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Abstract

The utility of layer-by-layer (LbL) coated microneedle (MN) skin patches for transdermal
drug delivery has been proven a promising approach, with advantages over hypodermal injection
due to painless and easy self-administration. However, the long epidermal application time
required for drug implantation by existing LbL MN strategies (15 to 90 minutes) can lead to
potential medication noncompliance. Here, we developed a MN platform to shorten the application
time in MN therapies based on a synthetic pH-induced charge-invertible polymer poly(2-
(diisopropylamino) ethyl methacrylate-b-methacrylic acid) (PDM), requiring only 1-minute skin
insertion time to implant LbL films in vivo. Following MN-mediated delivery of 0.5 pug model
antigen chicken ovalbumin (OVA) in the skin of mice, this system achieved sustained release over
3 days and led to an elevated immune response as demonstrated by significantly higher humoral
immunity compared with OVA administration via conventional routes (subcutaneously and
intramuscularly). Moreover, in an ex vivo experiment on human skin, we achieved efficient
immune activation through MN-delivered LbL films, demonstrated by a rapid uptake of vaccine
adjuvants by the antigen presenting cells. These features—rapid administration and the ability to
elicit a robust immune response—can potentially enable a broad application of microneedle-based

vaccination technologies.



Over the past several years, the technique of electrostatic layer-by-layer (LbL) assembly
has enabled the production of thin polyelectrolyte multi-layer microneedles (MNs) with robust
control over film structure and composition'® combined with densely loaded and stabilized
biological cargoes. A broad range of drugs have been investigated with LbL-coated surface
mediated therapies including nucleic acids,>® proteins,® inactivated viruses’ and small molecule
compounds.® Compared to traditional syringe injections, MNs offer a number of advantages by
substantially reducing the risks of needle reuse, accidental needle-associated injuries, and the
spread of blood-borne pathogens while allowing for pain-free self-administration.>® One
limitation of current LbL MN therapies is the slow detachment rate of drug-loaded LbL films from
the MN surface, necessitating a relatively long period of epidermal insertion time.2'*3 For
instance, one approach is to chemically modify the MN surface prior to LbL film deposition with
pyridine functionalities, which, with an acid disassociation constant (pKa) of 6.9, are positively
charged in mildly acidic environments. Upon introduction to physiological conditions at pH 7.4,
the underlying positive charges diminishes from deprotonation and the support for film
construction is gradually lost, leading to detachment of the LbL film over approximately 90
minutes [Figure 1B(i)].}* Another recent study coated the MN surface with a synthetic polymer
containing carboxylic acid moieties; with LbL film construction at pH 5, the surface-coated acid
groups are sufficiently charged to allow for subsequent film deposition, but remain insoluble in
the slightly acidic environment. Upon dermal application, the exposure to plasma at pH 7.4 leads
to an increased degree of polymer ionization and aqueous solubility, leading to LbL film lift-off
from the MN surface after about 15 minutes [Figure 1B(ii)].*2 These relatively lengthy application
periods lead to significant inconvenience in administrating MN therapeutics, diminishing the

potential practical utility of these systems in the clinic from the perspective of medication



compliance. And while various rapid implantation strategies for dissolvable MN have been
developed*!> over the years, a fast and complete lift-off strategy for therapeutic-coated, non-

dissolvable microneedles is still currently lacking.

Herein, we devised a 1-minute lift-off platform for LbL MNs based on synthetic charge-
invertible polymers that performed far more efficiently than any previously reported LbL MN
systems. The polymer charge inversion occurs through the formation of cationic micellar
nanoparticles at acidic pH, which switch to negatively charged micelles as physiological pH is
approached. These underlying LbL lift-off coatings are constructed at mildly acidic pH and employ
the charge-invertible polymer as the initial base layer to facilitate LbL film growth, but jettison the
outer LbL construct through electrostatic repulsion upon exposure to the skin’s physiological pH
[Figure 1B(iii)]. To demonstrate the effectiveness of this system, these coatings have been
employed to rapidly deliver LbL-encapsulated protein antigens from surface-coated MNs in order
to elicit a sustained and robust therapeutic response in a minimally-invasive murine vaccination

