
ABSTRACT 

ZHANG, YUQI. Bioresponsive Drug Delivery by Microneedle Patches. (Under the direction 

of Dr. Zhen Gu). 

 

Transdermal drug delivery based on microneedle (MN) patches have been widely 

investigated as an attractive alternative administration route. The patches can enable drug 

transport through the skin in a painless, convenient, and continuous manner. By integrating 

with bioresponsive formulations that can respond to physiological signals to tune drug release 

rates, these smart patches have been spotlighted as a promising approach to improve 

therapeutic efficiency in the last decade. This thesis study focused on developing bioresponsive 

drug delivery systems based on MN patches for smart drug delivery to treat several diseases 

including thromboembolism, obesity, acne, and diabetes. In order to achieve long-term auto-

anticoagulant regulation, a thrombin-responsive patch was developed to release heparin for the 

prevention of blood coagulation. The integration of the thrombin-cleavable peptide allowed 

real-time monitoring of blood thrombin concentrations and subsequent on-demand release of 

anticoagulant drug. A glucose-responsive patch loaded with browning agents was designed to 

locally induce adipose tissue transformation for obesity treatment. The local release triggered 

by blood glucose could effectively deliver drug to the subcutaneous adipocytes in a sustained 

manner, thus minimizing systemic side effects. In addition, an inflammatory signal-triggered 

patch was developed for acne treatment. Compared to commonly used anti-acne cream, 

enhanced efficacy toward dermis lesions could be achieved through the skin penetration by 

MNs. We also designed a self-regulated glucose-responsive insulin delivery system based on 

MN patches for diabetes treatment. The integration of H2O2 and pH-responsive insulin 

complexes enabled closed-loop glucose-mediated 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 biotherapeutics and  

represents a low-cost and rapid delivery approach.1 However, injections are often associated 

with poor patient adherence and may lead to injection phobia and distress.2-5 An attractive 

alternative to hypodermic injection is to deliver therapeutics across the skin using 

transcutaneous patches.2-3, 6 Typically, these transcutaneous patches incorporate arrays of 

microneedles (MNs) that are designed to penetrate skinôs outer stratum corneum layer to 

enhance delivery capabilities.2, 7-9 Since the needles are micron-size, they can deliver almost 

any drug or small particulate formulation as well as facilitate localized tissue delivery.2 

Critically, transcutaneous patches are a more appealing approach to patients as this method of 

drug delivery is painless and can be self-administered.2-3, 6 

 

Recently, transdermal patch models that incorporate stimuli-responsive MNs which release 

drug in response to an internally-generated stimuli have been proposed for smart and precise 

drug release.10-13 Compared to delivery systems triggered by external stimuli like electric 

field,14-15 light,16-17 or mechanical force,18 the MN patches activated by a physiological signal 

provide self-regulated delivery of drug in response to the abnormal physiological signals, 

thereby maximizing therapeutic efficiency and minimizing side effects or toxicity.19 

 

For instance, glucose-responsive MNs can be triggered to release insulin in response to 

abnormally high glucose levels in vascular and lymph capillary networks while showing basal 

insulin release in euglycemic conditions, achieving a smart closed-loop system for insulin 
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delivery.20 Herein, we will summarize and classify recent advances in the development of 

bioresponsive transcutaneous patches, including pH-responsive, glucose-responsive, and 

enzyme-activated systems (Figure 1.1), and discuss the advantages, limitations of these current 

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

discussed. 

  

Figure 1.1 Typical physiological signals (bio-triggers) for bioresponsive transcutaneous 

patches.  

 

1.2 pH-Responsive Transdermal Patches 

Normal skin is slightly acidic, with a pH ranging from 4.0-7.0, which provides a barrier to 

bacteria, viruses and other potential contaminants.21 In particular, the acid mantle secreted by 

sebaceous glands maintains the epidermis pH at approximately 5.5.22 The acidic properties of 

skin enable the use of pH-sensitive patches for on-demand transdermal drug delivery. For 

example, MNs filled pH-responsive poly(lactic-co-glycolic acid) (PLGA) hollow 

microspheres were developed and reported to sequentially co-deliver multiple drugs to skin 

tissue by Ke et al. 23 In this system, hollow PGLA microspheres encapsulated an aqueous core 
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containing red-fluorescent dye Cy5 as a model drug and sodium bicarbonate (NaHCO3) loaded 

