ABSTRACT

ZHANG, YUQI. BioresponsiveDrug Delivery by Microneedle Patchg®nder the direction
of Dr. Zhen G

Tranglermal drug deliverybased on microneedi@MN) patches have been widely
investigated as an attractive alternatagministration routeThe patches can enable drug
transport through the skin ingainless, convenient, and continuous manBgrintegrating
with bioresponsive formulatiortbat can respud to physiological signals to tune drug release
rates, these smart patchesave been spotlighted as a promising approaclimgrove
therapeutic efficiency in the last decaibis thesis study focused on developing bioresponsive
drug delivery systembasel onMN patches fosmart drug delivery to treat several diseases
including thromboembolism, obesity, acne, and diabetes. In order to achiexerongute
anticoagulant regulation, a thrombi@sponsive patch was developed to release heparin for the
prevention of blood coagulation. The integration of the thiarskeavable peptide allowed
reattime monitoring of blood thrombin concentrations and subsequedéwmand release of
anticoagulant drug. A glucosesponsive patcloaded with browning agentgasdesigned to
locally induce adipose tissue transformation for obesity treatmentotlerelease triggered
by bloodglucosecould effectively deliver drug to the subcutaneous adipocytes in a sustained
manner, thus minimizing systemic side effectsadidition, an inflammatory signéliggered
patch was developed facnetreatment Compared to commonly used aatine cream,
enhanced efficacy toward dermis lesions could be achieved through the skin penetration by
MNs. We also designed a se#fgulated coseresponsive insulin delivery system based on
MN patches for diabetes treatment. The integration gD.Hand pHresponsive insulin

complexes enabled closémbp glucosanediated insulin delivery for blood glucose regulation.
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CHAPTER 1 INTRODUCTION
1.1 Introduction
Hypodermic injection is a widely used delivery technique for most biotherapeantts
represents a lowost and rapid delivery approathkiowever, injections are often associated
with poor patient adherence and may lead to injection phobia and dfstr&asattractive
alternative to hypodermic injection is to deliver therapeutics acrbss skin using
transcutaneous patch&’ © Typically, these transcutaneous patches incorporate arrays of
mi croneedl es ( MNs) t hat are designed to pen
enhance delivery capabilitiés™ Since the needles are micrsize, they can deliver aimost
any drug or small particulate formulation as well as facilitate localized tissue délivery
Critically, transcutaneous patches are a more appealing approach to patients as this method of

drug delivery is painless and can be-selministerd.?3°

Recently, transdermadatch models that incorporate stimrdsponsive MNs which release
drug in response to an internaffgnerated stimuli have been proposed for smart and precise
drug releasé®'® Compared to delivery systems triggered by external stimuli like electric
field,**1° light,*¢1” or mechanical forg&® the MN patches activated by a physiological signal
provide selregulated delivery of drugn response to the abnormal physiological signals,

thereby maximizing therapeutic efficiency and minimizing side effects or toxfcity

For instance, glucosesponsive MNs can be triggered to release insulin in response to
abnormally high glucose levels in vascular and lymph capillary networks while shoasab

insulin release in euglycemic conditions, achieving a smart clospdsystem for insulin



delivery.?® Herein, we will summarize and classify recent advances in the development of
biorespnsive transcutaneous patches, includingresponsive, glucosesponsive, and
enzymeactivated systems (Figure 1.1), and discuss the advantages, limitations of these current

formulations. Future challenges and opportunities in terms of clinical tramsiatiil also be

discussed.
/I\/Iimmh Bio-triggers
Epidermis — ——_ B
Dermis -  Blood P ) :éq Glucose '
Vessels { (] : :
B ‘ § \ \J

Subcutaneous = , - o N
Tissue § - - Al I/ 5 < \/) Enzymes

Figure 1.1 Typical physiological signals (bitsiggers) for bioresponsive transcutaneous
patches.

1.2pH-Responsive Transdermal Patches

Normal skin is slightly acidic, with a pH ranging from 4.@, which provides a barrier to
bacteria, viruses and other potential contamin&rits particular, the adi mantle secreted by
sebaceous glands maintains the epidermis pH at approximatéiThé acidic properties of
skin enable the use of psensitive patches for eslemand transdermal drug delivery. For
example, MNs filled pkHesponsive poly(lacticco-glycolic acid) (PLGA) hollow
microspheres were developed and reported to sequentiatlglie®r multiple drugs to skin

tissue by Keet al 2% In this system, hollow PGLA microspheres encapsulated an aqueous core



containing reefluorescent dye Cy5 as a model drug and sodium bicarbonate (Na@@ed

via a doubleemulsion method. The Cyl6aded microsperes and a second model drug, Alexa
488, were further encapsulated together in polyvinylpyrrolidone (PVP) MN arrays. Upon
application to the skin, the PVP rapidly dissolved within minutes, simultaneously releasing the
Alexa 488 dye. The acidic environmeaf the skin stimulated NaHGOIn the PLGA
microspheres to generate £€Rubbles, thereby creating the channels in the PLGA shell and
releasing the Cy5. Researchers demonstrated the sequential release of the two dyes into the
porcine cadaver skiex vivousng fluorescence microscopy. pg¢nsitive surface modification

was also reported in the fabrication of-gensitive microneedles. Here, MNs were coated with
ovalbumin, a model antigen, and a-pehsitive pyridine surfacé Upon insertion into the
acidic skin conditions, reduced electrostatic interactions allowed the ovalbumin to be
efficiently released. Laydry-layer assembly of polyat&rolytes has also been shown to
achieve pHtriggered drug release through weakened electrostatic binding that occurs between

the negatively and positively charged layers in the physiologicaFfH

1.3 GlucoseResponsive Transdermal Patches

Since MNs inserted into skin can directly contact the dermal microcirculation, these MNs can
sense serum biomarker levels and changes thereof intimmeahannef 2’ For patients with

diabetes who are tasked with frequent monitoring of blood glucose levels and timely injection

of insulin as part of diabetes satfanagemern®?® insulinloaded MNs with glucose
responsive moieties are desite for achieving closeldop insulin delivery. Based on this

concept, Yuetalhave devel oped a Asmart insulin patc

response to hyperglycemic conditions for diabetes treatffient this study, glucose



responsive vesicles containing insulin and the gluspseific enzyme (GOx) were loaded

into the tips of MN arrays. These vesicles were formed from hygs®naitive hyaluronic acid

(HA) conjugated with énydrophobic group that could be hieduced to hydrophilic under
hypoxic conditions (zhitroimidazole). In hyperglycemic conditions, oxygen consumption
from the enzymatic conversion of glucose to gluconic acid generated a local hypoxic
environment, whichresulted in the reduction of-fdtroimidazole to hydrophilic 2
aminoimidazole, disassembly of the vesicles, and subsequent insulin release. Researchers
demonstrated this glucosesponsive insulid e | i very system was abl e
correct elgated blood glucose levels of chemically induced type 1 diabetic mice to the normal

state within 0.5 h and maintain euglycemic conditions for several hours thereafter.

Furthermore, Gu group have also designed an MN patch integrated with -sestriating
pancreatibetacells and loaded with glucosggnal amplifiers for glucoseesponsive insulin
delivery?® Instead of direct insulin release from glucessponsive vesicles, these vesicles
were encapsulated with GOkkamylase as well as glucoamylase and acted as synthetic
glucosesignal amplifiers. In high glucose concentratiddgmylase and glucoamylase were
released and hydrolyzed théamylose that loaded in MNs into glucose. This amplified
glucose signal furtheriffused into the externally positiondxtacell capsules on the base of

MN patch, prompting secretion of insulin for diffusion into the vascular and lymph capillary
networks. This model showed extended therapeutic efficacy compared the MNs without
glucosesignal amplifiers, where one patch was shown to effective control on blood glucose

levels for 6 h in diabetic mouse.



Besides enzymaticalgenerated hypoxia, 4. produced during the enzymatic oxidation of
glucose can also act as a trigger to facilitate insulin release from MNst #wescribed a
glucoseresponsive insulin delivery device integratingd#sensitive polymeric vesicles with

an MNs-array patcl#! The insulinloadedpolymeric vesiclesRVS) were sefassembled from
block copolymes incorporated with polyethylene glycol (PEG) and phenylboronic ester
(PBE)conjugated polyserine. In this system, the PBE pendant were degraded.®-a H
mediated manner, leading to the disassociation of RVsivo performare of the patch
integrating with these PVs demonstrated the ability to correct hyperglycemia anegsidite

blood glucose levels in a diabetic mouse model.

Most recently, Gu groupave integrated hypoxia and® duatsensitive vesicles to design
MNs for enhanced glucos@sponsive insulin delivedf These duakensitive vesicles were
prepared by diblock copolymer consisting of poly(ethylene glycol) (PEG) and polyserine
modified with 2nitroimidazolevia a thioether moiety. Hydrophobierfitroimidazole could be
bio-reduced into hydrophilic-2minoimidazole under a hypoxic condition. In addition, the
thioether acted as a.B»-sensitive moiety that increased the aqueous solubility of the
copolymer pon conversion to a sulfone by®b. When these vesicles encapsulating insulin
and GOx were exposed to a high blood glucose level in the vascular and lymph capillaries, the
quick oxygen consumption and>Gk generation led to the increased weagelubility of
copolymer, promoting the dissociation of the gluemssponsive vesicles and subsequent
release of the insulin. Importantly, the undesirabl®Hvas eliminated during the conversion

of thioether to sulfone, thereby mitigating free radicaluced damag to skin tissue and

maintaining the activity of the GOx. Researchers demonstrated this integrated smart insulin



patch could effectively regulate blood glucose levels in diabetic mice for 10 h and was

associated with insignificant inflammation during adentweweek period of usage.

Aside from the use of hyperglycemia as a disesms®ciated trigger for the release of
therapeutics such as insulin, normal blood glucose level can also be used as a physiological
signal to achieve sustained drug releaseirfsbance, Wangt al.reported an ardPD-1 loaded

MN patch for sustained drug delivery in a glucosediated degradation manner for the
melanoma treatmenRt The checkpoint inhibitor (anf’D-1) that blocks the programmed
deathl (PD1) pathway was encapsulated in glucosgponsive nanoparticles. With the
GOx/Catalase enzymatic system immobilized inside the NPs, gluconic acid generated from the
enzymatic oxidation of glucose facilitated the graldseltdissociation of NPs, creating a
sustained release of afD-1 over a threelay administration periodin vivo studies
demonstrated robust immune responses in a B16F10 mouse melanoma model treated with the
aPD1 patches compared to control grougmiaistrated with patches that cannot be triggered

to degrade or intratumoral injection of free aPD1 with the same dose.

1.4 EnzymesActivated Transdermal Patches

Diseaseassociated enzymes have recently attracted remarkable attention as targets for
predsion medication$*® For example, hyaluronidase (HAase) is overexpressed by various
types of cancer cells and has become recognized as a tumor .fAd&keently, a HAase
activated drug delivery system was developed for synergistic transcutaneous immunotherapy
to enhance antitumor immune respon¥és this study, imethytDL-tryptophan (IMT), an

inhibitor of immunosuppressive enzyme indoleamined2gXygenase O), was conjugated



to hyaluronic acid (HA) to give an amphiphilic polymer that was-astembled into
therapeutic nanocapsule to encapsulate-RDi antibody (aPD1), the inhibitor of the
immunoinhibitory receptor programmed cell death protein 1 (Piggtated with the MN

arrays, this combination of therapeutics was shown to be readily transported across the stratum
corneum and successfully reach the network of-sésident dendritic cells (DCs) around the
melanoma tumor. Drug release was facilitdtgdhe high levels of HAase overexpressed in

the tumor region, which activated by the enzymatic degradation of HA. This system exhibited
enhanced local retention of the therapeutics and a potent antitumor effect in a B16F10 mouse

melanoma model.

In anothe study, in order to achieve lo#grm auteregulation of blood coagulation, Zhaaty

al. designed a thrombiresponsive patch for eslemand heparin delive®§ Heparin, a
common anticoagulant, was conjugated to the main chain of hyaluronic acid through a
thrombincleavage peptide (GGLVPR|GSGGC) to create a clusmul device for sustained
anticoagulant redation. The MNs prepared from the hepalfA conjugate were shown to
quickly respond to an increased thrombin levels by releasing heparin, preventing the
undesirable formation of blood clots by the thromtriggered cleavage of the linker. Under
normal bbod conditions, no drug was released. Subseqguevitvo thrombolytic challenge
experiments revealed potential for this patch as an efficient;teng protection against

abnormal blood clotting and acute pulmonary thromboembolism.



1.5 Conclusiams and Cutlook

Bioresponsive transcutaneous patches hold tremendous promised@mand drug delivery

to enhance therapy efficacy while minimizing associated toxicity or side effects. In Table 1.1,
we summarize typical responsive mechanisms triggered by a vafighe physiological
stimuli described in thishaptey including changes in pH, serum glucose levels, and enzyme
activity. Looking ahead, physiological sigrraisponsive devices may be highly desirable for

the precision treatment of diseases that arecésted with metabolic levefS

Despite remarkable achievements in this area, the field of bioresponsive transdermal delivery
is still in its infancy, and the investigation of these systems remains centenedvivo
preclinical models or early clinical trials. How to achieve sufficient biocompatibility and
complete safety is a critical issue to be solved in future research that is focused on translation
from the bench to clinical ugé&? This work requires a closer investigation bé tresponse

rate of the patches, detailed characterization of the relevant physiological gradients required to
achieve smart and precise release of cargoes, and thorough evaluation of the local and systemic
side effect of such transcutaneous patches. ditiad, mostin vivo experiments use rodent
animal models, and the potential for translation to human studies could be limited by the
loading capacity of general patches. It is essential that thegeagtation of transcutaneous
devices are developed wislufficient loading capacity to match the letegm dosage of the

specific therapeutics.



Table 1.1Summary of recently developed bioresponsive transcutaneous patches.

Sti miMaterial s Mo d e | t he Ref

PVP,se@msitive PLGA n Alexa488 23

p H Pyridine moNtHirfiimeat isyi Oval bumi n 2%°6
Met al, polydopamine, DNA 25
HA, hyspeonxsiiat i ve vesi(lnsulin 2030
HA,O#6ensitive polymelnsulin 31

Gl uc (HA, hypoxi #£; damadenskl nsul i n 32

pol ymer somes

HA, spethsitive dextraian®Pbl 33

1-MT conjugated HA 1I-MT andéDai13’
Enzyr

Heparin conjugated HHeparin 38

1.6 Dissertation Scope and Organization

The aim of this dissertation is to develop bioresponsive drug delivery systems based on
transcutaneous patches of arrayed micronedalitdberapeutic applications. This dissertation

is presented as four separate manuscripts (ChagigmZh a comprehemg introduction
(Chapter 1) highlighting recent advanceshe development and application of bioresponsive
microneedle patches for transdermal drug delivery in ademnand manneA summary that

concludes the primary findings described in ChapterXisoalso provided.