model.
Results and Discussion

Strategy for LbL Film Lift-off with Charge-invertible Polymers: The reason why layer-
by-layer films have difficulty detaching from a coated surface is because they are “sticky” — each
adjacent layer carries opposite charge that holds the film together through strong electrostatic
interactions. State-of-the-art methods in LbL lift-off either rely on slightly decreasing the positive
charge upon the microneedle surface to weaken this interaction, or increasing the degree of
negative charge to enhance the solubility of the polymer base layer.!'? These methods, though
workable, are significantly hampered by the fact that adjacent layers remain electrostatically

attracted to one another, though perhaps to a lesser degree. While the proposed mechanism of this



charge-invertible lift-off polymer likewise relies on a pH-dependent change in charge, three
consecutive negatively-charged layers (the oxygen plasma-treated surface, charge-invertible
polymer layer, and the polyanion layer) are rapidly formed and then actively separated by a
repulsive electric field, as opposed to merely compromising the LbL film integrity to slowly

disengage.

To achieve charge inversion, we designed a dual-pH-sensitive diblock copolymer,
synthesized via reversible addition-fragmentation chain-transfer polymerization'® (RAFT)—
poly(2-(diisopropylamino) ethyl methacrylate-b-methacrylic acid) (PDM)—which carries a
positive surface charge at pH below 5.8 and negative charge above pH 5.8. The MN surface was
first treated with oxygen plasma to generate a negatively charged surface and allow for the layering
of positively charged PDM at a mildly acidic pH below 5.8, followed by alternating deposition of
polyanions and polycations. Upon dermal insertion, the PDM layer underwent instant charge
inversion after the pH shifted into that of the physiological environment, which resulted in three
consecutive layers of negative charge that strongly repelled one another and rapidly detached the

LbL film from the microneedle surface as demonstrated in Figure 1B(iii).

RAFT Polymerization of PDM: The diblock copolymer poly(2-(diisopropylamino) ethyl
methacrylate-b-methacrylic acid) (PDM) was synthesized via a one-pot reversible addition-
fragmentation chain-transfer (RAFT) polymerization using 4-((((2-
carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid as the chain transfer agent (CTA)
and azobisisobutyronitrile (AIBN) as the initiator. To minimize potential chain transfer to the
solvent, the first block was synthesized in bulk 2-(diisopropylamino) ethyl methacrylate
(DPAEMA) monomers. At 60% conversion of DPAEMA as determined from *H nuclear magnetic

resonance (NMR), a nitrogen-purged mixture of methacrylic acid (MAA) monomer in large excess



was injected into the reaction mixture. Figure 2C and D show the first-order kinetic curve of
DPAEMA and MAA monomer conversion, respectively, the linearity of which implying fast
initiation and insignificant chain termination during growth. The reaction was allowed to proceed
for another 20 minutes and stopped with the second block having an MAA composition of 96%,
with the remaining 4% repeat units being DPAEMA (Figure 2B). While a two-pot synthesis would
be possible, the one-pot method was primarily selected to simplify the synthesis and avoid the
demanding process of macro-CTA purification for re-initiation of a second polymerization.
Furthermore, MAA’s relatively fast polymerization kinetics compared with DPAEMA (Figure 2B)
naturally limits DPAEMA incorporation into the second block, thus ensuring a negligible impact

on the overall charge-inverting character of this material.

Micellar Behavior of PDM upon Charge-inversion: In the pH range of interest for LbL
film construction and in vivo delivery, PDM undergoes charge inversion and forms micellar
nanoparticles. The one-pot RAFT synthesized PDM diblock copolymer contains carboxylic acid
functionalities in one block and tertiary alkyl amine moieties in the other. These components are
chosen such that the pKa of carboxylic acid and the pKa of the tertiary alkyl amine’s conjugated
acid, respectively, coincide at around pH = 5.8. As illustrated in Figure 3A, in a mildly acidic
aqueous solution with pH below 5.8 the DPAEMA block is highly protonated and hydrophilic
while the MAA block is uncharged and hydrophobic. Due to this amphiphilic nature, PDM
molecules self-assemble into micelles with the DPAEMA-containing polymer block presenting as
the positively charged corona. As the pH is increased, the DPAEMA corona is gradually
deprotonated and the zeta potential becomes less positive until its isoelectric point at pH 5.8.
Beyond that point, deprotonation and negative charge accumulation of the MAA carboxylic acid