via a double-emulsion method. The Cy5-loaded microspheres 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 environment of the skin stimulated NaHCO3 in the PLGA 

microspheres to generate CO2 bubbles, 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 skin ex vivo using fluorescence microscopy. pH-sensitive surface modification 

was also reported in the fabrication of pH-sensitive microneedles. Here, MNs were coated with 

ovalbumin, a model antigen, and a pH-sensitive pyridine surface.24 Upon insertion into the 

acidic skin conditions, reduced electrostatic interactions allowed the ovalbumin to be 

efficiently released. Layer-by-layer assembly of polyelectrolytes has also been shown to 

achieve pH-triggered drug release through weakened electrostatic binding that occurs between 

the negatively and positively charged layers in the physiological pH.25-26 

 

1.3 Glucose-Responsive Transdermal Patches 

Since MNs inserted into skin can directly contact the dermal microcirculation, these MNs can 

sense serum biomarker levels and changes thereof in a real-time manner.8, 27 For patients with 

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

of insulin as part of diabetes self-management,28-29 insulin-loaded MNs with glucose-

responsive moieties are desirable for achieving closed-loop insulin delivery. Based on this 

concept, Yu et al. have developed a ñsmart insulin patchò that effectively releases insulin in 

response to hyperglycemic conditions for diabetes treatment.20 In this study, glucose-
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responsive vesicles containing insulin and the glucose-specific enzyme (GOx) were loaded 

into the tips of MN arrays. These vesicles were formed from hypoxia-sensitive hyaluronic acid 

(HA) conjugated with a hydrophobic group that could be bio-reduced to hydrophilic under 

hypoxic conditions (2-nitroimidazole). In hyperglycemic conditions, oxygen consumption 

from the enzymatic conversion of glucose to gluconic acid generated a local hypoxic 

environment, which resulted in the reduction of 2-nitroimidazole to hydrophilic 2-

aminoimidazole, disassembly of the vesicles, and subsequent insulin release. Researchers 

demonstrated this glucose-responsive insulin-delivery system was able to quickly ñsenseò and 

correct elevated 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 insulin-secreting 

pancreatic beta-cells and loaded with glucose-signal amplifiers for glucose-responsive insulin 

delivery.30 Instead of direct insulin release from glucose-responsive vesicles, these vesicles 

were encapsulated with GOx, Ŭ-amylase as well as glucoamylase and acted as synthetic 

glucose-signal amplifiers. In high glucose concentrations, Ŭ-amylase and glucoamylase were 

released and hydrolyzed the Ŭ-amylose that loaded in MNs into glucose. This amplified 

glucose signal further diffused into the externally positioned beta-cell 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 

glucose-signal amplifiers, where one patch was shown to effective control on blood glucose 

levels for 6 h in diabetic mouse. 
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Besides enzymatically-generated hypoxia, H2O2 produced during the enzymatic oxidation of 

glucose can also act as a trigger to facilitate insulin release from MNs. Hu et al. described a 

glucose-responsive insulin delivery device integrating H2O2-sensitive polymeric vesicles with 

an MNs-array patch.31 The insulin-loaded polymeric vesicles (PVs) were self-assembled from 

block copolymers incorporated with polyethylene glycol (PEG) and phenylboronic ester 

(PBE)-conjugated polyserine. In this system, the PBE pendant were degraded in a H2O2-

mediated manner, leading to the disassociation of PVs. In vivo performance of the patch 

integrating with these PVs demonstrated the ability to correct hyperglycemia and self-regulate 

blood glucose levels in a diabetic mouse model.  

 

Most recently, Gu group have integrated hypoxia and H2O2 dual-sensitive vesicles to design 

MNs for enhanced glucose-responsive insulin delivery.32 These dual-sensitive vesicles were 

prepared by diblock copolymer consisting of poly(ethylene glycol) (PEG) and polyserine 

modified with 2-nitroimidazole via a thioether moiety. Hydrophobic 2-nitroimidazole could be 

bio-reduced into hydrophilic 2-aminoimidazole under a hypoxic condition. In addition, the 

thioether acted as a H2O2-sensitive moiety that increased the aqueous solubility of the 

copolymer upon conversion to a sulfone by H2O2. 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 H2O2 generation led to the increased water-solubility of 

copolymer, promoting the dissociation of the glucose-responsive vesicles and subsequent 

release of the insulin. Importantly, the undesirable H2O2 was eliminated during the conversion 

of thioether to sulfone, thereby mitigating free radical-induced damage to skin tissue and 

maintaining the activity of the GOx. Researchers demonstrated this integrated smart insulin 
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patch could effectively regulate blood glucose levels in diabetic mice for 10 h and was 

associated with insignificant inflammation during a longer two-week period of usage. 