Chapter 2reportsa thrombinresponsive microneedle patch for closeop heparin delivery

to acheve long-termprevenion of coagulationin Chapter 3, we describe a glucdsggered



microneedle patch to locally induce adipose tidswsvning for obesity treatment. Chapter 4
reports a inflammatory signahctivated patch to deliver antibiotic into dermis for enleanc
acne treatment. Chapter 5 describes a gluces@onsive microneedle patch comprised of pH
and BO.-sensitive nanocomekes for selregulated insulin delivery to manage diabetes.
Finally, conclusions were given in Chapter 6 with further discussion, implications of previous
results, and insights in developibgpresponsive drug delivery systems based on microneedle

patchedor therapeutic applications.
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CHAPTER 2 THROMBIN -RESPONSIVE TRANSCUTANEOUS PATCH FOR
AUTO-ANTICOAGULANT REGULATION

2.1 Introduction
Thrombosis, a pathological hemostatic conditibas become one of theading causes of
cardiovasculamortalities andnorbidities worldwide**>** The unwanted itravascular blood
thrombi can cause vascular occlusions, organ damagel severe cardiovascular diseases,
includingmyocardial infarctiorandstroke**’ As a first line of defens@nticoagulantrugs
can prevent and delay the obstruction in blood fibw® Heparin (HP), a common
anticoagulant, is routinely administered to counteract coagulation acti¢&tfomosing
schemes for HP uslly involve daily intravenous administration for weeks to mopths.
Unfortunately, systemic (intravenous) or local (catheter) delivery of anticoagulants remains
difficult for precise anticoagulant regulatiéhUnder or overdosage may lead to dangerous
consequences due to either rapid cleegan the body or bleeding complications that may lead
to spontaneous hemorrhagésvoreover, it is known that the timely delivery of drugs is
critical for cardiovascular patients when an unpredictable attack hapfpehsch makes
sustained protection from pathogenesis imperative. Therefore, a contralezh-demand
drug delivery system, one that enhances therapeutic efficacy while minimizing side effects and

time-to-treatment, is urgently needed for the management of thrombotic dis&xses.

Herein, we report an engineered feedbeahtrolled anticoagulant system based on thrombin
responsive polymedrug conjugateshrombin is a trypsidike serine proteinase that plags
imperative role in blood coagulation systems to produce insoluble fibrin from soluble

fibrinogen®® Recently, thrombinesponsive systems based on the throrol@avable peptide

11



have attracted great attention due to associated high sensitivity and fast respai$§&inate.

our system, a thronnt-cleavable peptide is introduced as a linker during the conjugation of
HP to the main chain of hyaluronic acid (H&)The peptide can be cleaved when thrombin is
activated??®? triggering the releasef alrug from the backbone in a thrombiesponsive
fashion (Figure.1a). The thrombhtesponsive HP conjugated HA (AFRAHP) matrix can be
obtainedvia polymerization under ultraviolet (UV) light treatment. In the presence of the
elevated thrombin concentration, HP can be promptly released from théAHR matrix,
whereas HP is trapped in the matrix and cannot be released without thrombin. The rdReased H
is able to inhibit the coagulation activation by inactivating thrombin, which suppresses the

release of HP from the matrix and minimizes the risk of undesisgbletaneous hemorrhage.

The TRHAHP derivative can be furth@mtegratednto a disposablenicroneedlgMN)-array

based transcutaneous device for potential-kengn autoregulation dflood coagulationThe

micro-size needles on the patch enable convenient administration in a painless t&fher.

66 Owing to the thrombimresponsive property, this MN patch acts as aclbsedo p  fis mar t
device that can be safely inserted in the skin without drug leaking under normal blood
environment, but rapidly responds to an increased thrombin level and releasesponding

dose of anticoagulant drug to prevent the undesired formation of blood clots EidureNe
demonstrate that this fAismarto HP patch can o

in a safe and convenient manner.
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Figure 2.1 (a) Formation and mechanism of the feedbaoktrolled heparin delivery system
based on thrombiresponsive HAHP (TRHAHP) conjugate. (b) Schematic of the -HAHP

MN array patch in response to thrombin. g)vitro accumulated FIT@abeled HP release
from theTR-HAHP hydrogel in several thrombin concentrations at 37 €. (d) Pulsatile release
profile of FITGHP from the TRHAHP hydrogel (blue: w/o thrombin; pink: w/thrombin). (e)
Fluorescence microscopy images of theHRHP hydrogel in thrombin solution at ifuéted

time points. Scale bar: 1 mm. Error bars indicate s.d. (n = 3).
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2.2 Experimental Section

2.2.1 Materials

All chemicals were purchased from Sig#klrich unless otherwise specified and were used
as receivedThrombin cleavable peptide (GGLVPRGSGGC) was ordered GanBiochem

Ltd (Shanghai,China). Heparin withan activity of 212 U/mgvas obtained from Sigma
Aldrich. aPTT, PT, TCT reagents and human plasma were purchasdddlena Laboratories
Inc (Beaumont TA,USA). Human F1+2 ELISA kit was purchased from MyBioSource, Inc
(San Diegp CA, USA). The deionized water was prepared by a Millipore NanoPure

purificat i on system (resisthvity higher than 18.

2.2.2LC-MS analysis of peptide cleavage
Peptide with sequence GGLVPR|GSGGC was incubated with thrombin (1 U/mL) in Tris
buffer (20 mM Tris, 150 mM NaCl, 2.5mM KCI, pH 7.4) for 12 h. The-MS analysisof

intact peptide and cleaved peptide (GGLVPR) was shown uré&y2.

2.2.3 Synthesisf acrylate modified HAf+rHA)

m-HA was synthesizefbllow the previously reported meth8@Briefly, 2.0 g of HA was
dissolved inl00 mL of DI water at #C, to whichl1.6 mL of methacrylic anhydride (MA) was
dropwise added. The reaction solution was adjusted to-pH\Bthe addition of 1 NaOH

and stir at 4°C for 24 h. The resulting polymer was obtained by precipitation in acetone,
followed by washing with ethanol for 3 times. The produetissolved in DI water and the
solution dialyzed against DI water for 2 dagsHA was achieved biyophilization with a

yield of 87.5%. The degree of modification was calculated to be 15% by comparing the ratio
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of the areas under the proton peaks at 5.74 and 6.17 ppm (methacrylate protons) to the peak at
1.99 ppm N-acetyl glucosamine of HA) after germing a standard deconvolution algorithm

to separate closely spaced peakd. NMR (300 MHz, RO, d)-1.96 Im, 8H,
CH2=C(CHs3)CO), 1.99 (s, 3H, NHCOHs), 5.74 (s, 1HCHH?=C(CH;)CO), 6.17 (s, 1H,

CH!H2=C(CHs)CO).

2.2.4Synthesiof HA-Pepconjugates

50 mg ofm-HA was mixed with lethyt3(3-dimethylaminopropyl) carbodiimide (EDT)/
hydroxysuccinimide (NHS) (117 mg/81 mg) for the activation of carbonyl groupsteA in

a pH 5.0 sodium acetic buffer for 30 min at RT, and the unreacted EDC and NH&mweved
using a centrifugal filter (100, 000 Da MWCO, Millipore). Then 30 mg peptide was added to
react withm-HA in a pH 7.4 PBS buffer at RT for overnight. Free peptides were removed

using a centrifugal filter (100, 000 Da MWCO).

2.2.5Synthesiof TR-HAHP conjugates

The carbonyl groups on HRas activated by mixing with EDC/NHS and stirred for 30 min.
Then 1,6diaminohexane was added for another 4 h at RT (pH 8.5). The reactibarsolas
thoroughly dialyzed against DI water for 1 day and followedyoyphilization (Freeze Dry
System, Labconco, Kansas City, MO, USA) to remove the residual water. Fheogifeed
HP was mixed with sulfosuccinimidy-(N-maleimidomethyh cyclohexanel-carboxylate
(Sulfo-SMCC, Pierce) in PBS (pH 7.4) at a molar ratid & for 0.5 h at RT and purified with
a centrifugal filter (10, 000 Da MWCO). Finally, the activated HP and thd”dp conjugates

were mixed in PBS (pH 8.0). After 24reaction at 4C, the obtained TRHAHP was washed
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with water using a centrifugal filtg.00, 000 Da MWCORgand stored at 4C till use. The
elemental analysis of TRAHP was measured using a FEIl Verios 460L fiefdission
scanning electron microscope (FESEM) combined with energy dispersagXicroanalysis.
Fluorescein isothiocyanate (KT} labelled HP was obtained by mix the FITC with HP for 24

h at RT. The free FITC were removed by a centrifugal filter (10, 000 Da MWCO).

2.2.6 Synthesis oNR-HAHP conjugates
The NRHAHP conjugates was prepared by directly mix carbonyl giamivatedm-HA with
the HP derivative in PBS buffer (pH 7.4) for overnight reaction. Free HP was removed by

ultracentrifugation as mention above.

2.2.7 Preparation ofFR-HAHP hydrogel
Crosslinker N,Némethylenebisacrylamide (MBA, w/2%) and photoinitiator (Irgaca 2959,
wiv: 0.2%) were mixed infTR-HAHP solution. After UV irradiation (wavelength: 365 nm) for

60 s, the mixture underwent the crosslinking polymerization to form the hydrogel.

2.2.8In vitro releasestudies

To evaluate théhrombinresponsive characteristics ®R-HAHP hydrogels, the hydrogels
were incubated in Tris buffer (20 mM Tris, 150 mM NacCl, 2.5mM KCI, pH 7.87&C on

an orbital shaketo which various amounts of thrombin were added to reach concentrations at
0,05,and U/ mL. At predetermined time points,
analysis by measuring the emission intensity of FITC at 519 nm with the excitation wavelength

at 495 nm on the Infinite 200 PRO multimode plate reader (Tecan Group Ltitzeavid).
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To access the hydrogel 6s ability to adapt t
TR-HAHP hydrogel was first incubated in Tris buffer witirombin (0.6 U/mL) for 15 min.

At that point, the supernatant was removed and the FITC ityemas measured using the

same method mentioned above. Then the hydrogel was incubated in Tris buffer without
thrombin for another 15 min. This cycle was repeated numerous times.

The release profiles of FIT8eparin from MNs were monitored by immersihg tips of MNs

into Tris buffer with different concentrations of thrombin. At predetermined time points, 100

eL of the medium was taken out, and the f1l uc

same method mentioned above to quantify the releaserdumiokl TC-heparin.

2.2.9 Anticoagulant assays

In vitro Activated Partial Thromboplastin Time (aPTT) assay and Prothrombin Time (PT)
assay were performed to examine the anticoagulant activity ¢iAIRP. Specifically, the
hydrogel (HA, HP, NRHAHP, TRHAHP), human plasma, and aPTT or PT reagent were
mixed together at a ratio of 1:9:10 and incubated 8&3¥7or 3 mi n. Then, 0. 0.
chloride was added to the samples, and the time was recorded for clot formation. For the
Thrombin Cloting Time (TCTassay, the human plasma was first incubated with hydrogel for

3 min at 37°C. Afterwards, the TCT reagent was added into the mixture and the cloting time
was recorded. The hydrogels with and without crosslink were tested seperately for each assay.
To evalate the thrombin reponsiveness of-HRAHP, the hydrogels were incubated with
human plasma for two cycles. Each cycle was performed @@ @ider constant revolution

and avoiding air contact for 3 h. The blood plasma was removed after the frst incubdtion a
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replaced with fresh huamn plasma. After each incubation period, ELISA tests using

commercial kits for prothrombin F1+2 fragment was performed.

2.2.10 Fabrication of R-HAHP MNs

All the MNs in this study were fabricated using the uniform silicone mivtita Blueacre
TechnologyLtdEach needl e had a 300 em by 300 &m
em with a tip di alheneedleswerd arranged in a 2020 a@ray avith.600

€ m -to-tipospacing. To fabricatéR-HAHP MN, TR-HAHP solution with MBA (w/v=2%),
photoinitiator (Irgacure 2959, w/v=0.5%) was first deposited by pipet onto the MN mold
surface {00 ¢ L/ &hem,racjd$ were placed under vacuum (600 mmHg)2@min to

allow the solution filled the MN cavities and became maoseose Afterwards the covered
molds were centrifuged using a Hettich Universal 32R centrifuge for 20 min at 2000 rpm.
Finally, 3 mL premixedN,Ndmethylenebisacrylamide (MBA, w/\2%), photoinitiator
(Irgacure 2959, w/v 0.5%) andm-HA solutionw/v: 4%) was added into the prepared
micromoldreservoirand allowed to dry at®C under vacuumdesiccator After completely
desiccation, the MN patch was carefullgtacled from the silicone mold and underwent the
crosslinking polymerizatiorvia UV irradiation (wavelength: 365 nnat an intensity of 9
mW/cn¥) for 30 s The resulting MNarray patches were stored in a sealed six well container
for later study. The morphology of the MNs was charactenzaa FEI Verios 460L field

emission scanning electromcroscope.
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2.2.11 Mechanicadtrengthtest
The mechanical strength of MNs was measured by pressing MNs against a stainless steel plate.
The speed of the top stainless steel plate movement towards ttaer®8Npatch was ém/s.

The fractureforce of MNs vas recorded as the needle began to buckle.

2.2.12 Skin penetration efficiency test
The MN-array was applied to the back of the mouse skin for 30min. afivanized by C®
asphyxiation the skin was excited and stained with trypan blue for 30 min fogingaby

optical microscopy (Leica EZ4 D stereo microscope).

2.2.13 Biocompatibilityanalysis

To evaluate the biocompatibility of the M&tray patches, mice were euthanized by, CO
asphyxiation and the surrounding tissues were excised aHsp@MN admiristration. The
tissues were fixed in 10% formalfor 18 hand then embedded in paraffin, cut into&on
sections, and staineginghematoxylin and eosin (H&E) and fluorescent TUNEL staining for

histological analysis.

2.2.14In vivothrombosis model

Pulmonary thromboembolism in mice was induced follow the liter&fitfeBriefly, female

CD-1 mice (Charles Rives, Raleigh, NC, USA), weighing280y were used.he animal study
protocol was approved by the Institutional Animal Care and Use Committee at North Carolina
State University and University of North Carolina at Chaih. Mice were caged and fed a

regular diet for at least one week before use. Eigbe for each group were selectat pre
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administered with the drugs (HA MN, HAHP MN, NRAHP MN, TR-HAHP MN) for tests

(HP dose: 5 U/patch). The thrombotic challengeswduced by the rapids. injection of 0.2

mL of bovine thrombin solution (1000 U/kg) into the mouse tail vein. The cumulative end
point to be overcome was the immediate death of the animal or prolonged paralysis of the hind
limbs (for more than 15 minYhe total duration of each experiment was 15 min. The animals
which did not die within this time were sacrificed by exposure te &@ will be recorded as
survivors. No anesthesia was used during the experiment because of the short duration and
becaus@nesthesia has been reported to interfere with thromboembolism in this’FArsitiet.
sacrifice, the lungs of mice were collected, fixed, and sectioned for H&E stamihgbserved

by optical microscopy.