moieties continues, eventually causing the now hydrophilic MAA block to rearrange as the micelle



corona while shifting the now hydrophobic DPAEMA block into the nanoparticle core. Dynamic
light scattering measurements indicate that with the exception of the isoelectric pH, the particles
are generally stabilized by either positive or negative charge and achieve diameters of about 200
nm (Figure 3C). In conjunction with the zeta potential titration curve (Figure 3D) and the
transmission electron microscopy (TEM) micrograph of PDM in aqueous solution of pH 5.1 and
6.5, respectively (Figure 3E), the charge-invertible micelle structure!’-*® proposed in Figure 3B

is confirmed.

We noted that the micellar structure of PDM was no longer observed at pH values lower
than 4.5 or higher than 7.0, as concluded from DLS and TEM measurements. TEM micrographs
of PDM aqueous solutions showed no evidence of micelles at pH 4.2 and 7.5 (Supporting
Information, Figure S1). We speculate that at those conditions, the charged polymer segment
would be so charged and hydrophilic that the polymer molecule would overall favor dissolution
as unimers rather than self-assembly into micelles. While it is difficult to know whether or not the
polymer’s conformation upon release in vivo is its equilibrium micellar state, its charge-inverting
character (which exists in both micellar and free polymer form) would regardless enable an

efficient LbL film lift off.

Surface-coated PDM Supports Steady LbL Film Growth and Protein Drug
Incorporation: As the TEM images and zeta-potential titration curve (Figure 3C and E)
demonstrate, PDM exists as positively charged micelle particles around pH 5. To demonstrate the
LbL-compatibility of these positively charged nanostructures, PDM were coated onto model
silicon wafers at pH 5 and used to build subsequent LbL electrostatic multilayers (Figure 4A).
The silicon substrates were pre-treated with oxygen plasma to generate negatively charged

functional groups on the surface and allow for PDM absorption. Subsequent iterative deposition



of a cationic protein lysozyme (Lys) and a polyanion poly(acrylic acid) (PAA) resulted in similar
growth curves of film thickness and roughness, and amount of lysozyme protein incorporation
(Figure 4B-E, Supporting Information, Figure S2) as reported in other lysozyme/PAA LbL film
deposition studies.>?° One advantage this system possesses in comparison with other state-of-the-
art carboxylic acid-containing polymers®? is that it can support the construction of LbL films at
any pH below 5.8. Specifically, for polymers only containing carboxylic acid groups, the pH where
the polymer has sufficient negative charge to support an LbL film but stays insoluble in water is
around 5, largely limiting its capability to encapsulate polypeptides with more acidic isoelectric

points.

PDM Implants Microneedle LbL film in the Skin for Sustained Release of Drug and
Efficient Immune Activation: For in vivo investigation of the PDM system, we synthesized an
N-substituted polyaspartamide polyelectrolyte (Supporting Information, Figure S3) poly(N"-
{N'-[N-(3-aminopropyl)-2-aminoethyl]-3-aminopropyl}aspartamide) [PAsp(EDDPA)] to serve as
a biocompatible, LbL-amenable polymer for the delivery of our model antigen chicken ovalbumin
(OVA). N-substituted polyaspartamides have been extensively studied in a variety of contexts
related to drug delivery as complementary polycation carriers.?:"? [PAsp(EDDPA)/Cy5-OVA]
polyelectrolyte multilayers were constructed on the surface of a poly(L-lactic acid) (PLLA)
microneedle patches (each patch contains 77 pyramidal microneedles, which are 650 um in height
with a square base of 250 um x 250 um, Supporting Information, Figure S4) pretreated with
oxygen plasma and PDM adsorption at pH 5. To confirm stable incorporation of OVA into the
LbL film and total implantation into mouse dermis, confocal micrographs of Cy5-OVA coated
microneedles following 1 min application (Figure 5B) and the mouse dermis (Figure 5D) after 15