 

Aside from the use of hyperglycemia as a disease-associated 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 release. For instance, Wang et al. reported an anti-PD-1 loaded 

MN patch for sustained drug delivery in a glucose-mediated degradation manner for the 

melanoma treatment.33 The checkpoint inhibitor (anti-PD-1) that blocks the programmed 

death-1 (PD-1) pathway was encapsulated in glucose-responsive nanoparticles. With the 

GOx/Catalase enzymatic system immobilized inside the NPs, gluconic acid generated from the 

enzymatic oxidation of glucose facilitated the gradual self-dissociation of NPs, creating a 

sustained release of anti-PD-1 over a three-day administration period. In vivo studies 

demonstrated robust immune responses in a B16F10 mouse melanoma model treated with the 

aPD1 patches compared to control groups administrated with patches that cannot be triggered 

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

 

1.4 Enzymes-Activated Transdermal Patches 

Disease-associated enzymes have recently attracted remarkable attention as targets for 

precision medications.34-35 For example, hyaluronidase (HAase) is overexpressed by various 

types of cancer cells and has become recognized as a tumor marker.36 Recently, a HAase-

activated drug delivery system was developed for synergistic transcutaneous immunotherapy 

to enhance antitumor immune responses.37 In this study, 1-methyl-DL-tryptophan (1-MT), an 

inhibitor of immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO), was conjugated 
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to hyaluronic acid (HA) to give an amphiphilic polymer that was self-assembled into 

therapeutic nanocapsule to encapsulate anti-PD1 antibody (aPD1), the inhibitor of the 

immunoinhibitory receptor programmed cell death protein 1 (PD1). Integrated with the MN 

arrays, this combination of therapeutics was shown to be readily transported across the stratum 

corneum and successfully reach the network of skin-resident dendritic cells (DCs) around the 

melanoma tumor. Drug release was facilitated by the 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 another study, in order to achieve long-term auto-regulation of blood coagulation, Zhang et 

al. designed a thrombin-responsive patch for on-demand heparin delivery.38 Heparin, a 

common anticoagulant, was conjugated to the main chain of hyaluronic acid through a 

thrombin-cleavage peptide (GGLVPR|GSGGC) to create a closed-loop device for sustained 

anticoagulant regulation. The MNs prepared from the heparin-HA conjugate were shown to 

quickly respond to an increased thrombin levels by releasing heparin, preventing the 

undesirable formation of blood clots by the thrombin-triggered cleavage of the linker. Under 

normal blood conditions, no drug was released. Subsequent in vivo thrombolytic challenge 

experiments revealed potential for this patch as an efficient, long-term protection against 

abnormal blood clotting and acute pulmonary thromboembolism. 
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1.5 Conclusions and Outlook 

Bioresponsive transcutaneous patches hold tremendous promise for on-demand 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 variety of the physiological 

stimuli described in this chapter, including changes in pH, serum glucose levels, and enzyme 

activity. Looking ahead, physiological signal-responsive devices may be highly desirable for 

the precision treatment of diseases that are associated with metabolic levels.39  

 

Despite remarkable achievements in this area, the field of bioresponsive transdermal delivery 

is still in its infancy, and the investigation of these systems remains centered in in vivo 

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 use.40-42 This work requires a closer investigation of the response 

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. In addition, most in 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 the next-generation of transcutaneous 

devices are developed with sufficient loading capacity to match the long-term dosage of the 

specific therapeutics. 
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Table 1.1 Summary of recently developed bioresponsive transcutaneous patches. 