2.2.15Tail bleeding test

For safety test of the TRAHP MN in vivo, 5 mice (hale C57B6, Jackson Lab, U.S)An

each group were pretreated with different MN patches (with a dose of 200 U/kg HP) and then
placed on a 3€ heating pad. AboutP4 mm from the tip of the mot
diameter), a cut was made with a disposable surgical blade. After transection, the tail was
immediately placed in a 5@l falcon tube filled with 37 € saline. The bleeding timeas

recorded up to 30 min, red blood cells were counted in each collected blood sample.

2.2.16 Statistical analysis
All results presented are Mean N SD.tte§t at i st
or ANOVA test. With aP value < 0.05, the differences between experimental groups and

control groups were considered statistically significant.
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2.3 Results and Discussion

2.3.1Preparation and characterizatiortlmfombinresponsive heparin hydrogel

To achieve the stimulriggered heparin delivery, a thrombin cleavable peptide with a
sequence of GGLVPR|GSGGC, was introduced as a linker to obtain th¢AHR. The
cleavage of the peptide by thrombin was verified by liquid chromatography mass spectrometry
(LCMS) analysis, which sheed that the peptides were efficiently cleaved afterh12
incubation with 1 U/mL thrombin in Tris buffer (20 mM Tris, 150 mM NaCl, 2.5mM KCI, pH
7.4) (Figure2.2). To prepare the HRIAHP, the cleavable peptide was first conjugated to the
methacrylatedHA (m-HA) through the formation oA n  a mi dTéenbHP rwds further
covalently bound to the cysteine residue of the peptide to obtain theAHP. In the presence

of the activated thrombin, the short peptide can be selectively recognized and cleaved between
Arg (R) and Gly (G) to achieve specific HP reles€he successful conjugation of HPrte

HA was evidenced by the elemental analysis and the increase in molecular weight from 314 to

606 kDa (Table.1).

Table 2.1 Elemental analysis ofrHA, HP and TRHAHP.

Percent (%) C O N S

m-HA 45.840.5 35.3#0.4 3.848.5 0.740.2
HP 26.240.4 39.148.5 1.440.4 17.1460.5
TR-HAHP 49.740.5 27.580.4 7.849.5 8.610.4
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Figure 2.2LCMS spectra of peptide (a) before and (b) after thrombin cleavage.

In order to examine the effect of thrombin in the-ARHP based system, a TIRAHP
hydrogel was prepareda photepolymerization (Figure.3). The prepared hydrogels were
incubated in thembin solutions with different concentrations (0, 0.5 and 1 U mL), and the
release kinetics were obtained by measuring the fluorescence intensity efabEl€d HP.

As shown in Figure.1c, the release profiles presented a high dependence on the thrombin
level. The TRHAHP hydrogel quickly responded to the relative higher thrombin concentration
(1 U/mL), and released most of the conjugated HP within 20 min, allowing for a fast action of
the drug under urgent clinical situations. In contrast, the hydrogelstable in the buffer
without thrombin for up to 12 h (Figulc and2.4). Furthermore, a pulsatile release pattern
was observed when the THRAHP hydrogel was alternately exposed every 15 min for several

cycles to solutions with and without thrombinidire 2.1d). The hydrogel performed the
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repeatable and sustained release of HP, corresponding to the presence or absence of thrombin.
Additionally, the release process was monitored in real time by fluorescence wjgr.04s
demonstrated in FigureI®, he cleaved FITEHP gradually diffused through the crdssked
hydrogel after the addition of thrombin, while the hydrogel maintained its original structure
during the release period. In contrast, there was insignificant fluorescence signal detected in
thebuffer without thrombin after 12 h (Figu2et). To further confirm the thrombiresponsive
release, a neresponsive HHHA conjugate without the thrombisensitive peptide (NR
HAHP) was synthesized directijaah et er o b i f u maga negatveahtroll Fromk e r
the fluorescence images and release profiles of theHNRP hydrogel incubating with
thrombin solutions, it was demonstrated that HP could not detach from the HA matrix without
the degradation of the thrombksensitive peptide (Figur.4 and2.5). Collectively, these
results suggested that the thrombpecific activation feature of the TRAHP is attributed to

the incorporation of the cleavable peptide unit.

Figure 2.3 Photographies of TRIAHP gel before (left) and after (right) UV irradiation.
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Figure 2.4 Fluorescencenicroscopy images of thER-HAHP andNR-HAHP hydrogels in
thrombin solutions at indicated time points.
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Figure 2.5 Release profiles of HP from FRAHP and NRHAHP hydrogels in different
concentrationshrombin solutionsespectively Error bars indicate s.d. (n=3).
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2.3.21n vitro anticoagulantegulation evaluation

To validate thein vitro anticoagulant regulation ability of FRAHP, the activated
thromboplastintime (aPTT) and prothrombin time (PT) were measured to determine the
anticoagulant potency of different samples, including the empty HA hydrogel, HA hydrogel
containing free HP, TRIAHP gel, and NRHAHP gel by incubation with human plasma. The
activated thromhoplastin time measurement is commonly used for the evaluation of the
intrinsic pathways of blood coagulatiéh’? while the PT measuremeis a test for the
evaluation of extrinsic pathways in clinical medicideéntithrombin Ill, a natural thrombin
inhibitor, can inactivate thrombiwia forming a covalent enzyme complex with thromb®
Since it has a specific heparin bindisite proximal to the pentasaccharide, the inactivation of
thrombin by antithrombin 1ll can be promoted by nearly three orders of magnitude in the
presence of heparf§’’ As shown in Figure.6a and b, compared with the healthy human
plasma treated with empty gel, both-FHFRAHP and NRHAHP solutions prolonged aPTT and
PT by up to 100 s. Thegeolonged aPTT and PT can be attributed to thetemxce of heparin
based on an antithrombidependent mechanisfh.However, once crodinked by UV
irradiation, the NRHAHP gel could not inhibit the coagulation while the-HRAHP gel still
showed a remarkable increased in the aPTT and PT levels, indicating the thspebfic
release of HP from the TRAHP gel.We further evaluated the anticoagulant capability of the
TR-HAHP via a thrombin clotting time (TCT) assay, which is commonly performed on
patients for diagnosis of coagulopathy by adding thrombin to citrated plasmaarding the

time when a stable clot is formédConsistent with the aPTT and PT results, TCT was

significantly delayed in the presence of the-FIRHP gel (Figure2.6c).
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Figure 2.6 In vitro anticoagulant capacity of the TIRAHP hydrogel. (a)n vitro analysis of

the activatedhromboplastirtime (aPTT) of untreated (HA), HP treated, roosslinked, and
crosslinked TRHAHP or NRHAHP treated plasma. (b) Prothrombin time (PT) tests of
plasma incubated with HA, HP, TRAHP, and NRHAHP hydrogels. (c) Thrombin clotting

time (TCT) of plasma added with various hydrogels. (d) Concentrations of F1+2 fragment after
each incubation period (3 h) indicates that only theHAP hydrogel can effectively
suppress the thrombin generation during the second incubation. Error bars indi¢ate 8)d
Encouraged by the above findings, we further incubated the hydrogels with human plasma
twice with 3 h foreach incubation cycle to examine the-seljulation ability of the TRHAHP.
Thrombin formation in plasma was determined by the level of the prothrombin F1+2 fragment,
which is cleaved from prothrombin during the activafidithe coagulation activation levels

of the TRHAHP hydrogel versus neresponsive gels (HP and NFRAHP) were r@orted in
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Figure2.6d. A high level of F1+2 was detected in the plasma incubated with the control groups
(HA and NRHAHP), while both HP gel and the TRAHP gel effectively inhibited
coagulation activation in the first incubation cycle. In the presendRdéiAHP hydrogel,

plasma was protected from clotting over both investigated periods, whereas plasma in contact
with the HP hydrogel could only prevent coagulation in the first incubation cycle due to the
burst release of HP from the gel during the incdmatirhe thrombin responsiveness of the
TR-HAHP enabled the controlled and repeatable HP release from the system, as less HP was
released once thrombin was inhibited by therpieased HP. The remarkable difference in
F1+2 concentrations between plasmazubated with the HP gel versus the-HRHP gel
confirmed that the feedback system could inhibit coagulation over a long time period, as

expected.

2.3.3 Fabrication and characterizatiortlwiombinresponsiveMN s

To achieve a functional form that enablesntess and convenient HP delivery, we next
fabricated a TRFHAHP MN-array patch to assess letegm anticoagulant regulation. Briefly,

the TRHAHP solution mixed with the crossmker MBA and a photoinitiatowas first loaded

into the tip region of a silane MN-mold by centrifugation. The cro$isked HA-based matrix

enhances the stiffness of the MNs (Figrg) for efficient penetration through the skins

well as restricts the loss of the FHRAHP from the MNs. The MMarray contains 400 needles

ina 121 12 mnt patch with a 60& m terdoacenter interval (Figure.8a). Each MN was

of a conical shape, with 300 em in 28)ameter

The fluorescence image in FigureBRB displayed a crossectional view of the MN with a
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rhodaminelabeled mHA matrix and FITCGlabeled TRHAHP loaded in MN tips with a

homogenous distribution.
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Figure 2.7 Mechanical behavior of one TRAHP MN.
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Figure 2.8 Fabrication andn vitro characterization of the TRAHP MN array patch. (a)
Photos of the MNs array. Scale bar: 1 mm. (b) A fluorescence microscopy image of rhedamine
labeled MN loaded with FITdabeled TRHAHP. Scale bar: 200 pm. (c) A SEM image of
MNs. Scale bar: 200 pm. (d)Wsatile release profile of FITEIP from the TRHAHP MNs.

(blue: w/o thrombin; pink: w/thrombin). (e) Selgulated FITGHP release from MNs in
different thrombin solutions. Error bars indicate s.d. (n = 3).

The obtained TRHAHP MNs exhibited thrombimesponsive performance similar to the-TR
HAHP hydrogel. As shown in Figur28d, a repeatable release profile of HP was observed
corresponding to thrombin levels, which may further enable prolonged thronduisted HP
delivery. In addition, a tunable release kinetics can be achieved by varying the incubating

condition (Figure2.8e). A maximum of a 15:fbld increase in the HP release rate was

observed in 20 min once exposed to thrombin solution (0.6 U/mL). limasonthe free HP
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loaded MNs exhibited a burst release in the Tris buffer even without thrombin, but an

insignificant amount of HP was released from the N#RHP MNs.

2.3.41In vivostudies in a thrombolytic challenggousemodel

To further evaluate thegpential clinical relevance for the treatment of-lifigeatening acute
thrombosis, we next verified the anticoagulant capacity of theHARP in a thrombotic
challenge modél® The CD1 mice were randomly divided into five groups (n=8), with one
group intravenouslyi{.) injected with heparin solution and four groupanscutaneously
administered with different samples: 1) the empty HA MN made of only -tirdesd m-HA,

2) the HA MN encapsulating free HP (HP MN), 3) the-HHRHP MN and 4) the NRHAHP
MN (HP dose: 200 U/kg). The MNs could penetrate the mouse skin effyciastevidenced
by the hematoxylin and eosin (H&E) and trypan blue staining of theifdated tissue (Figure
2.9a), which allowed the MN tips to be exposeth®blood fluid in vasculacapillary network
for reattime sensing and rapid response. The tesmisnicrochannels in the skin were quickly

recovered 4 h post MN injection (Figuzel0).

30



—HPiv.
----- HP MN
- --- TR-HAHP MN

—HPiv.
——HAMN 80f
-=---HP MN

----- TR-HAHP MN
--=-= NR-HAHP MN

20

5 10 15 0 5 10 15
Time (min) Time (min)
d) HA MN HP MN TR-HAHP MN NR-HAHP MN
¥ogaZT i :\‘ h"
Mﬂ _.ﬂ“&- -..\w
s E L [ i DERED o U,m’“"" v A
N el Ve ;) Vo N\
S wanen A0S A w2

Figure 2.9 In vivo studies of the TRHAHP patch for thrombosis prevention. (a) Photograph

of a mouse transcutaneously administered with the MN array patch H&E-stained
microscopy image of mouse skin penetrated by one MN (right top) and the image of the trypan
blue staining (right bottom) showing the penetration of the MN patch into the mouse skin.
Scale bars are 100 ym and 1 mm, respectively. (b) Kapianer survival curves for the mice
challenged with thrombin injection. Each group was-tpeated with HPi.v. injection or
different types of the MN patch (HP: 200 U/kg). Shown are eight mice per treatment group. (c)
Kaplari Meier survival curves for thrombatichallenge mouse model 6 h post MN treatments
(HP: 200 U/kg). Shown are eight mice per treatment group. (d)-bt&iaed sections of mouse

skin tissue at the MNreated sites. Scale bar: 100 pm. (e) Immunofluorescence images of
mouse skin tissue stainedtwiTUNEL assay (green) and Hoechst (blue). Scale bar: 50 pm.

4 h
Figure 2.10 Skin puncture marks & 1, 2and 4 h postreatmentScale bar: 2 mm.
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Each mouse wasy. injected with thrombin (1000 U/kg) to induce an acute thromboembolism,
which can lead to mortality in ~ 92% of mitledeparin solution waisv. injected into the mice

before thrombosis induction. The MN patches wereggministered on the dorsum skin of

the mice 10 min before the challenge to be tested.nithals with empty HA MN or the NR

HAHP MN died within 15 min after the injection of thrombin, whereas all mice survived with
the treatment of HP MN or TRIAHP MN (Figure2.9b) during the 15 min. The significantly
enhanced survival rate implied fast andicg#ht HP release from the TRAHP MN in
response to increased thrombin, which protected the mice from the thrombolytic risk. Through
FITC labeled heparin, thén vivo release triggered by thrombin was also verified by
fluorescence microscopy (Figu?ell). In a further step, we also examined the survival rate 6

h post administration of MN patches and hepa
mice treated with the HP MNs ov. injection of heparirdied as a result of the short hafé

of HP (~ 1 h) (Figure2.9¢)® The increased mortality rate Glst administration of HP MNs
suggested that the burst release of HP was not able to ensure protection from thrombotic risk.
Contrary to the behavior of HP MN, the FHRHP MN maintained its function of
articoagulation and protected the animals from death. The superior anticoagulant capacity of
TR-HAHP MN was also evidenced by H&E staining of lung sections. There were insignificant
differences observed in the lung of mice treated withRHARP MN compared wh healthy

mice (Figure2.12 and2.13); but intravascular and interstitial hemorrhage, blocked blood
vessels, and atelectasis were observed in the challenged groups 6 h post administration of HP
injection or HP MN (Figure.13). These data indicate thaetktimulustriggered feature of

the TRHAHP system enables its potential application in-adiinistered therapy.