s, 30 s, and 60 s of Cy5-OVA microneedle insertion were collected. These images, together with



the cell viability assay of relevant PDM concentrations (Supporting Information, Figure S5)
illustrated the safe and rapid, PDM-mediated release of cargo from the MN surface (Figure 5B)
and the corresponding deposition of the LbL drug film incorporating the labelled antigen into the
skin as the penetration pattern shown in Figure 5C. We thus concluded that 1 minute was a

sufficient time to deliver the MN LbL film into the mouse dermis.

MN-mediated antigen delivery in the ear sustained the release of OVA over three days
(Figure 5E and F), while the compound subcutaneously administered in the ear was almost
completely cleared within 24 h. We speculate that the abundant Langerhans cells in the epidermis
play a critical role in the uptake and presentation of OVA antigen.?® Prior studies using similar
LbL microneedle platforms have shown that MHC 11* cells were recruited to the site of application
and co-localized with the antigen in a membrane-extended form, suggesting active
phagocytosis.>*® As shown in Figure 5G, we further applied LbL MN patches coated with
tetramethylrhodamine (TMR) labeled polyinosinic-polycytidylic acid (poly I:C) to pieces of
human skin tissue obtained from plastic surgery ex vivo. Two hours post-MN administration, cells
were isolated from skin tissue for flow cytometry analysis. Antigen-presenting cells (APC) were
gated based on CD45* CD14" and HLA-DR* Significant APC uptake of the vaccine adjuvant was
observed in PDM-coated MNs, in contrast to the non-coated MN control (Figure 5H and I).
Sustained APC uptake- mediated immune activation could potentially elicit a more robust immune

response than one resulting from the bolus delivery of antigens.3

In Vivo Microneedle-delivered OVA Vaccination Induces Strong Immune Response:
Finally, we evaluated the immune response elicited against OVA antigens delivered from
microneedle-deposited LbL films. A similar film architecture was used to build PDM-LbL

microneedles loaded with OVA (Figure 6A). Groups of C57BL/6 mice were immunized on day



zero with 0.5 ug of OVA via microneedles, intramuscular injection or subcutaneous injection,
followed by two boosts of the same dosage on day 14 and day 21 (Figure 6B). Sera were collected
on day 28 for enzyme-linked immunosorbent assay (ELISA). Microneedle vaccination promoted
a robust 1gG;1-based antigen-specific immune response, generating a 9-fold and 160-fold greater
antibody load compared to intramuscular and subcutaneous injections, respectively (Figure 6C).
These data demonstrate that the PDM-enabled rapid LbL film lift-off and implantation of antigen-
containing LbL films mediates sustained antigen delivery in vivo, thus enhancing immune

activation and humoral responses in this model system.

Conclusion

It is highly desirable to develop an LbL MN platform that delivers drug with minimal
application time. To this end, we incorporated a synthetic charge-invertible polymer PDM as the
base layer of LbL MNs, enabling the rapid lifting-off and implanting of LbL drug films into the
skin after only a 1-minute epidermal application time. To the best of our knowledge, this work
presents a framework for MN design using an LbL film lift-off strategy that brings this technology
much closer to translation and significantly outperforms previously reported methods by utilizing
materials synthesized via an efficient and cost-effective one-step synthesis. The characterization
and synthesis presented herein also provide insight into the molecular driving forces of rapid LbL

film detachment which may inform other modes of film disassembly or release.