Stimulus Materials Model therapeutics Ref 

pH 

PVP, pH-sensitive PLGA nanoparticles Alexa488 and Cy5 23 

Pyridine modified silicon, N-trimethyl chitosan Ovalbumin 24, 26 

Metal, polydopamine, heparin, and albumin DNA 25 

Glucose 

HA, hypoxia-sensitive vesicles Insulin 20, 30 

HA, H2O2-sensitive polymersomes Insulin 31 

HA, hypoxia and H2O2 dual-sensitive 

polymersomes 

Insulin 32 

HA, pH-sensitive dextran nanoparticles anti-PD-1 33 

Enzyme 

1-MT conjugated HA 1-MT and anti-PD-1 37 

Heparin conjugated HA Heparin 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 microneedles for therapeutic applications. This dissertation 

is presented as four separate manuscripts (Chapter 2-5) with a comprehensive introduction 

(Chapter 1) highlighting recent advances in the development and application of bioresponsive 

microneedle patches for transdermal drug delivery in an on-demand manner. A summary that 

concludes the primary findings described in Chapter 2 to 5 is also provided. 

 

Chapter 2 reports a thrombin-responsive microneedle patch for closed-loop heparin delivery 

to achieve long-term prevention of coagulation. In Chapter 3, we describe a glucose-triggered 
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microneedle patch to locally induce adipose tissue browning for obesity treatment. Chapter 4 

reports an inflammatory signal-activated patch to deliver antibiotic into dermis for enhanced 

acne treatment. Chapter 5 describes a glucose-responsive microneedle patch comprised of pH 

and H2O2-sensitive nanocomplexes for self-regulated insulin delivery to manage diabetes. 

Finally, conclusions were given in Chapter 6 with further discussion, implications of previous 

results, and insights in developing bioresponsive drug delivery systems based on microneedle 

patches for therapeutic applications. 
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CHAPTER 2 THROMBIN -RESPONSIVE TRANSCUTANEOUS PATCH FOR 

AUTO-ANTICOAGULANT REGULATION  

2.1 Introduction 

Thrombosis, a pathological hemostatic condition, has become one of the leading causes of 

cardiovascular mortalities and morbidities worldwide.43-44 The unwanted intravascular blood 

thrombi can cause vascular occlusions, organ damage, and severe cardiovascular diseases, 

including myocardial infarction and stroke.45-47 As a first line of defense, anticoagulant drugs 

can prevent and delay the obstruction in blood flow.44, 48 Heparin (HP), a common 

anticoagulant, is routinely administered to counteract coagulation activation.49-50 Dosing 

schemes for HP usually involve daily intravenous administration for weeks to months.51 

Unfortunately, systemic (intravenous) or local (catheter) delivery of anticoagulants remains 

difficult for precise anticoagulant regulation.52 Under- or over-dosage may lead to dangerous 

consequences due to either rapid clearance in the body or bleeding complications that may lead 

to spontaneous hemorrhages.53 Moreover, it is known that the timely delivery of drugs is 

critical for cardiovascular patients when an unpredictable attack happens,54 which makes 

sustained protection from pathogenesis imperative. Therefore, a controlled and on-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 diseases.55-57 

 

Herein, we report an engineered feedback-controlled anticoagulant system based on thrombin-

responsive polymer-drug conjugates. Thrombin is a trypsin-like serine proteinase that plays an 

imperative role in blood coagulation systems to produce insoluble fibrin from soluble 

fibrinogen.58 Recently, thrombin-responsive systems based on the thrombin-cleavable peptide 
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have attracted great attention due to associated high sensitivity and fast response rate.59-60 In 

our system, a thrombin-cleavable peptide is introduced as a linker during the conjugation of 

HP to the main chain of hyaluronic acid (HA).61 The peptide can be cleaved when thrombin is 

activated,62-63 triggering the release of drug from the backbone in a thrombin-responsive 

fashion (Figure 2.1a). The thrombin-responsive HP conjugated HA (TR-HAHP) matrix can be 

obtained via polymerization under ultraviolet (UV) light treatment. In the presence of the 

elevated thrombin concentration, HP can be promptly released from the TR-HAHP matrix, 

whereas HP is trapped in the matrix and cannot be released without thrombin. The released HP 

is able to inhibit the coagulation activation by inactivating thrombin, which suppresses the 

release of HP from the matrix and minimizes the risk of undesirable spontaneous hemorrhage.  