32



TR-HAHP MN

NR-HAHP MN

Figure 2.11 Representative images BITC-labeled TRHAHP MNs and NRHAHP MNs
inserted intomice skins after injection of thrombifl000 U/kg). The white dashed line
indicates the boundary of the injected MN.
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Figure 2.12Histological observation of the lungs of the mice treated with HA, HPHARP
and NRHAHP MNsafterchallenge of thrombirSc al e bar : 100 & m.
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Figure 2.13 Histological observation of the lungs of ttiteombotic challengenice 6-h post
treatmentwith HPi.v. injection,HP MNs andTR-HAHP MNsSc al e bar : 100 ¢
To further investigate the biocompatibility of the Miday patches, the mouse skin
surrounding the MNreated area wasxcisedor histological analysis after 24ddministration.

The pure HA MN was regarded as a negative control, which exhibited high biocompatibility
as observed in the H&E stained histological images (Figu®d and Figure.24), whereas
obvious damage was olrged in the skin treated with HP MN. The H&E images indicated
neutrophil infiltration and a severepathophysiological respondsecause the HP caused
subcutaneous bleeding. On the contrary, there were insignificant lesions att?#EHARMN
treated site bewise no HP leaked from the MN in the absence of thronMbameover,as
presented irthe skin tissues stained with tire situ TUNEL assay obviouscell apoptosis
occurredin the skin treated withiP MN, while no significant cell deattvas observeth the

skin treated with th@ R-HAHP MN, NR-HAHP and pure HA MN (Figur@.96. Finally, the
TR-HAHP MN avoided unwanted bleeding due to the locally generated, and considerably
lower levels of activated thrombin at the sealing of the major wotiifisshich could not be

sensed by the MNs in the treated subcutaneous tissue (BifG)é°
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Figure 2.14. H&E-stained skin sections administered HA, HP,-HHRHP and NRHAHP
MNs (from left to right) with surrounding tissues 24 h postadministration of theahi®y

patch. Scale bar: 100 &m.
a) 1s00 b) 1500
n.s. n.s.
,—,* off scale
1800 fF---—— - - - - = - - - = - — = — - — | 1200 |
=z 2 —*
(0] -
o
E 1700} 2 w00k
j=2) s
£ - L = =
i 5
£ 400 g
= O 200}
= 2
200 100k
0 0
HA HP  TR-HAHP NR-HAHP HA HP  TR-HAHP NR-HAHP

Figure 2.15(a) Tail transection bleeding time and (b) amounts of red blood cells from the tail
wound of animals pretreated with empty HA MN, HP MN,-HRHP MN, and NRHAHP

MN. Error bars indicate s.d. (Bx

2.4 Conclusion

In conclusion, we developed a thromip@sponsive patch for autegulation of blood
coagulation by integrating a TRAHP matrix with a MNarray. The thrombhtleavable
peptide unit enabled thrombsgpecific activation of drug release from the system withte
highly dependent on the thrombin concentration. More importantly, it enabled feedback
controlled anticoagulation therapy with minimized risk of evarunderdosage. Tha vivo
studies in a thrombolytic challenge model demonstrated effectivetéongprotection from

acute pulmonary thromboembolism. Taken together, this work provides a platform for
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designing closedbop based drug delivery systems for the treatment of intravascular diseases
according to levels of related biomarkers. Moreover, thegration of MNs with stimui

responsive drug carriers extends the administration methods of therapeutics.
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CHAPTER 3 LOCALLY -INDUCED ADIPOSE TISSUE BROWNING BY
MICRONEEDLE PATCH FOR OBESITY TREATMENT

3.1 Introduction
Obesity has been classified asliaease by the American Medical Association in 2013 and
recognized as one of the most serious public health problems in ftee@uryassociated
with rapid global socioeconomic developm&hDbesityassociated disorders such as tgpe
diabetes, cardiovascular diseases, and cancer, have become a global thueetntdvealth.
Particularly in the United States, more than-tmed of the adult population is obese, and the
prevalence is going to soar in the next dec&ti€urrent treatments toward obesity include
restriction of calorie intake by diet programs, promoting energy expenditure through physical
exercise, pharmacologiciierapy, as well as bariatric surgeries and liposuéfigfHowever,
most therapeutics come with undesired side effects on human organs such as gastrointestine,
liver, and kilney®¥°° and surgeries have high risksTherefore there is an urgent requirement

to exploit effective treatments for obesity.

Recent studies have revealed a crucid af brown adipose tissue (BAT), a primary heat
generation organ, in energy expenditure in mamtdfsit is known that the white adipose
tissue (WAT) stores exceededeggy as triglycerides, leadj to overweightwhereas BAT
dissipates energy by producing heat through nonshivering thermogenesis, which may facilitate
the suppression of obesityThe transformation of WAT into BArovides an alternative
approach for the treatment of obesity and related metabolic disorders, which has garnered
increasing attention in the past dec&f&.A variety of genes and pathways that regulate

adipocyte developmeritave been identifiedf: °® However, numerous browning agents that
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canpromotdi br owni ngo on WAT face chall enges in

side effects on other organs as a result of broad targeting sp&&tftim.

In this chapterwe report a locally induced browning technology that based on a degradable
microneedle (MN) patch consisted of didogded nanoparticles (NPs) and crosslinked matrix
(Figure 3.1). Rosigldgzone (Rosi) or CL 316243 was loaded in the NPs as the model browning
agents®> The NPs can be furthertegratednto a microneedIl¢MN)-array based tradsrmal
device forsustained drug deliveigto subcutaneous adipose tissliee MN patch provides a
localized, convenient, and painless administration methi8d> 1% In a mouse model, we
have demonstrated that this MN patch can offer local delivery of browning reagersdafen a
and effedve manner for inhibition of adipocyte hypertrophy and the consequent improvement

of metabolism.
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Figure 3.1Schematic illustration of the browning reagelmaded transcutaneous MN patch.
Nanoparticles (NPs) encapsulating rosiglitaz@Resi), glucose oxidase (GOx), and catalase
(CAT) are prepared from plensitive acetainodified dextran and coated with alginate. NPs
are further loaded into the microneedlgay patch made of crosslinked hyaluronic acid (HA)
matrix for the brown remodielg of the white fat.

3.2 Experimental Section

3.2.1 Materials

All chemicds were purchased from Sigp#ddrich unless otherwise specified and were used
as receivedRosiglitazone was ordered from Abcam (Cambridge, MA). CL 316243 was

purchased from Cayman Chemical (Ann Arbor, Mihe deionized water was prepared by a

MillippreNanoPur e purification syste®W. (resistivit
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3.2.2Synthesis of pendant acetabdified dextranrfrdextran)

1.0 g of dextranNIn = 9~11kDa) was added to a flardéed roundbottom flask and purged

with nitrogen. 10 mL of anhydrousrdethyl sulfoxide (DMSO) was added to the flask and
stirred until complete dissolution of the dextran. Pyridinijpttoluenesulfonate (PPTS, 15.6

mg, 0.062 mmol) was added to the solution followed by the additioretifékypropene (4.16

mL, 37 mmol). The raction mixture was purged with nitrogen and sealed with parafilm to
prevent reactant evaporation. The reaction was stirred at room temperature for 30 min, and
then quenched by the addition of 1 mL of triethylamine. The mixture was then precipitated and
wadhed three times in basic water (p8) to prevent undesired degradation and collected by
centrifugation at 8000 rpm for 15 min. The product was lyophilized to obtain white Bdlid.
NMR (DMSO-ds, 300 MHz, U p p@Ghy); 1.3Q (M1 O(Eis)2)m3.40 (@,C H

OCH2CHa), 3.553.85 (br, dextran &£H ~ Cs-H), 4.88 (br, dextran £H)

3.2.3Preparation of rosiglitazodeaded dextran nanopatrticles

Dextran nanoparticles were prepared by an improved double emulsion method as reported
before'® Briefly, 5 mL dichloromethane (DCM) containing 200 mgrofdextran and 20 mg

Rosi was emulsified with 0.5 mL of aqueous solution containing 3.5 mg of enzymes (weight
ratio of glucose oxidase to catalase 4:1) by sonication for 45 cycles (1 s each with a duty of
40%). Theresulting primary solution was further poured into 25 mL of 1% alginate aqueous
solution Mv = 1.6X10° Da) for another 4%ycle sonication. The double emulsion was
immediately transferred into 150 mL of 0.2% alginate and stirred at room temperatute for 2

to evaporate DCM. Afterward, nanoparticles were collected by centrifugation at 10000 rpm

and washed with distilled water three times. The loading capacity (LC) and encapsulation
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efficiency (EE) of Rosi were determined measuring the UWis absorption bthe released

Rosi from nanoparticlesising a Nanodrop 2000C spectrometer (Thermo Scientic)
absorbance 317 nm. LC and EE were calculated as LC = B/C, EE = B/A, where A was expected
encapsulated amount of Rosi, B was the encapsulated amount of Rosi, and C was the total
weight of the particles. Particle size and polydispersity intensity wersureghby dynamic

light scattering (DLS). The zeta potential of the NPs was determined by their electrophoretic
mobility using the same instrument after appropriate dilution in DI water. Measurements were
made in triplicate at room temperature. NPs morgiolas investigated by BEI Verios

460L field-emission scanning electron microscgpESEM).

3.2.4In vitro releasestudies

The in vitro release profile of Rosi from dextran nanoparticles waaluatée through

incubation of nanoparticles in 1 mL of PB8fter (NaCl, 137 mM; KClI, 2.7 mM; NP Qy,

10 mM; KH:PQy, 2 mM; pH 7.4) aB7°C on an orbital shaketo which 100 mg/dL glucose

was added to reach normoglycemic level in human batypredetermined time points, the

sample was centrifuged (10000 rpm, nmi and 10 €L of the supern

analysis by measuring the W's absorbance at 317 nmaing a Nanodrop 2000C spectrometer

3.2.5 Fabrication abrowning agenMN patch

All the MNs in this study were fabricated using the uniform silicone molds from Blueacre
Technology Ltd. Each needle had a 3080&em by
em. The needl eqllwldarer ay r \&intgte-tospadiny. Eariabticate

a nanoparticldoaded microneed]ehe prepared nanopartickeispensionvas first deposited

41



by pipet onto the MN mold surfac80 € L / &hem,raold} were placed under vacuum
(600 mmHg) for5 min to allow the solution filled the MN caiass. Afterward the covered
molds were centrifuged using a Hettich Universal 32R centrifugd@anin at 2000 rpm.
Finally, 3 mL of premixed\,N&dmethylenebis(acrylamide) (MBA, w/2%), photoinitiator
(Irgacure 2959, wi/v 0.5%) andmHA solutionw/v 4%) was added into the prepared
micromold reservoir and allowed to dry a@@ under vacuum desiccatonm-HA was
synthesized following the previous reported metflodfter complete desiccation, the MN
patch was carefullydetacked from the silicone mold and underwent the ciivdsng
polymerizatiorvia UV irradiation (wavelength: 365 nat an intensity of 9 mw/cffor 30 s
The resulting MNarray patches were stored in a sealed six well container for later study. The
morphology of the MNs was characterizeéd a FEI Verios 460L fieldemission scanning

electron microscopé~ESEM)

3.2.6 Mechanicadtrengthtest
The mechanial strength of MNs was measured by pressing MNs against a stainless steel plate.

The speed of the top stainless steel plate movement towards taer®Noatch was dm/s.

3.2.7 Skin penetration efficiency test

After administered with the MMrray on skimat the inguinal site, mice wesuthanized by
CO, asphyxiationand the skin was excited and stained with trypan blue for imaging by optical
microscopy (Leica EZ4 D stereo microscope). To evaluate the biocompatibility of the MN

array patches, the tissuansples were fixed in 10% formalin for 18 h and then embedded in
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paraffin, cut into 50 em sections, and st

histological analysis.

3.2.8In vivobrowning studies in lean mice

Eightweek oldmale C57BL/6 mice ordedefrom Charles River (Raleigh, NC) or the Jackson
Laboratory were used.he animal study protocols were approved by the Institutional Animal
Care and Use Committee at North Carolina State University and University of North Carolina
at Chapel Hill, or by te Columbia University Animal Care and Utilization Committigkce

were caged at 22+ with free access to water and regular chow diet on la light/dark
cycle. Mice were given least 1 week adaption before experiments. Thoepsgof animals
(n=6) were treated with empty HA MN patch (EV), Rosi-MBded MN patch (10 mg/kg)
(Rosi), or CL316243 Nfvaded MN patch (1 mg/kg) (CL) respectively on inguinal regions
every 3days.For indirect calorimetric studies, mice were subjectetti¢ Comprehensive Lab
Animal Monitoring System (CLAMS).Metabolic activities were monitored duringeth
treatment, including oxygen consumption, food intake, locomotor activity and body weight.
Six days post administration, animals were sacrificed andinaf adipose tissues were
collected for histological and RNA analysis. Interscapular BAT and epididymal WAT were

weighted.

3.2.9Browning MN patch treatments on diet induced obesity (DIO) mice
Male C57BL/6 mice were fed on a HFD (60% kcal from fat) farg&ks to induce obesity and
insulin resistance. Three groups with five mice for each group were treated with empty HA,

Rosi (10 mg/kg), or CL316243 (1 mg/kg) through a transdermal patch on one side of the
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inguinal areas under isoflurane anesthéd®. oher side of inguinal tissue of each mouse was
administrated with an empty HA microneedle patch. The patch was changed every 3 days for
4 weeks. Body weight was monitored during the treatment pértaelglucose tolerance test

was performed in me 3weeksposttreatment. The mice weradted for 16 h (overnight)
before glucose administration. The mice were intraperitoneal injected with glucose at 2 g/kg
diluted in PBS and blood glucose levels were monitored over time. At the erndeafké MN
treatment, thenimals were euthanized by €@sphyxiation, and adipose tissues (inguinal
WAT, epididymal WAT, and interscapular BAT) were collected for analyses. The skin tissues

around the treated areas were also collected for biocompatibility evaluation of MN patches

3.2.10RNA analysis

RNA was extracted from tissues or cells by combining TriZol reagent and NucleoSpin RNA

kit with DNase | digestion (Machere&yagel ) f ol |l owi ng manufacture
RNA was used to synthesize cDNA by using the Highacity cDNA Reverse Transcription

kit (Applied Biosystems). Quantitative rei@ine PCR (QPCR) were performed on a Biad

CFX96 RealTime PCR platform by using the GoTag qPCR Master Mix (Promega). Relative
gene expressions wer e hodanthcQydlophilire A (cultuyed aelis) n g o«

or RPL23 (tissues) as the reference gene. Primer sequences are listed in Table 3.1.



Table 3.1Q-PCR Primer sequences.