Applying this strategy, we generated layer-by-layer coated microneedles to deliver a model
vaccine antigen, OVA. Following microneedle application to mouse ear skin for one minute, the
LbL films were completely transferred from the microneedle surface onto the epidermis. Sustained
release of OVA from the implanted LbL films was observed over 3 days in vivo, and a robust

immune response was promoted via the microneedle-delivered OVA LbL film. Serum OVA-



specific 1gG: levels of the microneedle vaccinated group was 9-fold and 160-fold higher than
intramuscular and subcutaneous injection groups, respectively. Moreover, we demonstrated PDM
microneedles on surgical samples of human skin tissue ex vivo followed by significant APC uptake
of vaccine adjuvant delivered, suggesting the potential of applying this strategy to human
subcutaneous vaccination. This platform can potentially augment delivery of other protein
vaccines against viral infections and cancer. In addition, future work may also incorporate nucleic
acid-based vaccines (e.g. messenger RNA), immune adjuvants (e.g. CpG oligodeoxynucleotides),
and/or immune checkpoint inhibitors (e.g. anti-programmed cell death protein 1) into this system
to compare against current delivery technologies. Finally, the approach demonstrated here could
enable other technologies involving rapid film lift-off of electrostatic thin films such as wound
dressings, application of medication patches, and localized transfer of therapeutic films in surgical

applications.

Methods and Materials

Materials

2-(Diisopropylamino) ethyl methacrylate (DPAEMA, 97%) and methacrylic acid (MAA)
were obtained from Sigma-Aldrich (St. Louis, MO, USA) and passed through a basic alumina
column to remove inhibitors before polymerization. 2,2’-Azobis(2-methyl-propionitrile) (AIBN,
98%), 4-((((2-carboxyethylthio)carbonothioyl)thio)-4-cyanopentanoic acid (95%), lysozyme
(Lys, from chicken egg, >90%), 3,3’-ethylenediiminodipropylamine (EDDPA) (94%),
hexamethyldisilazane (HMDS, >99%), and other solvents were obtained from Sigma-Aldrich and
used as received. B-benzyl L-aspartic acid N-carboxyanhydride (BLA-NCA) was obtained from
Toronto Research Chemicals (Toronto, ON, Canada). Poly(acrylic acid) (Mw ~ 50,000, 25%

aqueous solution) was obtained from Polysciences, Inc.



Synthesis of PDM: PDM was synthesized via a one-pot RAFT reaction. DPAEMA (648
uL) was purified by passing through activated aluminum oxide column (basic) and combined with
AIBN (1.5 mg), dimethyl sulfoxide (DMSO 50 uL, as internal standard for quantitative NMR),
and 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid (5.6 mg) and added into
adry Schlenk flask. The flask was purged with nitrogen for 30 minutes to remove dissolved oxygen
then sealed and immersed in 60 °C oil bath with magnetic stirring. During the reaction, MAA (4.6
mL) and DMF (2 mL) were combined in a 20 mL scintillation vial and bubbled with nitrogen for
30 minutes. After 2.5 hours of reaction time, the purged mixture of MAA and DMF was added
into the Schlenk flask with a nitrogen-purged syringe. The flask was briefly removed from the oil
bath, vortexed to mix thoroughly, and returned to the oil bath to allow the reaction to continue at
60 °C for another 20 minutes. Samples were withdrawn from the reaction mixture at various time
intervals and diluted in deuterated chloroform for *H nuclear magnetic resonance (NMR) analysis

of monomer consumption.

20 minutes after the addition of MAA and DMF, the reaction was terminated by removing
the glass stopper on Schlenk flask, exposing the solution to air. The reaction mixture was diluted
with DMF and precipitated in cold diethyl ether (0 °C) before re-dissolution in water. The aqueous
solution was then adjusted to pH ~ 8 with a sodium hydroxide aqueous solution and centrifuged at
2000 rcf for 5 minutes to precipitate the poly(DPAEMA) dead chains. The supernatant was
dialyzed (Mw cut-off: 6-8kDa) in water for 24 hours, and freeze-dried in vacuo to give a white
powder (124 mg, Mn ~ 38,000, Mw/M, = 1.10). 'H NMR (400 MHz, D20) pMAA block: 5 0.89 —
1.05 (s, 3H), 1.36 — 1.48 (s, 2H). pDPAEMA block: & 1.05 — 1.15 (s, 3H), 1.64 — 1.93 (d, 14H),

3.37 - 3.63 (t, 2H), 3.68 — 3.93 (m, 2H), 4.19 — 4.53 (t, 2H).