 

The TR-HAHP derivative can be further integrated into a disposable microneedle (MN)-array 

based transcutaneous device for potential long-term autoregulation of blood coagulation. The 

micro-size needles on the patch enable convenient administration in a painless manner.1, 20, 64-

66 Owing to the thrombin-responsive property, this MN patch acts as a closed-loop ñsmartò 

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 releases a corresponding 

dose of anticoagulant drug to prevent the undesired formation of blood clots (Figure 2.1b). We 

demonstrate that this ñsmartò HP patch can offer sustained autoregulation of blood coagulation 

in a safe and convenient manner.   
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Figure 2.1 (a) Formation and mechanism of the feedback-controlled heparin delivery system 

based on thrombin-responsive HAHP (TR-HAHP) conjugate. (b) Schematic of the TR-HAHP 

MN array patch in response to thrombin. (c) In vitro accumulated FITC-labeled HP release 

from the TR-HAHP hydrogel in several thrombin concentrations at 37 °C. (d) Pulsatile release 

profile of FITC-HP from the TR-HAHP hydrogel (blue: w/o thrombin; pink: w/thrombin). (e) 

Fluorescence microscopy images of the TR-HAHP hydrogel in thrombin solution at indicated 

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 Sigma-Aldrich unless otherwise specified and were used 

as received. Thrombin cleavable peptide (GGLVPRGSGGC) was ordered from GL Biochem 

Ltd (Shanghai, China). Heparin with an activity of 212 U/mg was obtained from Sigma-

Aldrich. aPTT, PT, TCT reagents and human plasma were purchased from Helena Laboratories, 

Inc (Beaumont, TA,USA). Human F1+2 ELISA kit was purchased from MyBioSource, Inc 

(San Diego, CA, USA). The deionized water was prepared by a Millipore NanoPure 

purification system (resistivity higher than 18.2 Mɋ cm-1). 

 

2.2.2 LC-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 KCl, pH 7.4) for 12 h. The LC-MS analysis of 

intact peptide and cleaved peptide (GGLVPR) was shown in Figure 2.2. 

 

2.2.3 Synthesis of acrylate modified HA (m-HA)  

m-HA was synthesized follow the previously reported method.67 Briefly, 2.0 g of HA was 

dissolved in 100 mL of DI water at 4 oC, to which 1.6 mL of methacrylic anhydride (MA) was 

dropwise added. The reaction solution was adjusted to pH 8-9 by the addition of 5 M NaOH 

and stir at 4 oC for 24 h. The resulting polymer was obtained by precipitation in acetone, 

followed by washing with ethanol for 3 times. The product re-dissolved in DI water and the 

solution dialyzed against DI water for 2 days. m-HA was achieved by lyophilization 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 performing a standard deconvolution algorithm 

to separate closely spaced peaks. 1H NMR (300 MHz, D2O, ŭ): 1.85-1.96 (m, 3H, 

CH2=C(CH3)CO), 1.99 (s, 3H, NHCOCH3), 5.74 (s, 1H, CH1H2=C(CH3)CO), 6.17 (s, 1H, 

CH1H2=C(CH3)CO). 

 

2.2.4 Synthesis of HA-Pep conjugates 

50 mg of m-HA was mixed with 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC)/N-

hydroxysuccinimide (NHS) (117 mg/81 mg) for the activation of carbonyl groups on m-HA in 

a pH 5.0 sodium acetic buffer for 30 min at RT, and the unreacted EDC and NHS were removed 

using a centrifugal filter (100, 000 Da MWCO, Millipore). Then 30 mg peptide was added to 

react with m-HA in a pH 7.4 PBS buffer at RT for overnight. Free peptides were removed 

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

 

2.2.5 Synthesis of TR-HAHP conjugates 

The carbonyl groups on HP was activated by mixing with EDC/NHS and stirred for 30 min. 

Then 1,6-diaminohexane was added for another 4 h at RT (pH 8.5). The reaction solution was 

thoroughly dialyzed against DI water for 1 day and followed by lyophilization (Freeze Dry 

System, Labconco, Kansas City, MO, USA) to remove the residual water. The pre-modified 

HP was mixed with sulfosuccinimidyl-4-(N-maleimidomethyl)- cyclohexane-1-carboxylate 

(Sulfo-SMCC, Pierce) in PBS (pH 7.4) at a molar ratio of 1:5 for 0.5 h at RT and purified with 

a centrifugal filter (10, 000 Da MWCO). Finally, the activated HP and the HA-Pep conjugates 

were mixed in PBS (pH 8.0). After 24-h reaction at 4 oC, the obtained TR-HAHP was washed 
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with water using a centrifugal filter (100, 000 Da MWCO) and stored at 4 oC till use. The 

elemental analysis of TR-HAHP was measured using a FEI Verios 460L field-emission 

scanning electron microscope (FESEM) combined with energy dispersive X-ray microanalysis. 