Genes Q-PCR Primer sequences
Adipsin Forward: CATGCTCGGCCCTACATGG
Reverse: CACAGAGTCGTCATCCGTCAC
Adiponectin Forward: GCACTGGCAAGTTCTACTGCAA
Reverse: GTAGGTGAAGAGAACGGCCTTGT
aP2 Forward: ACACCGAGATTTCCTTCAAACTG
Reverse: CCATCTAGGGTTATGATGCTCTTCA
Cidea Forward: TGCTCTTCTGTATCGCCCAGT
Reverse: GCCGTGTTAAGGAATCTGCTG
Cox7al Forward: CAGCGTCATGGTCAGTCTGT
Reverse: AGAAAACCGTGTGGCAGAGA
Cox8b Forward: GAACCATGAAGCCAACGACT
Reverse: GCGAAGTTCACAGTGGTTCC
Cyclophilin A Forward: TATCTGCACTGCCAAGACTGAGTG
Reverse: CTTCTTGCTGGTCTTGCCATTCC
Dio2 Forward: AGAGTGGAGGCGCATGCT
Reverse: GGCATCTAGGAGGAAGCTGTTC
ElovI3 Forward: CCAACAACGATGAGCAACAG
Reverse: CGGGTTAAAAATGGACCTGA
IL-6 Forward: TTCCATCCAGTTGCCTTCTT
Reverse: ATTTCCACGATTTCCCAGAG

45



Table 3.1 Coutinued

Perilipin

Ppargl

Pparg2

Prdm16

Resistin

Rpl23

Ucpl

Forward: GGCCTGGACGACAAAACC

Reverse: CAGGATGGGCTCCATGAC

Forward: CCCTGCCATTGTTAAGACC

Reverse: TGCTGCTGTTCCTGTTTTC

Forward: AGAAGCGGTGAACCACTGAT

Reverse: GAATGCGAGTGGTCTTCCAT

Forward: TCTGGGAGATTCTCCTGTTGA

Reverse: GGTGGGCCAGAATGGCATCT

Forward: TGGCCTTCATCACCTCTCTGAA

Reverse: TTTCTGATCCACGGCTCCTGTGA

Forward: AAGAACCTTTCATTTCCCCTCCT

Reverse: GTCCAGCAATTTAAGCCAATGTT

Forward: TGTCGAATTACCACTGCTGG

Reverse: CTGTGAAGGGAATCAAGGGA

Forward: ACTGCCACACCTCCAGTCATT

ReverseCTTTGCCTCACTCAGGATTGG

3.2.11 Statistical analysis

All results were presented as Mean £+SEM or Mean £SD. Statistical analysis was performed

usi ng

S-test. dveghngp valise < 0.05, the differences between experimental groups and

control groups wereonsidered statistically significant.
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3.3 Results and Discussion

3.3.1Synthesis and characterization of Rlesided NPs

The degradable NPs were prepared using ansaiditive dextran derivative by a double
emulsion method® The acidsensiive dextran was synthesized through conjugation with
ethoxypropeneia an acidcatalyzed reaction, which rendered the derived dextnesfeiktran)

with 89% substitution of hydroxyl to pendant acetals (Figure 3.2). Rosi, an agonist of
peroxisome proliferateactivated receptor gamma (PP#Rhas been reported to stimulate
adipose tissue transformation by upregulating uncoupling proteins, VEGF, and angiepoietin
like 419519 We encapsulated Rosi in the dextran NPs for WAT browning. Two enzymes,
glucose oxidase (GOx) and catalase (CAT), were introduced into the system to generate acidic
envirorment under the physiological glucose concentration. The GOx is able to convert
glucose to gluconic acid to decrease the locafpihile the CAT helps consume undesired
hydrogen peroxide produced during the G@edicated enzymatic reactié¥:1%® The
resulting NPs had spherical shapes with monodisperse distribution as shown in the scanning
electron microscopy (SEM) image (Figure 3.3e). The hydrodynamic particle size was around
250 nm as determined by dynamic light scattering (DLS) (Figda) 3The NPs had a loading
capacity of 5.2 wt % and encapsulated efficiency was around 55%. To monitor the release
kinetics of Rosi, the NPs were incubated in the PBS buffer containing glucose at a
normoglycemic level (100 mg/dL) in the human body. Thieae,NPs gradually disassociated

in the enzymenduced acidic environment, triggering the encapsulated drug release (Figure
3.3b). The NPs with GOx gradually degraded in 3 days according to the reduction of the UV
absorbance at 400 nm (Figure 3.3d), andssgbently released the embedded drug (Figure

3.3c, e). On the contrary, insignificant drug was collected from the NPs without GOx.
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Figure 3.3Fabrication and characterization of browning reagent microne¢a)@se average
hydrodynamic sizesf Rosi NP=etermined by DLS(b) Relevant pH changes of dexirBlPs

with or without GOx in PBS buffer in the presence of 100 mg/dL glucose. (n¥B) Ydro
accumulatedRosirelease from thacid-degradable dextran NPs (w/ or w/o GOX) in PBS buffer
containing 100 mg/dL glucose at°87 (n=3) (d) UV absorbance of N§suspensionfugo nm.

(n=3) (e) SEM images of Rosi NPs incubated in PBS buffer with 100 mg/dL gluc@# @t

on day O and day 4 (scale bar: 2 &gm), i nset
suspension. (f) Comparable adipogenesis between W@s and Rosi compountieated
PgKO-MEFs as assessed b2 and Perilipin gene expressior(n=4). (g) Same level of

browning induced by Rosi NPs or Rosi compound in the matureL3T8hite adipocytes.

(n=4). (h) SEM image of the MN array (scale bar: 200n) .Higlter magnification of SEM

i maging of MN tip confirmed that the MN was
i mage of MNs 3 days post administration. (sc
of mouse skin administered with MN pht¢scale bar: 1 mm). Error bars indicate standard
deviation (SD)jwo-t ai | e d t-&sttiRe.06f*0Ps0.01.

To validate the efficiency of Rosi NPs, we employeditro adipocyte moddPgKO-PPARL
in which the reconstitution of a shorter form of PRA@L) in Pparg”” mouse embryonic

fibroblast (MEF) rescues adipocyte differentiation only in the presence of exogenous
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thiazolidinedione class of ligan&.g. Rosi)1%° Rosi NPs were as efficient as nude Rosi to
induce adipocyte formation, evidenced by the same induction of lipid ddmptihg proein
genesaP2 and Perilipin (Figure 3.3f), both of which are canonical PPARrget genes.
Besides the adipogenic potentiale also compared the browning capacity of Rosi NPs. In
fully differentiated 3T3L1 adipocytes, Rosi NPs behaved the same as nude Rosiggulpte
brown adipocyte marketslovi3andCideaas well as to repress white adipocyte gdResistin

and Adipsin (Figure 3.3g).!° Therefore, our nanoparticalization strategy is able to sustain a

constant release of Rosi at the physiological level of glucose without affecting its efficiency.

3.3.2Fabricationand characterization of browning agent Miay patch

The NPs were further embedded into a polymeric-&iy patch for local delivery of
browning reagents. Briefly, the NPs were first loaded into the tip region of a silicoraditiN

by centrifugation, dllowing with the addition of base solution. Methacrylatgdluronic acid

(mHA) was selected as the base material, considering its good biocompatibility and
mechanical propertsf: 2 The mHA base solution mixed with the cretisker N, N 0
methylenebis(acrylamide) (MBAand a photoinitiatorwas further crosinked through
polymerization reaction upon exposure to UV light (365 nm, 9 mWfon30s).The cross

linked HA-based matrix ga enhance the stiffness of the MNs (Figure 3.4) for efficient
penetration through the skir’® as well as enable sustained release of drug from the MN tips,
which helps maintain local constitutive high drug concentrations in adipose tissues. The MN
array contains 121 needles inlaZmn? patch with acenteio-c e nt er i nt eBachal o f
MNwasof a conical shape, with 300 em in diame

3.3h). The zoomed SEM image confirmed the distribution of NPs in the tip (Figure 3.3i).
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Figure 3.4Mechanical behavior of one NBaded MN.

3.3.3In vivostudies of the MNs on lean mice

We next examined thia vivo browning efficacy othe system in a mouse model. In addition
to Rosi, we employed CL 316243 pHa-adrenergic receptor agonist, in ttiextran NPs and
loaded in the MNs. CL 316243 is a potent thermogenic activator but through a distinct
mechanism from Ros$t*13 |t stimulates G protein & to activate adenylate cyclase, and
consequently causes the accumulation of cyclic adenosomphosphate (cCAMP), which
leads to thermogenesis and lipolyStst!® By including this distinctive browning agent, we
would like to evaluate the applicability of our system to other drugs. Sgabifiwidetype
C57BJ/6 mice were randomly divided into three groups (n=6)teeaded with the empty
vehicle MN (EV) made of only crodmked m-HA, the HA MN encapsulating Rosi NPs (10
mg/kg bw) (Rosi), and the CL 316243 Ndaded MN (1 mg/kg bw) (CL) at inguinal WAT.
The MNs could penetrate the mouse skin at the inguinal sitgeettily, as evidenced by the

trypan blue staining of the Mieated tissue (Figure 3.3k). It allowed the tips of MN expose
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to the inguinal adipose tissue and successfully delivered model drugs into the adipocytes, as
evidenced in the fluorescence microseapage (Figure 3.5)n vivofluorescence imaging of

the Cy5.5labeled nondegradable NPs without GOx loaded MNs verified that the NPs were
able to be well restricted in the treated skin region during the whole treatment (Figure 3.6).
The SEM of the MN rewaled the collapsed tips after application, further verifying the
complete release of drug (Figure 3.3j). Thevivo sustained release within 3 days was also
confirmed byin vivofluorescence imaging. Compared to the rapid release of free-©gsiéd

MN patch, the degradable NRsmded patch showed excellent sustained release capability
(Figure 3.7). The mice were treated with MN patches every 3 days. Six dajtseptrstent,

the mice were sacrificed and the inguinal adipose tissues were collecteddtogical and

gene analysis. The hematoxylin and eosin (H&E) staining of inguinal WAT depicted shrinkage
of unilocular white adipocytes and appearance of paucilocular adipocytes, the typical
morphology of beige adipocyte, in Rosi MN and CL 316243 MN tcegteups, particularly

the latter (Figure 3.8a). Gene expression analyses further support the browning transformation
of the inguinal WAT by MN delivery of browning agents (Figure 3.8b). The representative
brown adipocyte genes includindepl, Dio2, Elovi3, Cideg Pgcla, Cox7al andCox8h

which are involved in mitochondrial activity and lipid utilization, wereragulated in both
groups, while the inflammatory getie 6 was tended to be downegulated. Interestingly, pan
adipocyte markefAdiponectinvasnot affected, suggesting a selective regulation on browning.
Notably, the canonical PPARargetaP2was upregulated by Rosi MN but not CL 316243

MN, buttressing their distinct browning mechanisms.
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Adipose Tissue

Figure 3.5Fluorescence microscopy image of inguiadipose tissue section after treatment
of fluorescein isothiocyanate (FIT@ncapsulated NP through the microneedle patch (scale

barr200 & m) .
Day 0 Day 1 Day 2 Day3

I J Radiance

Min Max (psec'cm?sr’)

Figure 3.61n vivofluorescence imaging of the mouse treated with Gidbglled NPdoaded
MNs at different time points. Cy5labelled nordegradable NPs without glucose specific
enzyme were loaded into crosslinked HA MNs.

53



Free Cy5.5-loaded MNs
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Figure 3.7 In vivofluorescence imaging of the MiXeatel mice at different time points. The
fluorescent signal showed the MN patch loaded with free Cy5.5 (upper panel) or Cy5.5
entrapped NPs (lower panel).
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Figure 3.8 In vivo browning induction by MN patchesn the lean mice(a) H&E-stained
section of the crossectional mousenguinal adipose tissue treated with HA empty MN patch
(left), Rosi NRloaded MN patch (middle), and CL 316243-iRaded MN patch (right) (scale
bar: 25¢ m (b) Q-PCR analysis afene expression in inguinal WAT treated with MN patches
loaded with HA emptyehicle (EV), Rosi, or CL 316243 (CL). NBaded MN patch. Error
bars indicate standard error of the mean (SEM);ttwai | e d tSestu*d<0r03, 6*s
P<0.01 compared to EV (n=6).

After establishing the feasibility of our MN approach to induce browimmnyo, we set out to

test whether the browning effects of Rosi MN and CL 316243 MN, if genuine, are lasting and
physiologically significant. To this end, we expo$susi MN- or CL 316243 MNtreated mice
together with vehicle MNreated control mice to indirect calorimetric analysis to measure their

systemic metabolic response. All three groups of mice lost weight during the experiment due

55



to the stress from singleousing, but the CL 316243 MN group tended to lose more (Figure
3.92)!1%118 Their higher body weight loss arose from reduced fat mass particularly visceral
epididymal WAT (eWAT) (Figure 3.9b, c). The changes in energy homeostasis were merely
caused by energy expenditure since neither Rosi MN nor CL 316243 affected calorie intake
(Figure 3.9d). Strikingly, both treatments increased oxygen consumption (Figure 3.9e) as an
outcome from induced browning (Figure 3.8). Unlike CL 316243 MN, Rosi MN reduced the
locomotor activity during the dark cycle when mice are more active (Figurg B1%ee with

their distinct browning mechanisms. Furthermore, both Rosi and CL 316243 decreased
respiration exchange ratio (RER) (Figure 3.99), reflected by releaseftdd€umed @
indicating their preference of fatty acid utilization after brownimge only 75% oxygen is
needed to fully oxidize carbohydrates compared to fatty acids (3:4 ratio). Taken together, our
calorimetric studies completely supported the notion that MN delivery of Rosi or CL 316243

browning reagents is an efficient way to inddwowning and improve metabolism.
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Figure 3.9 Indirect calorimetric analysis of healthy mice treated with HA empty MN patch
(EV), Rosi NRloaded MN patch (Rosi), or CL 316243 Ndaded MN patch (CL). (a) Body
weight change after theday treatment. (bNormalized inguinal fat pad size. (c) Normalized
epididymal fat pad size. (d) Average food intake during the treatment. (e) Locomotor activity
during one 24 dark/light cycle. The panel on the right is the area under curve (AUC). (f)
Oxygen consumptionral AUC. (g) Respiration exchange ratio (RER) and AUC during one
dark/light cycle. Error bars indicate SEM, twoa i | e d t&estu*®<0.05, & B<0.01
compared to EV (n=6).
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3.3.4In vivostudies of the MNs on di@duced obese mice

Encouraged by these striking physiological effects of our MN browning agent patches, we
further evaluated their therapeutic potentials in obese mice. Iafé@tighet (HFD}induced

obese C57BL/6 mice, we applied the MN browning agent patch to one sideainggion

(Rosi and CL) and the empty HA MN to the other side as vehicle contreR(Bxd EVC)