Synthesis of PAsp(EDDPA): PAsp(EDDPA) synthesis was modified from literature.?""
2432 Briefly, in the nitrogen glove box, BLA-NCA (250 mg) and HMDS (5.4 mg) as initiator were
first dissolved in nitrogen purged anhydrous DMF (2.5 mL in total) separately, then combined and
stirred at room temperature under a stream of nitrogen for 48 hours. The reaction mixture was
precipitated in cold (0 °C) diethyl ether and re-dissolved in dichloromethane (DCM) for three times,

then dried in vacuo overnight for use (158 mg).

Dried poly(B-benzyl L-aspartic acid) (PBLA) backbone was dissolved in anhydrous 1-
methyl-2-pyrrolidinone (NMP) at 100 mg/mL and brought to 0°C together with 4 mL 2-fold
diluted EDDPA solution in NMP. The EDDPA solution was then added dropwise into the stirring
PBLA solution in a glass vial. The vial was then sealed and allowed to react for 3 hours. The
resulting reaction mixture was mixed with 4 mL 1 N hydrochloric acid (HCI) and dialyzed at 0°C
against 0.1 N HCI for 24 hours, then against water for another 24 hours and finally freeze-dried in
vacuo to give a white powder (110 mg, Mn ~ 81,000, Mw/Mn = 1.04). *H NMR (400 MHz, D,0)
§1.54 —1.80 (m, 4H), 2.44 — 2.90 (m, 12H), 3.08 — 3.24 (M, 2H), 3.24 — 3.34 (m, 1H), 4.55 — 4.67

(s, 1H).

PLLA microneedle fabrication: To fabricate microneedle patches, pellets of poly(L-
lactide) (PLLA) were placed over poly(dimethylsiloxane) (PDMS) negative molds and melted
under vacuum by gradually heating to 200 °C. The oven was then vented slowly, allowing
atmospheric pressure to pack liquid PLLA into the PDMS molds. The molds were then transferred
to the fridge when they reached room temperature and cooled at -20 °C for 1 hr. Finally, the molds

were returned to room temperature and PLLA microneedles were de-molded for use.

PDM layer deposition: Prior to deposition of PDM on microneedle patches and Si water,

the surfaces were first treated with oxygen plasma for 10 minutes (18 W oxygen plasma produced



by a PDC-32G plasma cleaner). The treated surfaces were then immersed in PDM solution (1
mg/mL in 10 mM sodium acetate buffer) for 15 minutes and rinsed with 10 mM sodium acetate

buffer for 30 seconds with agitation before LbL dipping.

LbL film construction: LbL films on microneedles and Si wafers were constructed with
a Zeiss HMS-D250 Serial Stainer. PDM-coated microneedles or Si wafers were processed with 40
alternating 20-minute immersions in lysozyme, ovalbumin or Cy5-labelled ovalbumin, and
polyamine or poly(acrylic acid) solution. The concentrations of both polycation and polyanion
were 1 mg/mL in pH 5.4 10 mM sodium acetate buffer, separated by three 30-second rinse steps
in 10 mM sodium acetate buffer (pH 5.4). Another set of PDM-coated Si wafers were treated with
alternating 5-minute immersions in lysozyme (1 mg/mL) and PAA (1 mg/mL) solutions in 10 mM
sodium acetate buffer (pH 5.1), with each dip separated by two 30-second wash steps in 10 mM

sodium acetate buffer (pH 5.1).

Polyl:C LbL coated microneedles for human skin were prepared using the StratoSequence
VI from nanoStrata Inc. (USA) with spinning (100-120 rpm)*2. PDM-coated PLLA microneedles
were secured in a holder prior to immersion in the polymer solutions. Fluorescent Polyl:C (HMW,
InvivoGen) was prepared using tetramethylrhodamine (TMR) Label-IT reagent (Mirus Bio). Polyl
(Mw ~9.8 kDa, PDI = 1.2), a degradable poly(amino ester) synthesized as modified from
literature,3*4% was dissolved in 0.1 M sodium acetate buffer and Polyl:C in PBS adjusted to pH
=5.5. (Polyl/TMR-Polyl:C)4o films were assembled at pH = 5.5 with spinning through alternative
immersion into Polyl (1 mg/mL) and TMR-Polyl:C (40 ug/mL) for 5 minutes, separated by two

30-second wash steps in pH = 5.5 PBS.