Fluorescein isothiocyanate (FITC) 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 of NR-HAHP conjugates 

The NR-HAHP conjugates was prepared by directly mix carbonyl group-activated m-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 of TR-HAHP hydrogel 

Cross-linker N,Nô-methylenebisacrylamide (MBA, w/v: 2%) and photoinitiator (Irgacure 2959, 

w/v: 0.2%) were mixed in TR-HAHP solution. After UV irradiation (wavelength: 365 nm) for 

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

 

2.2.8 In vitro release studies 

To evaluate the thrombin-responsive characteristics of TR-HAHP hydrogels, the hydrogels 

were incubated in Tris buffer (20 mM Tris, 150 mM NaCl, 2.5mM KCl, pH 7.4) at 37 oC on 

an orbital shaker, to which various amounts of thrombin were added to reach concentrations at 

0, 0.5, and 1 U/mL. At predetermined time points, 100 ɛL of the supernatant was taken out for 

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 Ltd., Switzerland). 
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To access the hydrogelôs ability to adapt to cyclical changes in thrombin concentrations, the 

TR-HAHP hydrogel was first incubated in Tris buffer with thrombin (0.6 U/mL) for 15 min. 

At that point, the supernatant was removed and the FITC intensity was 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 FITC-heparin from MNs were monitored by immersing the tips of MNs 

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

ɛL of the medium was taken out, and the fluorescence intensity was then measured using the 

same method mentioned above to quantify the release amount of FITC-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 of TR-HAHP. Specifically, the 

hydrogel (HA, HP, NR-HAHP, TR-HAHP), human plasma, and aPTT or PT reagent were 

mixed together at a ratio of 1:9:10 and incubated at 37 oC for 3 min. Then, 0.025 ɛM calcium 

chloride was added to the samples, and the time was recorded for clot formation. For the 

Thrombin Cloting Time (TCT) assay, the human plasma was first incubated with hydrogel for 

3 min at 37 oC. 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 evaluate the thrombin reponsiveness of TR-HAHP, the hydrogels were incubated with 

human plasma for two cycles. Each cycle was performed at 37 oC under constant revolution 

and avoiding air contact for 3 h. The blood plasma was removed after the frst incubation and 
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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 TR-HAHP MNs 

All the MNs in this study were fabricated using the uniform silicone molds from Blueacre 

Technology Ltd. Each needle had a 300 ɛm by 300 ɛm round base tapering to a height of 600 

ɛm with a tip diameter of around 10 ɛm. The needles were arranged in a 20×20 array with 600 

ɛm tip-to-tip spacing. To fabricate TR-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 (100 ɛL/array). Then, molds were placed under vacuum (600 mmHg) for 20 min to 

allow the solution filled the MN cavities and became more viscose. Afterwards, the covered 

molds were centrifuged using a Hettich Universal 32R centrifuge for 20 min at 2000 rpm. 

Finally, 3 mL premixed N,Nô-methylenebisacrylamide  (MBA, w/v: 2%), photoinitiator 

(Irgacure 2959, w/v: 0.5%) and m-HA solution(w/v: 4%) was added into the prepared 

micromold reservoir and allowed to dry at 20 °C under vacuum desiccator. After completely 

desiccation, the MN patch was carefully detached from the silicone mold and underwent the 

crosslinking polymerization via UV irradiation (wavelength: 365 nm at an intensity of 9 

mW/cm2) for 30 s. The resulting MN-array patches were stored in a sealed six well container 

for later study. The morphology of the MNs was characterized via a FEI Verios 460L field-

emission scanning electron microscope. 
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2.2.11 Mechanical strength test 

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 the MN-array patch was 1 ɛm/s. 

The fracture force of MNs was 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. After euthanized by CO2 

asphyxiation, the skin was excited and stained with trypan blue for 30 min for imaging by 

optical microscopy (Leica EZ4 D stereo microscope). 