(Figure 3.10a). For the control mice, both sides were treated with empty HA MN (EV). Rosi
is a potent insulin sensitizer but also causes weight gain. SagbyjsMN delivery of Rosi

also prevented weight gain as CL 316243 MN did, resulting in a ~15% inhibition at the end of
this fourweek treatment (Figure 3.10b). Both Rosi MN and CL 316243 MN efficiently
improved glucose clearance rate after injecting theena bolus of glucose, named
intraperitoneal glucose tolerance testing (IPGTT) (Figure 3.10c), and decreased fasting blood
glucose levels (the diagnostic indicator of diabetes) from 140 mg/dL in control mice to ~110
mg/dL (Figure 3.10d), indicating an imgvement of insulin sensitivity. Intriguingly, this
improvement is caused by browning rather than by the insulin sensitizing function of Rosi
itself since CL 316243 showed the same effect. As a consequence of increased browning and
lipid utilization as wesee in Figure 3.9, we observed a ~30% reduction of e WAT (Figure 3.10e)
but not in the classic interscapular BAT (Figure 3.10f). More importantly, the MN delivery of
browning agents reduced inguinal fat pad locally. The sizes of treated sides, eitherMi}NRos

or CL 316243 MN, were reduced compared to untreated siddR(BWEV-C) (Figure 3.10g,

h). Supportively, the H&E stained sections revealed apparently smaller adipocytes in inguinal
WAT only in the groups administered with dragntaining patches, bab obvious browning
observed on the other site that injected with empty patches (Figure 3.10i). Brown adipocyte

genes were more highly induced in the treated side, particularly by Rosi MN (Figure 3.10j),
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indicating a restricted browning effect of MN patsh@s an indicator of improved adipose
health Adiponectinvas upregulated in both Rosi MN and CL 316243 MN treated side (Figure
3.10j). Whereas PPARIownstream targetP2was only induced by MN Rosi (Figure 3.10j),
further supporting a local effect of Wpatch. Additionally, as presented in the H&E stained
histological images of the mouse skin surrounding the-tkéidted area after omeonth
administration, there were insignificant lesions in the skin, indicating excellent

biocompatibility of the MN pataés (Figure 3.11).
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Figure 3.101In vivo antiobesity and antidiabeteffectsof MN patchesin an HFD-induced

obese mouse modéh) Picture illustrating the mice treated with browning agent patch on one
inguinal side (red) and empty vehigl@atch on the other side (blue). (b) Normalized body
weight of mice without treatment or treated with browning agent patches. (c) IPGTT test in
mice 2 weeks pogteatment. (d) Blood glucose levels of mice treated with browning agent
patches or empty patchafter 16 h fasting. (e) Normalized epididymal fat pad size in mice
with different treatments. (f) Normalized weight of interscapular fat pad size in mice with
different treatments. (g) Ratio of the treated inguinal fat pad size to untreated side t@s) Pho

of two sides of inguinal adipose tissues from obese miaeeks post treatment. (i) H&E
staining of inguinal adipose tissues (scale bare 58 )j). Q-PCR analysis of adipocyte gene
expressions in inguinal tissugk-g) Error bars indicateéSD,two-t ai | ed tSestu*dent 6
P<0.05, ** P<0.01 compared to EV (n=5)) Error bars indicate SEM,twb ai | ed tSt ude
test, *P<0.05, ** P<0.01 compared to EV (n=5).
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Figure 3.11H&E-stained skin sections administered empty, Roslddded, and CL 316243
NP-loaded MNs (from left to right) with surrounding tissues after one month treatment (scale
bar: 100 &m).

3.4 Conclusion

In conclusion, we developed a technique based on a NPs integrated microneedle patch that
enableslocal browning of WAT.The degradable NPs released browning agents into the
subcutaneous region in the presence of glucose and promoted the transformation of WAT
toward the browslike adipose tissue. More importantly, MNs restricted the browning reagents
in the treated region and thus are expected to minimize potential side effects of browning
reagents on other organs if administrated orally or intravenoQsiyin vivo studies further
demonstrated systemically increase of energy expenditure and fatty acid oxidation, effective
body weight control in dieinduced obese mice, as well as improved insulin sensitivity. Taken
togetherour work provides an alternative strategyapplying drugs through MN as potential

therapeutics for the clinical treatment of obesity and its comorbidities such ésdjgimetes?®
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CHAPTER 4 ROS-RESPONSIVE MICRONEEDLE PATCH FOR ACNE VULGARIS
TREATMENT

4.1 Introduction

Acne vulgaris, a chronic inflammatory skin disorder, is one of the most prevalent diseases that

effects more than 80% of the population worldwiéfe23 A variety of factors such as genetics,

hormones, infections, as wels environmental factors have been identified as the causes of

acne development*?> Acne usually generates as a result of blockage in the pilosebaceous

unit (including hair follicle, hair shaft and sebaceous gland) due to thepoyduced sebum

by sebaceous gland, which further triggers the excessive patitiie of the bacterium

Propionibacterium acnefP. Acnek!?® P. acness a Gam-positive anaerobic bacterium that

normally presents on the skin, and has been found to have a crucial role in the development of

inflammatory acné?”'28 The lipases inP. acnescan catalyze the hydrolysis of sebum

triglyceridesto free fatty acids, which magisrupt follicularepithelium?® Moreover, several

chemotactic factors secretedPyacneslso attract the immune cells to thikosebaceous unit

and stimulate the production of mlammatory cytokines$3%!32 Thosecellular damage

metabolic byproducts and bacterial debris caused by the rapid groRtraohe exacerbate

the inflammation reactioft” 133 Severely inflamed acne lesions commonly result in

hyperpigmentation and permanent skin scartifigwhich subsequently cause profound

negative psychological and social impact on the quality of life of patients, inclatliess,

embarrassment, and low seteenm3>138

Although many antimicrobial agents have been explored for acne treasueht as
erythromycin, clindamycin (CDM),ral benzoyl peroxidé&® there are limited effective and

safe administration routé€ Most of the antiacne products are epicutaneous medications;
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however, they hardliill the bacterium effectively due to the poor penetration into detthis.
Oral antibiotics or isotretinoin show better therapeutic efficacy, while they often pose the risk
of harming the intestinal microflora and other side effects suderatogenicity:*44 In
addition, in vitro study suggested th&. acnescould form a biofilm within follicles, thus
enhancing the direct interaction between antibioticsRngcness essential to improve the
antimicrobial effect?® Therefore, alternativéormulations with both excellent therapeutic

efficacy and negligible adverse side effects are highly desirable.

In this chapterwe took the advantage of skin penetration capability of microneedles (MNs) to
improve antibiotics interaction with bacterialrfefficient treatment of acne vulgaris (Figure

4.1). In order to achieve estemand drug release and reduce side effect, the MNs was prepared
from a drugloaded reactive oxygen species (R@&ponsive poly(vinyl alcohol) (RRVA)

matrix. The ROS level umiip at hol ogi c al condi tinidlamsnatarya n e x ¢
tissueg*® which is much higher than that in normal tissuelBle M.}4"14° Therefore, the
ROSresponsive MNs were able to release drug withinRhecnesnfected follicle in a
sustained manner once penetrating through epidérftisus enabled effective inhibition of

the proliferation of bacteria. Of note, a methacrylated hyaluronic aeldA)/diatomaceous

earth (DE)contained base was utilized as the supporting subfirdi#Ns, which may adsorb

pus as well as other purulent exudates and debris for promoted healing, as well as potential
prevention of future relapse. A transparent plastic film was further applied to cover the patch
as a waterproof, sterile barrier to ext@ contaminants. We have demonstrated that this ROS
responsive MN patch with adsorption capability can effectively deliver antimicrobial

therapeutic into dermis to elimind® acnesn a simple manner.
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Figure 4.1 Schematic illustration of the formation and mechanism of a -R&fonsive
microneedle patch for acne vulgaris treatment.

4.2 Experimental Section

4.2.1 Materials

All chemicals were purchased from Sigisllrich unless otherwise specified and were used
as receivedThe deionized water was prepared by a Millipore NanoPure purification system

(resistivityhi gher tha®. 18.2 Mqgq c¢cm

4.2.2Synthesis of RO$esponsive crosslinker (TSPBA)

4-(Bromomethyl) phenylboronic acid (1 g, 4.6 mmol) aNd N, -tdtr@amethyll, &
propanediamine (0.2 g, 1.5 mmol) were dissolved in DMF (40 mL) and the solution weas stir
at 60°C for 24 h. Afterward, the mixture was poured into THF (100 mL), filtrated, and washed

by THF (3X20 mL). After dried under vacuum overnight, pure TSPBA (0.6 g, yield 70%) was
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obtained!H-NMR (300 MHz, DO, &) : 7.677 (d, 94sHiH), 32321395 ( d

4H), 2.936 (s, 6H), 2.81 (m, 2H).

4.2.3Preparation of RAPVA hydrogels

PVA (MW: 72 kDa, 98% hydrolyzed) were dissolved in deionized (DI) water to obtain 10 wt%
clear PVA solution. The RIRVA hydrogel were formed instantly by mixiny R and TSPBA

(5 wt% in BO) together at a ratio of 3:1. Predetermined amount of drug or dye was added to

the PVA aqueous solution to prepare drug/thgdled hydrogel.

4.2.4Preparation of NFPVA hydrogels

Non-responsive (NR) PVA network was prepareddogsslinking methacrylated PVAr
PVA) with N, --iRaihylenebis(acrylamide) (MBA) at a ratio of 3:1 in the presence of
photoinitiator (Irgacure 2959) under ultraviolet (UV) lightPVA was synthesized following

the previous reported methét.

4.2.5In vitro release profiles

Thein vitro release profiles of CDM from RRVA gel wereevaluate through incubation of

the hydrogel in 12 mL PBS buffer (NaCl, 137 mM; KCI, 2.7 mMaNRQs, 10 mM; KHPQy,

2 mM; pH 7.4) at37°C on an orbital shakerto which HO. was added to reach 1 mM
concentration. At predetermined time points, the concentrations of CDM in the supernatant
were determined by HPLCSamples were analyzed at 205 nm by high pressure liquid
chromatography on a Zorbax Eclipse Plus RRHD C18 columx%20L. mm, 1.8 em pe

size) (Agilent, USA) using an isocratic mobile phase consisting of 80% water (HPLC grade
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with 0.1% v/v trifluoroacetic acid) and 20% acetonitrile (HPLC grade with 0.1% v/v
trifluoroacetic acid). The cumulative release (%) is expressed as the percent of total drug

released over time.

4.2.6In vitro antibacterial effect

P. acnegATCC 6919) (American Type Culture Collection, Manassas, Wéje cultured on
reinforced clostridal medium (RCM) at 37€ in an anaerobic environment. The stock culture
of P. acnewas transferred to RCM broth and incubated anaerobically at 37C overnight. The
cultures were later used to prepare bacterial suspensions®(@eddny forming units
(CFUs)/mL). The antimicrobial efficiency agairf3t acnesvas determined by incubatiri®y
acneswith the incubation medium with RRVA gel in the absence o8, CDM solution (5

eg/ mL), or the i ncRVAagdintbepresemeedi D Mor SmjwhileP. R R
acnesin PBS was used as a negative control. Following incubation, the samples were diluted
1:16in PBS, and 10 gL of each sample was spot
incubated at 37 € under an anaerobic daion for another 72 h. The CFU &f acnesvas

quantified.

4.2.7Fabrication of ROSesponsive (RR) microneedle patch

All the MN patches in this study were prepared using the uniform silicone molds from Blueacre
Technology Ltd. There are %11 needle array in the mold, where each needle has a height of

600 em and a round base of 306td®dt iepm iisn 6d0 Oa neem.e
the PVA MNs were formed pipetting premixed PVA (3 wt%)/ TSPBA (3 wt%) (ratio 3:1)

sol ut i on tothé BN motd surfacdhremolds were kept under vacuum (600 mmHg)
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for 30 min to allow the solution deposit into the MN caviti@sterwards the covered mold
was centrifuged foO min at 500 rpm using a Hettich Universal 32R centrifuge to condense
the P/A network in the MNs. Drudoaded MNs were fabricated by adding predetermined
amount of drug in PVA/TSPBA solution at the first step. The -remponsive (NR)
microneedle were prepared by cheag the MN solution to a mixed solution consistingief

PVA (3wt%), MBA (1 wt%), and photoinitiator (Irgacure 2959, 0.5 wt%). For CDM MN, 4
wt% HA contaning CDM were used to form the MNs for fast release of drug. Then the base
of the patch was formed by adding 3 mtHA solution (4 wt%) containing diatomaceous
earth(DE) (0.4 wt%, MBA (0.2%) and 2959 (0.1 wt%) into the prepared micromold reservoir
and drying at room temperature under vacuum desiccator for 3rdayA. was synthesized
following the previous reported meth&t.After completely desiccation, the MN patch was
carefully detacled from the silicone mold and stored in a sealed six well container for later
study. Finally, a plastic film (3M Tegaderm, USA) was sealed on top of MN patch daring
vivo administration. The morphology of the MNs was charactenza FEI Verios 460L

field-emission scanning electron microscope.

4.2.8Microneedle mechanical strength test
The mechanical strength of MN was determined by pressing MNs against a stainless steel plate
at a speed of Em/s onan MTS 30G tensile testing machinEhe failure foce of the

microneedle was recorded as the force at which the needle began to buckle.
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4.2.90il adsorption capacity test of diatomaceous earth (DE)
The oil adsorption capacity @E was determined by mixing free acid solution with 1 g DE
until no more freeacid can be adsorbed at room temperature. The ratio of the weight of free

acid and DE was calculated.

4.2.10In vivoacne treatment efficacy evaluation

Eightweek oldmale Balb/c nude micerderedfrom Qinglongshan Animal Center (Nanjing,
China) were usik To examine the bactericidal effect of MN patches, P. achéS8{ZFUs/mL)
was intradermally injected into back skin of the mouse to establish the acne vulgaris animal
model. All animal studies were approved by the Institutional Animal Care and Useit@@nm
(IACUC) of University of North Carolina at Chapel Hill and North Carolina State University,
or by the Model Animal Research Center (MARC) of Nanjing University. Mice were divided
into seven groups with seven mice in each groupg&p of mice werenduced byP. acnes
injection, and treated with different formulations for six days: CDM cream (1% v/v CDM in
4% v/v HA solution), RRMN patches, blank MN patches, CDM MN patches; MR patches
(CDM dosage: 0.4 mg/patchlhe swelling volumes of the acnere measured using a miero

caliper every day during the treatment period.

4.2.11Histological analysis ohfected skin
The skin tissue sampleseve excised from the mice 6 days after treatmentaaréd fixed in
10%formalin for 18 h. Then, the tissueew e embedded in paraffin,

and stained usinigematoxylin and eosin (H&E) for histological analysis.
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4.2.12Statistical analysis

All results were presented as Mean N 8D. St

test oroneway ANOVA.With ap value < 0.05, the differences between experimental groups

and control groups were considered statistically significant.