In vitro release study of LbL film for drug load determination: Silicon chips coated

with (PDM/PAA): (lysozyme/PAA)n LbL films were measured with a ruler to determine the



surface area of the film. They were then immersed in room-temperature phosphate buffer saline
(PBS) in low-bind, 2 mL Eppendorf microcentrifuge tubes for 1 minute to allow the films to be
lifted-off from the surface. The silicon chips were inspected visually upon removal. If small pieces
of lifted-off LBL film had clung to the surface of the chip, they were gently rinsed back into the
tube with the release media. Since the lysozyme-containing LbL film was lifted-off, but not
degraded in the 1-minute time span, the release aliquots were stored at 4°C for 72 hours before
measuring lysozyme concentration to allow the lysozyme in the lifted-off film pieces to diffuse

into the release media.

Lifted-off film aliquots were compared to standards made of lysozyme (purchased from
Sigma Aldrich, CAS# 12650-88-3) in PBS. A PierceTM BCA Protein Assay Kit (CAS# 23225,
purchased from ThermoFisher Scientific) assay was used to quantify concentration of lysozyme
according to the manufacturer’s instructions. The mass of lysozyme contained in each film was

normalized by the surface area of the film.

In vivo delivery on mouse ear: Mice studies were approved by the MIT IUCAC and mice
were cared for in the USDA-inspected MIT Animal Facility under federal, state, local, and NIH
guidelines for animal care. In vivo delivery experiments where LbL-coated microneedles were
pressed into the mouse ear for 1 minute then removed were performed on anesthetized 8 weeks
old female C57BL/6 mouse (Taconic Biosciences, Hudson, NY, USA). Subcutaneous and
intramuscular injection dosages include the same amount of OVA and PAsp(EDDPA) polymer as

in each microneedle administration.

Ethics statement: Healthy human skin tissue was obtained from abdominoplastic
surgery. The studies were approved by the respective institutional review boards (National

Health Group Domain Specific Review Board (NHG DSRB 2012/00928) and Singhealth



Centralized Institutional Review Board (CIRB 2011/327/E), respectively) and patients gave
written informed consent. All skin samples were processed on the day of surgery. Microneedles
were applied onto human skin using a spring applicator (Micropoint Technologies Pte Ltd.,

Singapore).

Flow cytometry analysis of human skin tissue ex vivo antigen presentation: After
microneedle application, human skin dermatome sections (300 mm) were incubated in 0.05
mg/ml DNase | (Roche) and RPMI + 10% FCS (BioWest) containing 0.8 mg/ml collagenase
(Type 1V, Worthington-Biochemical) for 12 hours. Following incubation, a 70 pum filter was
used to obtain a single cell suspension. Cells were labeled using the following: anti-HLA-DR,
anti-CD45, and anti-CD14 reagents (all BD Biosciences) with viability discrimination using
DAPI. Flow cytometry was performed on an LSRII (Becton Dickinson). Software analysis was

performed with FlowJo (TreeStar).

Statistical analysis: All statistical analysis were performed using GraphPad Prism 5.03
(San Diego, CA, USA). Data were analyzed with one-way ANOVA followed by Student's t test

for statistical significance.
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Figure Legends

Figure 1. Overview of state-of-the-art approaches and the current design of LbL film lift-off

from microneedles. (A) Schematic view of the microneedle skin patches where drug-releasing



surface is generated. (B) Two state-of-the-art approaches utilizing (i) chemically functionalizing
surface with pyridine moiety (ii) coating of a layer of polymer with carboxylic acid functional
groups to support and release the LbL film on top depending on the environmental pH, and (iii)

the current design of LbL film lift-off mechanism based on charge-invertible polymers.

Figure 2. Synthesis scheme and Kkinetic study of PDM polymer. (A) Synthesis scheme of one-
pot RAFT polymerization of PDM polymer. (B) Number average monomers converted per
initiator calculated from monomer consumption Kinetics as determined from H nuclear magnetic
resonance. (C) First order linear kinetics of DPAEMA monomer and (D) MAA monomer

consumption as determined from H nuclear magnetic resonance.