 

2.2.13 Biocompatibility analysis 

To evaluate the biocompatibility of the MN-array patches, mice were euthanized by CO2 

asphyxiation and the surrounding tissues were excised after 24-hour MN administration. The 

tissues were fixed in 10% formalin for 18 h and then embedded in paraffin, cut into 50 ɛm 

sections, and stained using hematoxylin and eosin (H&E) and fluorescent TUNEL staining for 

histological analysis. 

 

2.2.14 In vivo thrombosis model 

Pulmonary thromboembolism in mice was induced follow the literature.68-69 Briefly, female 

CD-1 mice (Charles Rives, Raleigh, NC, USA), weighing 20-25 g were used. The animal study 

protocol was approved by the Institutional Animal Care and Use Committee at North Carolina 

State University and University of North Carolina at Chapel Hill.  Mice were caged and fed a 

regular diet for at least one week before use. Eight mice for each group were selected and pre-
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administered with the drugs (HA MN, HAHP MN, NR-HAHP MN, TR-HAHP MN) for tests 

(HP dose: 5 U/patch). The thrombotic challenge was induced by the rapid i.v. 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 min). The total duration of each experiment was 15 min. The animals 

which did not die within this time were sacrificed by exposure to CO2 and will be recorded as 

survivors. No anesthesia was used during the experiment because of the short duration and 

because anesthesia has been reported to interfere with thromboembolism in this model.70 After 

sacrifice, the lungs of mice were collected, fixed, and sectioned for H&E staining and observed 

by optical microscopy. 

 

2.2.15 Tail bleeding test 

For safety test of the TR-HAHP MN in vivo, 5 mice (male C57B6, Jackson Lab, U.S.A.) in 

each group were pretreated with different MN patches (with a dose of 200 U/kg HP) and then 

placed on a 37 °C heating pad. About 2ï4 mm from the tip of the mouseôs tail (in about 1 mm 

diameter), a cut was made with a disposable surgical blade. After transection, the tail was 

immediately placed in a 50-ml falcon tube filled with 37 °C saline. The bleeding time was 

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 Ñ SD. Statistical analysis was performed using Studentôs t-test 

or ANOVA test. With a P value < 0.05, the differences between experimental groups and 

control groups were considered statistically significant. 
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2.3 Results and Discussion 

2.3.1 Preparation and characterization of thrombin-responsive heparin hydrogel 

To achieve the stimuli-triggered heparin delivery, a thrombin cleavable peptide with a 

sequence of GGLVPR|GSGGC, was introduced as a linker to obtain the TR-HAHP. The 

cleavage of the peptide by thrombin was verified by liquid chromatography mass spectrometry 

(LCMS) analysis, which showed that the peptides were efficiently cleaved after 12-h 

incubation with 1 U/mL thrombin in Tris buffer (20 mM Tris, 150 mM NaCl, 2.5mM KCl, pH 

7.4) (Figure 2.2). To prepare the TR-HAHP, the cleavable peptide was first conjugated to the 

methacrylated HA (m-HA) through the formation of an amide bond. Then, HP was further 

covalently bound to the cysteine residue of the peptide to obtain the TR-HAHP. 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 release.62 The successful conjugation of HP to m-

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

606 kDa (Table 2.1). 

 

Table 2.1 Elemental analysis of m-HA, HP and TR-HAHP. 

Percent (%) C O N S 

m-HA 45.8±0.5 35.3±0.4 3.8±0.5  0.7±0.2  

HP 26.2±0.4  39.1±0.5  1.4±0.4  17.1±0.5  

TR-HAHP 49.7±0.5 27.5±0.4  7.8±0.5  8.6±0.4  
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Figure 2.2 LCMS spectra of peptide (a) before and (b) after thrombin cleavage. 

 

In order to examine the effect of thrombin in the TR-HAHP based system, a TR-HAHP 

hydrogel was prepared via photo-polymerization (Figure 2.3). The prepared hydrogels were 

incubated in thrombin solutions with different concentrations (0, 0.5 and 1 U mL), and the 

release kinetics were obtained by measuring the fluorescence intensity of FITC-labeled HP. 