4.3 Results and Discussion

4.3.1 Preparatioand characterization of R@8sponsive gel

ROSresponsive gel wafirst prepared by crosslinking PVA using a dual phenylboronic acid
contained linker (Figure 4.2), which can be cleavable by ROS through oxidation and further
hydrolysis®® To substantiate the responsiveness of the crosslinkeP\RRtough gel was
incubated in 1 mM kD> contained phosphate buffered saline (PBS) buffer (pH 7.4) &@&.37
Rapid degradation of the RRVA hydrogel was observed due to the oxidation of the
crosslinkers (Figure 4.3a), while the nonresponsive (NR) PVA gel without thesRgive
linker was sthle in the presence ofB. (Figure 4.4). On the other hand, there was no obvious
change in morphology or size of the YA gel in the buffer without kD>, indicating the

high stability of the RRPVA matrix. CDM, a common antibiotic for acne treatmeftyas
entrapped into RRPVA matrix for P. acneselimination. When incubating with the PBS
solution containing 1 mM bD», the ROStriggered sustained drug release was also detected
from the RRPVA/CDM gel (Figure 4.3b). In addition, the RRVA gel showed faster
degradation and drug release rate under a high€ Eoncentration at 10 mM, further

confirming the ROSlependent degradan of the RRPVA gel (Figure 4.5 and 4.6).
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Figure 4.31In vitro responsiveness amahtibacterial effect of thRR-PVA gel. a) Degradation
of RR-PVA gel in the PBS solution with 1 mM:B2 or without HO-. b) Accumulated release
profile of CDM from RRPVA gel with or without HO>. ¢) Quantitative analysis of colony
forming units (CFUs)n each group. dP. acnesuspension cultured on RCM agar plate for 72
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Figure 4.4Incubation of NRPVA gel in PBS buffer with 10 mM #D. at 37°C.
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Figure 4.5Degradation of RFPVA gel in PBS solution with 10 mM 4@, at 37°C.
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Figure 4.6 Accumulatedeleaseof CDM from RRPVA gel in the presence of 10 mMGb.

4.3.2In vitro antibacterial effecevaluation
Next,in vitro antibacterial effect was evaluated by cultufhgcneswvith the media incubating
RR-PVA/CDM gel (Figure 4.3c and d). ThexBb-contained incubation media with RR

PVA/CDM gel displayed significanihhibitory effect on bacterial growth compared with the
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control group treated with PBS solutioim contrast, the incubation media without(
showed insignificant effect on the growdh bacterial since the limited drug diffusion from
RR-PVA/CDM gel in the absence of.B». Collectively, these results demonstrated that the
drug release from RAHPVA was in a ROSnediated manner, which could achieve ar on

demand treatment effect for inflammatory acne therapy.

4.3.3Fabrication and characterization of cdiiogded MNarray patch

For further efficient drug delivery into acne undethethe skint *°° a MN-array patch was
fabricated througla micromolding methoé Briefly, the drug containing responsive MNs
were first formed by depositing diluted PVA/CDM solution with R@Sponsive crosslinker

into the tip region of a silicone micrecale mold under a vacuum condition and then
condensing by centrifugation. As shown in the SEM image, each MN was of a conical shape,
with a base diameter of 300 em and aendthei ght
of each MN was determined as 2.2 N (Figure 4.7¢), which sufficiently enables skin penetration
without breaking® 152 155 Afterward, a layer ofm-HA/DE matrix was integrated as the
supporting substrate. HA washosen considering its excellent biocompatibility and
biodegradability* and DE was additionally doped for its physical adsorption prop&BE,
typically consists of 8B1% silicon dioxideé?®” has been widely applied as absorbent because

of its porous structure (Figure 48%* It turned out to have ~95% oil adsorption capability,
which was 3fold higher than the activated carbon (~32%) (Figure ¥#Jhe adsorption
capability of small molecule such as fluorescent dye was also demonstrated (Figure 4.10 and
4.11). Therefore, the DE could be useful to adsorb pus andeptiexudates in acne. The
fluorescence image in Figure 3b displayed a esessional view of the MN patch with

rhodaminelabeled PVA needle tips and a fluoreseksibeled HA base. The obtained device
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was arranged in an 11x11 array with an interval of 60& f r om t i p t2patchi p on
(Figure 4.7c). Additionally, the patch can also be applied on a cotton swab for an alternative

temporary administration method (Figure 4.7d).

100 200 300 400 500
Displacement (pum)

Figure 4.7 Fabrication and characterization of the-RRI array patch. apn SEM image of

the MN array. Scal e b anicroscdpyniage showing lbhpdaminef | u o
labeled PVAMNand FIT@ abel ed HA base. Scale bar: 200
patch. Scale bar: 1 mm. d) Photos showing the MN patch wrappedcottoa stick for
temporary usage. Scale bar: 10 mm. e) Mechanical strength of one MN.

r

Figure 4.8SEM imagesoDEs howi ng its porous structure. S
(right).
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Figure 4.90il adsaption test of DE. The upper row presents DE or activated carbon (AC)
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bottom row shows remained FA/NR under UV light.
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Figure 4.10Adsorption capability of small molecular dye by DE. a) Adsorption of

Rhodamine B (RhB) by different amount of DE in aqueous solution. b) Quantitative analysis
of remained RhB in figure S7a.
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containing PBSolution at 37C for 30 min. a) A photo showing timeHA andm-HA/DE

films after incubation in RhB solution. b) Quantitative analysis of remained RhB in solution
after adsorption by the-HA andm-HA/DE films.
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4.3.4In vivoantibacterial studies on an aem®use model

Thein vivo antibacterial performance of MN patches was investigatedPinagnesnduced
inflammation mouse model. Thgalb/c nudemice were randomly divided into seven groups
(n=7), with six groups infected By. ances viantradermal injection into the skin on the back

and one group injected with PBS solution as a positive control group (labeled as normal). No
swelling was detectein the PBSnjected mice, while a considerable volume raise was

observed 1 day aft&. acnesnfection.

Then theP. acnesnfected mice were treated with different formulations to evaluate the
treatment efficiency. One group was chosen as negativeot@nthout treatment (control),
another one group was administered with 1 wt% CDM cream, and other four groups were
respectively administered with R@8sponsive PVA/CDM microneedle patches (RR),

CDM loading HA microneedle patches (CDM MN), nonrespaan®VA/CDM microneedle
patches (NRVIN), and blank microneedle patches without CDM (blank MN) (CDM dose: 0.4
mg per mouse). The volume size of the swollen skin was monitored every day during the
treatment (Figure 4.12a and b). Without treatment, the $kima® in control group continued

to swell up to day 4. In contrast, the skin treated witiNRRremarkably shrank its size ~90%

after administration and part of the swell even started to disappear on day 5, suggesting the
effective inhibitory effect of awe growth by RRVIN. However, the group applied with CDM
cream barely decreased the size of the swollen skin, neither did the groups administered with
blank MN or NRMN. The slight skin size reduction caused by blank MN orMIR may be
attributed to the phsical adsorption ofpus and cell debris by the patches through the

microchannels generated by MNs. Although the CDM MN delivered drugs into the infected
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skin, there was no significant inhibition of the acne growth, which is due to the fast release and
cleaance of the drug. On the contrary, the-RIR allowed a sustained antibiotic release within

the acne area and resulted in the enhabaetericidaleffect (Figure 4.13).
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Figure 4.12In vivo treatment of acne using different MN array patchesmagesshowing

the dramatic decrease in swelling volume of theN®R treated back skin d?. acnesnduced

mice after 6day treatment. Scale bar: 5mm. b) Comparison of swelling volume size in the back
skins of P. acnesnduced mice during the treatment periodatiStical significance was
calculated by ong&vay ANOVA *P<0.05. c) Histologicahnalysis of skin tissues obtained from
normal mice,P. acnesnduced mice, an®. acnesnducedmice treated with CDM cream,
RR-MN, blank MN, CDM MN and NRMN. Scale bar: 20@ md) Quantitative analysis of
thickness of skin from mice in each group. e) Quantitative analysis of infiltrated inflammation
cells in each group. f) Semiquantitative summary of the histological analysis results with a 3
point scaleError bars indicats.d. (n = 7).
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Figure 4.13In vivofluorescence whole body imaging showing the release of Cy5.5 from RR
MN, CDM MN and NRMN in acne area.
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After a period of 6 day treatment, the mice were sacrificed and the skin tissues with the acne
were excised fohistological analysis (Figure 4.12c). Consistent with the acne growth curve,
the clinical inflammatory lesions were significantly improved in the skin tissues treated with
RR-MN, comparing to other treated groups as shown in the hemotoxylin and eos) (H&
staining imagesThe numbeof the microcomedonkke cysts in the uppeattermis above the

focus of inflammation in the RIMN-treated group also decreased to an extent similar to that

in the normal skin tissue$he quantitative measurement of skin timeks demonstrated there

was no significant difference between the skin applied withM®Rand the normal skin

thickness (Figure 4.12d), validating the efficacy of theR. In addition, the number of
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infiltrated inflammatory cells into the dermis also mietically decreasedn the skin
administered with RRBMIN patches compared to that P. acnesnduced skin without
treatment (Figure 4.12e). Nevertheless, CDM cream did not effectively inhibit the skin
thickening or inflammation in comparison with RRN-treated groups, implying insufficient
drug penetration into the dermisihese results strongly indicated that transdermal
administration of the RN patch effectively suppresseB. acnesnducedinflammatory

(Figure 4.12f), without causing noticeable sidiees in the surrounding skirssue

4.4 Conclusion

In conclusion, we have generated a R@§ponsive MN patch to effectively deliver antibiotic

into dermis for enhancing acne treatment. Unlike the traditionalaang cream, the drug
loaded MNs are able to penetrate stratum corneum to improve the dnagtion againg®.

acnes Meanwhile, the inflammatiemediated sustained drug release continuously keeps a
sufficient drug concentration in the therapeutic levels around acne area. An HA/DE contained
substrate of the patch can also absorb the pus andeiaebris to accelerate the healing of
skin. This biosignatesponsive MN patcbased strategy can also be extended to enhance the

therapeutic efficiency for the treatment of various other skin disé%5.
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CHAPTER 5 BIORESPONSIVE MICRONEEDLE WITH A SHEATH STRUCTURE
FOR H202 AND pH CASCADE-TRIGGERED INSULIN DELIVERY
5.1 Introduction
Diabetes mellitus is a global burden affecting 422 million people in ¥31tds characterized
by a deficit of endogenoushproduced insulin anthereafterelevated blood glucose levels
(BGLs).2% 184 Openloop subcutaneolnjectionof insulin cannot regulate BGLSs tightly aisd
associatedvith a risk of severe hypoglycemi&:'®® Thus, aclosedloop system that can
fisecredb d e s i ouatbdf sulia m response to hyperglycemia while maintaining basal
insulin release kinetics under normoglycemia is urgently needed. Electronic-ldoped
devices that haveeen developetb this end remain challengessociated wittalgorithm
accuracyand sensor reliabilit}?”18 Alternatively, chemicallyengineered formulations or
devices with the assistanceghficose oxidase (GOxY,194 16174 phenylboronic eid (PBA)"™>
181 andglucose binding protetf?18” have attracted increasing attentf§n819 For example,
GOx catalyes the oxidation of glucose to gluconic acid in the presencexgfien and
generates hydrogen peroxide2().1°2 Accordingly, GOxmediated enzymatic reaction can
create a local oxidative and acidic environment triggered by elevated glucos¢dg@relsote
the release of insulin preloaded in acisponsive systeni$However, the typical pH change
triggered response of materiadsoften accompanied lsiow changes ionformation and
morphdogy of materials and formulations under a physiological condfidf In addition
thein vivorelease of GOx from medical devices may cause potential toXieag, well as the
concerns over lonterm biocompatibility of the bkD. genemted during oxidation of

glucoset® Therefore the ongoing development of smart insulin delivery systisnfiscused
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on achieving several merits, including rapid responsiveness, ease of poeparati

administration as well as excellent biocompatibitfy19 19

In this chapterwe describe a neglucoseresponsive microneedle (MN) array patCi®’ for
selfregulated insulin delivery, utilizing 2. and pH cascadeesponsive NCs. Briefly, insulin

was first entrappedhto degradable complex micelles (designatedN@s); while GOxwas
encapsulatedhto nondegradableomplex micelles (designated GDYCS) via crosslinking

with uncleavable bonds (Figure 5.1a). Both-INSs and GOxXNCs wee then loadethto the
crosslinked gel core matrix of microneedle. Under a hyperglycemic condition, thNCks
could respond to #D- and gluconic acid generated by the Géatalyzed oxidadn of glucose

and be dissociated to promote insulin release because of the disruption of micelle structure as
well as charge reductions of polymer (positive charge) and insulin (negative charge) (Figure
5.1ab). Inspired by the protection function agaimstidation in the peroxisomé® catalase
nanogel (CATNG)!%* 170 was embedded into the crosslinkaaly(vinyl alcohol) (PVA)
sheath structure, covering the surface of the microneedle core riraguxe(5.L), to mitigate

the injury of BO- generated in the core part toward normal tisskiggife 5.2. After painless
administration of MN patch, IndlCscould be decomposethen MN was exposed to elevated
interstitial fluid glucose under a hyperglycemic state, thereby rapidly releasing insulin to

capillary vessels and consequently restoring homeostasis.
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Figure 5.1Schematic of the glucoseesponsive insulin delivery system utilizing®} and pH

cascadeesponsive N&oading MN-array patch. (aformationof InssNCs and GOXNCs and

mechanism of glucosesponsive insulin release. (b) Schematic eDHriggered charge
reduction of thepolymer. (c) Schematic of the N€ontaining MNarray patch with a CAT
sheath structure fan vivoinsulin delivery. Insulin releadge triggered undea hyperglycemic
state.
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Figure 5.2 Synthetic routes of polymers utilized in this study.

5.2 Experimental Section

5.2.1 Materials

4-(Bromomethyl) phenylboronic acidvas purchasedrom Boron Molecular. All other
chemical reagent&ere purchasettom SigmaAldrich. Insulinwas purchaseffom Gibco.
MPEGs-Br was synthesized as report€d.Poly(vinyl alcohol) (PVA, 898 KDa) and

polyvinylpyrrolidone (PVP, ~5%Da) were purchased from Sigrfddrich.

5.2.2 Synthesis of MPEe-P(DMAEMA)ex

MPEGkBr (0.2 g, 0.04 mmol ), Cdpidine(185nmg, 008, 0. O
mmol) were added to a round bottom flask and protected witiNtretmosphereTo this

mixture, THF (2 mL) and DMAEMA (0.2 g, 1.3 mmol) were added sequentially and mixed
gently. After three freezthaw cycles, the flask was sealed withy Mnmersed in awil bath

and stirred overnight at 6C. The resultant solution was poured into ethyl acetate (100 mL)
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and washed with NaHCGJ0.1 N, 350 mL) and dried over anhydrous NaS@&fter filtration
and removinghe solventslightly yellow viscoussolid was obtained (0.2 g, yield 50%). 1H

NMR (300 MHz, CDC}) was shownn Figure 5.3.

ppm
Figure 5.3The 1HNMR spectrumof MPEGk-P(DMAEMA )s«.

5.2.3 Synthesis of MPEfe-P(DMAEMA-PBA)sk

MPEGsk-P(DMAEMA)sk (0.11 g, 0.01 mmol) and-ébromomethyl)phenylboronic acid (0.5
g, 2.3 mmol) were dissolved in DMF separately and mixed. The mixture was stirrefCat 60
overnight and dialysis against® (3x2 L). After filtration and lyphilization, white product
was obtained0.15 g, yield 75 %). 1HNMR (300 MHz, DO) was shownn Figure 5.4. Upon
comparison of the relative integrations 2 of two proton signals§D.@pm vs 4.81.5 ppm),

about 90 % of DMAEMA residuals was substitutgdPBA.
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ppm

ppm
Figure 5.4 The IHNMR spectra of MPE&-P(DMAEMA-PBA)1sk before and after Do

(80 mM) treatment.

