission from Ref.[57];
Copyright (2016) John Wiley and Sons); (d) Schematic of the H,O,-responsive MNs; (e) The insulin release profiles against
different concentrations of H,O, (Reprinted with permission from Ref.[58]; Copyright (2017) The Royal Society of Chemistry);
(f) Schematics of NIR-responsive MNs;. (g) NIR triggered release of metformin from MNs (Reprinted with permission from

Ref.[59]; Copyright (2017) The Royal Society of Chemistry).
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Fig. 10 Interstitial fluid extracting and detecting: (a) Schematic of the rapid extraction of ISF by crosslinked MeHA-MN:s;
(b) Schematic of the skin model made of agarose hydrogel and its usage in testing the swelling ratio of MNs (Reprinted with
permission from Ref.[63]; Copyright (2017) John Wiley and Sons); (¢) Schematic illustration of the fabrication and application
of the encoded MNs; (d) Barcodes with different structural colors in negative molds and optical images of MNs, scale bar = 30
um (Reprinted with permission from Ref.[65]; Copyright (2019) John Wiley and Sons).
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Fig. 11 Biosensor: (a) Wearable/disposable sweat monitoring device; (b) Schematic of the drug-loaded MNs and SEM image
of MNs (Reprinted with permission from Ref.[67]; Copyright (2017) American Association for the Advancement of Science);
(c) Hlustration of the IWCS for diabetes monitoring and treatment; (d) The concept of IWCS worn on human arm; (e) Schematic
of IMNs device for insulin delivery; (f) Quantification of insulin released from the IMNs device; (g) Diabetic rats treated with
IMNs device, non-iontophoretic MNs device, and subcutaneous injection of insulin, while the non-treated diabetic and healthy
rats were used as controls, the green region indicated the normoglycemia (Reprinted with permission from Ref.[68]; Copyright

(2021) John Wiley and Sons).
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Fig. 12 Applications of microneedle in the other field: (a) Schematic of hair loss therapy through MNs; (b) Mice treated with
exosomes and UK5099-loadedHMNs (G2), UK5099-loaded HMNs (G3), exosomes-loaded HMNs (G4), topical UK5099
(G5), subcutaneous injection of exosomes (G6), and topical minoxidil (G7). The mice without any treatment were set as a
control (G1) (Reprinted with permission from Ref.[69]; Copyright (2019) American Chemical Society); (c) Schematic of MNs
loaded with capsaicin for anti-obesity; (d) The body weight with time curve of obese mice treated with MP-M, MP-Cap, MP-
M (Cap), and InJ-M (Cap) (Reprinted with permission from Ref.[71]; Copyright (2021) John Wiley and Sons); (e) Schematic
of MNs loaded with cell for wound regeneration therapy (Reprinted with permission from Ref.[73]; Copyright (2020) John

Wiley and Sons); (f) Schematic illustration of MNs used for contraception; (g and gl) Representative bright-field (g) and

microscopy images of an effervescent MNs patch (g1) (Reprinted with permission from Ref.[74]; Copyright (2019) American

Association for the Advancement of Science).
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Review

Progress of Polymer Microneedles on Transdermal Drug Delivery
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Abstract Microneedle (MNs) is a new technology for transdermal drug delivery, which can penetrate the stratum
corneum to form micropore channels and promote the penetration and absorption of drugs. Based on the structure
and function properties of MNs, the structure and function design of polymer MNs are systematically described in
this review. And the materials and methods for the fabrication of polymer MNs and their drug administration are
discussed as well. The recent progresses of MNs in anti-tumor, vaccine delivery, blood glucose regulation, tissue
fluid extraction and detection are reviewed. The challenge of MNs technology is summarized and the future
development trend of MNs is also prospected.
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