Figure 3. Charge-invertible micellization behavior of PDM polymer. (A) Schematics of
PDM’s charge-invertibility with pH change, the pKa of carboxylic acid and the pKa of the tertiary
alkyl amine’s conjugated acid, respectively, coincide at around pH = 5.8. (B) Proposed schematics
of charge-invertible micellization behavior. (C) Zeta-potential and (D) particle diameter measured
from electrophoretic and dynamic light scattering, respectively, of 0.1 mg/mL PDM dissolved in
10mM sodium acetate buffer solution titrated from pH 5.1 to 6.8. (E) TEM images of PDM in

aqueous solution at pH 5.1 and 6.5, respectively. Scale bar 200 nm.

Figure 4. LbL film growth study on PDM. (A) Film architecture schematics of (Lys/PAA) LbL
film constructed on top of PDM polymer coated silicon wafer at acidic LbL assembly environment.
(B) Profilometry measured LbL film thickness growth with the number of (Lys/PAA) bilayers
deposited atop PDM. (C) LbL film roughness as a function of numbers of bilayers coated (n = 4).
Values are reported as mean + s.e.m. (D) BCA assay determined Lys drug loading in LbL film
with the number of (Lys/PAA) bilayers deposited atop PDM coated silicon wafer (n = 3) after 1

min in vitro incubation in PBS. Values are reported as mean £ s.e.m. (E) Representative scanning



electron microscopy images of cross-sections of (Lys/PAA)20.30.40 LbL film constructed on top of

PDM coated silicon wafer.

Figure 5. In vivo mouse skin and ex vivo human skin implantation of LbL drug film from
microneedle surface upon charge invert of PDM. (A) Film architecture schematics of
[PAsp(EDDPA)/Cy5-OVA]4 LbL coated microneedle for mouse ear. (B) Confocal micrograph
of Cy5-OVA on microneedle surface before and after 1 min application in mouse dermis. Scale
bar 0.5 mm. (C) Image of mouse ear skin after 1 min microneedle (PDM/Polystyrene
sulfonate/methylene blue): application showing the penetration pattern. Scale bar 2 mm. (D)
Confocal micrograph of Cy5-OVA delivered onto mouse dermis after 15 s, 30 s, 60 s of
microneedle insertion, respectively. Scale bar 1 mm. (E) Representative VIS images showing Cy5
signal intensity on mouse ear at day 0, 1, 2, and 3 after MN or SC administration on left ear (right
ear untreated). (F) Integrated radiant efficiency decay of Cy5-OVA on mouse ear in 3 days
demonstrating in vivo sustained release of Cy5-OVA from PDM microneedle (MN) implanted
LbL film, compared to subcutaneously (SC) injected same amount of Cy5-OVA (n = 6/group).
Values are reported as mean £ s.e.m. ***p = 0.0004, as analyzed by one-way ANOVA. (G) Film
architecture schematics of [Poly1/Polyl:C-TMR]4o LbL coated microneedle for human skin tissue.
Flow cytometric analysis performed on cells isolated from human skin following 2 minute
microneedle application for detection of film uptake, shown as (I) proportion, and (H)
representative plots of antigen presenting cells (CD45* CD14" HLA-DR") positive for Polyl:C-
TMR LbL film; values are reported as mean = s.e.m. **p=0.0017 unpaired t-test; numbers in plots

indicate percent cells in outlined area.

Figure 6. In vivo OVA vaccination of LbL drug film from microneedle surface upon charge

inversion of PDM. (A) Film architecture schematics of [PAsp(EDDPA)/OVA]4 LbL coated



microneedle. (B) Vaccination dosing and ELISA schedule, each dose is 0.5 ug of OVA by either
PDM-mediated microneedle, subcutaneous, or intramuscular administration. (C) Serum OVA-
specific 1gG: antibody level measured in mouse serum (n = 10/group). Values are reported as mean

+s.e.m. ***p < 0.0001, as analyzed by one-way ANOVA.
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