5.2.4 Synthesis gioly(DMAEMA)

DMAEMA (0.2 g, 1.3 mmol), CuBr (5.7 mg, 0.04 mmol), ethybromoisobutyraté8 mg,

0. 04 mmol Hipyridemen(1R.5 thg. 0.@8Mpmol) were added to a round bottom flask
and protected with théN; atmosphere To this mixture, THF (2 mL) andethyl U
bromoisobutyrat€8 mg, 0.04 mmol) were added sequentially and mixed gehtigr three
freezethaw cycles, the flask was sealeith N2, immersedn anoil bath and stirred overnight

at 60°C. The resulted solution was poured into ethyl aceth®® (nL) and washed with
NaHCG (0.1 N, 350 mL) and dried over anhydrous NaS@fter filtration and removing the
solvent slightly yellow viscous soligvas obtaineéindwas usedlirectly (0.14 g, yield 70%).

1H-NMR (300 MHz, CDC}) was shownn Figure 5.5
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Figure 5.5 The 1HNMR spectrumof poly(DMAEMA) synthesized by ATRP initiated by
ethyl U-bromoisobutyrate

5.2.5 Synthesis gioly(DMAEMA-PBA)

Poly(DMAEMA) (0.1 g) and 4bromomethyl) phenylboronic acid (0.5 g, 2.3 mmol) were
dissolved in DMF separately amdixed The mixture was stirred at 6 overnight and
dialysis against BD (3% L). After filtrated and lyophilized, whitproductwas obtained1H-
NMR (300 MHz, DO) was shownn Figure 5.6. Upon comparison of the relative integrations
2 of two proton signals (7-8.0 ppm vs 4.81.5 ppm), about 95 % of DMAEMA residuals was

substituted by PBA.

pom

Figure 5.6 The 1IHNMR spectrunof poly(DMAEMA-PBA).
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5.2.6 Synthesis of poly(vinyl alcohol) methacrylate

Poly(vinyl alcohol) (1 g) and methyl anhydride (1vggre dissolvedn DMSO (20 mL), and
EtN (1 mL) wasaddedas acatalyst The mixture was stirred overnight at room temperature
and dialysis against4® (3*2 L) and lyophilized to obtain the product. HMR (300 MHz,

d-DMSO)was shownn Figure 5.7.

ppm
Figure 5.71H-NMR of PVA methacrylate and its gel in aqueous solution.

5.2.7 Rhodamine B or FITC labeled insulin or CAT

Rhodamine B isothiocyanate (0.5 mg) dissolved in DM$@L) was added to insulin (20
mg) dissolved in NaHCgaqueous solutiofl00 mM, 1 mL). The mixturevas stirredor one
hour and dialyzed against.8 (3x2 L). The resultantsolution was lyophilized to obtain
rhodamine B labeled insulin. Othitworescencdabeledproteinswere obtainedvith the same
method. Thdluorescencdabeledinsulin or CAT were used in the same way as the one not
labeled,and the fluorescence imagesre takenon a fluorescence microscope (Olympus,

IX71).
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5.2.8 BO2 generation ratassay

The HO. concentration in solution was evaluated using a fluorometric hydrogen peroxide
assay kit according t o tAdech)nGuoosefsalutiansi(t08 oro s
400 mg/dL) containing GONC or GOx (0.2 mg/mLyvere incubatea@t 37 C. Samples (10

pL each tube) were withdrawn and diluted at tinn@@rvals,and the fluorescence intensity

was detected.

5.2.9Preparatiorof insulinNCs or GOxNCs

Typically, insulin (2 mg/mL, 5 mL) or GOx (1 mg/mL, 5 mL) and MP&@& (DMAEMA.-
PBA)14k (1 mg/mL, 5 mL) weranixed,and the pHwvas adjustedo 7.4. During this process,
complex micelleswere generatedand PVA (1 wt%, 0.5 mL) (for insultNC) or PVA
methacrylate (1 wt%, 0.5 mL) (for GEXC) was added assabilizerto obtain insulirNC

without or GOxNC with further exposure to UV light (365 nm, 6 x10 s).

5.2.10In vitro insulin release frorthe compleof insulin and poly(DMAEMAPBA)

The complexwas suspended in 10 mM PBS at pH 7.4 and allocated to centrifuge tubes.
Various amounts of gtose (0, 100 or 400 mg/dL final concentration) and GOx (0.2 mg/mL)
were added to the solutions. At predetermined time intervals, solution (20 L each tube) was
withdrawn and centrifuged, supernatant (10 das stainedvith Coomassie blue (20@.),

and tre absorbance at 595 nmas detectedn an Infinite 200 PR@ultimodeplate reader

(Tecan Group Ltd.)The insulin concentration was calibrated by a standard curve
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5.2.11In vitro insulin (or GOX) release from IAYCs (or GOXNCs) from the PVA

methacrylag gel (with insulin as an example)

Ins-NCs (1 mg/mL) solution and radical initiator were mixed with PVA methacrylate solution
(5 wt% in BO) and irradiated to form a gel. The gels addedo centrifuge tubes containing
glucose (100 or 400 mg/dL). At pretgrmined time intervals, solution (10 L each tube) was
withdrawn, stained with Coomassie blue (200 L) and the absorbance at S8&adetected

on an Infinite 200 PR@ultimodeplate reader (Tecan Group LtdThe insulin concentration

was calibrated bg standard curve

5.2.12Fabricationof microneedle array patch (with MN(G+C+l) as an example)

All the MNs in this study were prepared using commercial silicone moldspurchased from

Bl ueacre Technology Ltd. Each MNwhHchtpera r oun
over a height of 600 & m tverearrangedpa200abaye m di .
wi t h 6 0-0p spaang.tFirsp diluted aqueous solutions of PVA (contain 10 % PVA
methacrylate, 3.5 wt% in4@, 500uL), CAT-NG (1 mg in 40QuL H20) and aphotoinitiator

(Irgacure 2959; 5 wt%) were prepared anicted After deposition of this solution (1Q4L)

in a silicone mold, the solution was kept under reduced vacuum for 30 minutes and then
transferred to a Hettich Universal 32R centrifuge fOrm3in at 2000 rpm. Then, diluted

aqueous solutions of PVA: PVP (2:1), PVA methacrylate (5 % in total),-8SCs, InsNCs

and photoinitiator (Irgacure 2959; 5 wtdere loadednto amold, and this procedure was

repeated for several times until predetermiaetbunt of INnsNCs was loadedFinally, the
microneedle array pataas driedunder vacuum foR days. After the desiccation, the MN

arrayswere carefully peeled othe siliconemold, and the MNs underwermtrosslinkingvia
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UV irradiation (365 nm, BlueWave® 75 UV Curing Spot Lamp) for six cycles edeldbnd
exposure. The morphology of the MNgs characterizedn an FEI Verios 460L field

emission scanning electron microscope.

5.2.13Mechanical strength test

The mechanical strength of microneedles with a sstasm gaugewas determinedyy
pressing a stainlesgeel plate againshicroneedle®n an MTS 30G tensile testing machine.
Theinitial gauge was 2.00 mm between the tipmafroneedleand the plate, ith 10.00 N as
the load cell capacity. The speed of the plate approachici@needlesvas sefas 0.1 mm/s.

The failure force omicroneedlesvas recordeds the force at which the needle began to buckle.

5.2.14In vitro cytotoxicity assay

The cytotoxiciy of materials to HelLa cells was determined using,3-dimethylthiazoi2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, HeLa cells (5000 cells per well)
were plated into 96vell plates and incubated overnight. Then cells were exposed to serial
dilutions of carrier materials for 40 h. Subsequently, the medium in each well was replaced
with fresh culture medium containing 0.5 mg/mL MTT. The plates were incubated for another
2 h before the addition of DMSO to dissolve the formazan crystals. Huebamceof each
individual well was measured at 562 nm with a microplate spectrophotometer. Each drug

concentration was tested in triplicate and in three independent experiments.
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5.2.15In vivostudies using streptozotoeinduced diabetic mice

Thein vivoefficacy of MN-array patches for diabetes treatma&as evaluateth adult diabetic

mice (male C57B6, ag8 weeks Jackson Laboratory) induced using streptozotocin. The

animal study protocolvas approvedby the Institutional Animal Care and Use Comnatte

North Carolina State University and the University of North Carolina at Chapel Hill. The blood
glucose levels were measured using tail vein blood saniples (e L) of mi ce usi ng
GL2Plus glucose meter (Clarity Diagnostics). The mouse glusysds were consitantly

measured before treatment. For each group, five mice were selected to be treated using MN

patches or native insulin. The glucdeeel of each mouswas monitoredintil stabilization.

5.2.16In vitro skin penetration test
To evalate than vitro skin penetrating ability of MNs, the MNgere inserteahto the mouse
skin for 10 min. The skin was excised and stained with trypan blue for 10 min before imaging

by optical microscopy (Leica EZ4 §iereomicroscope

5.2.17 Animal experimnt
The sample size calculated by power analysis: G*power 3.1. The experoheemst usea
method of randomization. The investigatassre not blindedo allocation during experiments

and outcome assessment.

5.2.18Statistical analysis

Differences in bbod glucose levels between the treated groups and controlled groups were

deter mi ned by tiastplheirasdtsiereonsidkrediatisécally significant if
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the twotailed P-values were less than 0.05. The statistical approach remeamsistent

throughout all analyses.

5.3 Results and Discussion
5.3.1Synthesis and characterizationn@ihecomplexes
Through the atom transfer radical polymerization (ATRP) initiated by polyethylene glycolyl

monomethyl ether-bromoisobutyrate (MPE£g-Br), 2-(dimethylamino)ethyl methacrylate

(DMAEMA) was polymerized to obtain MPE&P(DMAEMA)sk (Figure 5.2, 5.3 and 5.8),
which was subsequently modified with(dromomethyl)phenylboronic acid to obtain the
positively charged MPE£z-P(DMAEMA-PBA)14k (Figure5.4 and 5.9)In the presence of
H20., phenylboronic acid on MPE&P(DMAEMA-PBA)wsk was oxidized and hydrolyzed,
generating MPE&-P(DMAEMA)ek with reduced positive charge (Figure 5.1b), as
demonstrated by NMMR (Figure 5.4¥%In addition, poly(DMAEMA) and poly(DMAEMA

PBA) were synthesizedia ATRP initiated by ethyl0-bromoisobutyrateand subsequent
quaternarization by-@bromomethyl)phenylboronic acid, respectively (Figure 5.5, 5.6, 5.10
and 5.11)Given its isoelectric point of ~528! insulin is negatively charged at pH 7.4 and
capable of complexing with positively charged MRE®(DMAEMA-PBA)14*%? to form
Ins-NCs with a PEG corona and a complex ¢8#d.o further stabilize the micelle structure,
PVA was incorporategtia forming acidinert ester bonds beeen thgphenylboronicacids on
poly(DMAEMA-PBA) andcis-1, 3diols on PVA?%** Therefore, IndNCs with aloading
capacityof 50 wt %, an average hydr odoptentmloidet+&G5 ze ar
mV were achieved as measured by dynamic light scattering (DLS) (Figure 5.12a) and

transmission electronimicroscopy (TEM) (Figure 5.128942°°When InsNCswere degraded,
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the solution gradually became transparent after incubation with glucose (400 mg/dL) in the
presece of GOx (Figure 5.13Meanwhile, GOx was also integrated imePVA stabilized
nanocomplex micelles (GOGXMCs), with an average hydrodynamic size of around 50 nm

( Fi gur e -potedtidl df 2.4 x¥0d m¥¢. In addition, a negradable network ofr PVA

on GOxNCs formed upon exposure to UV light (365 nm, 6 x 10GPx-NCs had a GOx
loading capacity of 33 Wb, and showed similar activity to native G@agardingcatalyzing

the oxidation of glucose to produce®: (Figure 5.12c¢¥°° Furthermore, a different pH value
after GOxNC caalysis indicated a glucose concentratt@pendent manner of gluconic acid

generation (Figure 5.12d).
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Figure 5.8 The FT-IR spectrunof MPEGk-P(DMAEMA)ek.
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Figure 5.12Characterizationsf InssNCs and GOXNCs. (a) Representative imagel$g-NC
solution and hydrodynamic size distribution of {WNCs as determined by DLS. Inset: A
representative picture of the HNC solution sample (insulin concentration: 1 mg/mL). (b)
Representative TENmage of InsNCs. Scale bar: 100 nm. (cp® generation in PBS (10

mM, pH 7.4) of various glucose (400 mg/dL) as catalyzed by GOx andN&Z3x (d) The pH
change of PBS solution containing different glucose concentrations (100 or 400 mg/dL) in the
presene of GOxNCs (0.2 mg/mL GOseq. concentration). Data points represent mean £SD
(n=3). Error bars indicate SD.
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Figure 5.13Representative TEM image and size distribution ofN&s after treatment with
PBS containing glucose (400 mg/dL) in the presence of GOXx.
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Figure 5.14Representative TEM images and size distribution of BOs. Scale bar: 50 nm.

5.3.2In vitro glucoseresponsive insulin release

Next, the insulin release rate was evaluated in the presence of GOx in phosphate buffered saline
(PBS) at pH 7.4 with three different glucose concentrations, including a typical hyperglycemic
level (400 mg/dL), a normoglycemic level (100 mg/dL), and a control level (0 mg/dL). The
insulin release rateras remarkably promotaghder a hyperglycemic staterapared to those

of other two groups (Figure 5.15a).

97



Figure 5.15 In vitro characterization of glucosesponsive insulin release. (a) Glucose
concentratiordependeninsulin release from eomplexof insulin in PBS 7.4 in the presence
of GOx (0.2 mg/mL). The glucose concentratisas set a, 100 and 400 mg/dL. (b)-B>

(5 mM) and pH cascaeteiggered insulin release from a complex of insulin. (c) Glucose
concentratiordependeninsulin release &m InsNCs loaded im-PVA gel in PBS 7.4 in the
presence of GOx (0.2 mg/mL). (d) GlucasmcentratiordependenGOx release from GQOx
NCs encapsulateth m-PVA gel in PBS 7.4. Additional GOx (0.2 mg/mL) was added. The
glucose concentratiowas set ad00and 400 mg/dL. Data points represent mean +8B (

3). Error bars indicate SD.

Furthermore, the mechanism of gluc@sggered insulin releas&as investigatedPrior to
PVA crosslinking,instantinsulin releasavas triggeredn both 100 and 400 mg/dL glucose
solution (Figure 5.16). However, the addition of PVA stabilized the complex and significantly

reduced insulin release in 100 mg/dL glucose solution (Figure SAl#)er studies indicated

that neither HO2 nor slightly acidic environment coulthdividually achieve insulin release
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