As shown in Figure 2.1c, the release profiles presented a high dependence on the thrombin 

level. The TR-HAHP 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 hydrogel was stable in the buffer 

without thrombin for up to 12 h (Figure 2.1c and 2.4). Furthermore, a pulsatile release pattern 

was observed when the TR-HAHP hydrogel was alternately exposed every 15 min for several 

cycles to solutions with and without thrombin (Figure 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 microscopy. As 

demonstrated in Figure 2.1e, the cleaved FITC-HP gradually diffused through the cross-linked 

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 

the buffer without thrombin after 12 h (Figure 2.4). To further confirm the thrombin-responsive 

release, a non-responsive HP-HA conjugate without the thrombin-sensitive peptide (NR-

HAHP) was synthesized directly via a heterobifunctional linker as a negative control. From 

the fluorescence images and release profiles of the NR-HAHP hydrogel incubating with 

thrombin solutions, it was demonstrated that HP could not detach from the HA matrix without 

the degradation of the thrombin-sensitive peptide (Figure 2.4 and 2.5). Collectively, these 

results suggested that the thrombin-specific activation feature of the TR-HAHP is attributed to 

the incorporation of the cleavable peptide unit.  

 

  

Figure 2.3 Photographies of TR-HAHP gel before (left) and after (right) UV irradiation.  
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Figure 2.4 Fluorescence microscopy images of the TR-HAHP and NR-HAHP hydrogels in 

thrombin solutions at indicated time points. 

 

Figure 2.5 Release profiles of HP from TR-HAHP and NR-HAHP hydrogels in different 

concentrations thrombin solutions respectively. Error bars indicate s.d. (n=3). 
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2.3.2 In vitro anticoagulant regulation evaluation 

To validate the in vitro anticoagulant regulation ability of TR-HAHP, the activated 

thromboplastin time (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, TR-HAHP gel, and NR-HAHP gel by incubation with human plasma. The 

activated thromboplastin time measurement is commonly used for the evaluation of the 

intrinsic pathways of blood coagulation,71-72 while the PT measurement is a test for the 

evaluation of extrinsic pathways in clinical medicine.73 Antithrombin III, a natural thrombin 

inhibitor, can inactivate thrombin via forming a covalent enzyme complex with thrombin.74-75 

Since it has a specific heparin binding-site proximal to the pentasaccharide, the inactivation of 

thrombin by antithrombin III can be promoted by nearly three orders of magnitude in the 

presence of heparin.76-77 As shown in Figure 2.6a and b, compared with the healthy human 

plasma treated with empty gel, both TR-HAHP and NR-HAHP solutions prolonged aPTT and 

PT by up to 100 s. These prolonged aPTT and PT can be attributed to the existence of heparin 

based on an antithrombin-dependent mechanism.78 However, once cross-linked by UV 

irradiation, the NR-HAHP gel could not inhibit the coagulation while the TR-HAHP gel still 

showed a remarkable increased in the aPTT and PT levels, indicating the thrombin-specific 

release of HP from the TR-HAHP 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 plasma and recording the 

time when a stable clot is formed.79 Consistent with the aPTT and PT results, TCT was 

significantly delayed in the presence of the TR-HAHP gel (Figure 2.6c).  
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Figure 2.6 In vitro anticoagulant capacity of the TR-HAHP hydrogel. (a) In vitro analysis of 

the activated thromboplastin time (aPTT) of untreated (HA), HP treated, non-cross-linked, and 

cross-linked TR-HAHP or NR-HAHP treated plasma. (b) Prothrombin time (PT) tests of 

plasma incubated with HA, HP, TR-HAHP, and NR-HAHP 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 the TR-HAHP hydrogel can effectively 

suppress the thrombin generation during the second incubation. Error bars indicate s.d. (n = 3). 

 

Encouraged by the above findings, we further incubated the hydrogels with human plasma 

twice with 3 h for each incubation cycle to examine the self-regulation ability of the TR-HAHP. 

Thrombin formation in plasma was determined by the level of the prothrombin F1+2 fragment, 

which is cleaved from prothrombin during the activation.80 The coagulation activation levels 

of the TR-HAHP hydrogel versus non-responsive gels (HP and NR-HAHP) were reported in 
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Figure 2.6d. A high level of F1+2 was detected in the plasma incubated with the control groups 

(HA and NR-HAHP), while both HP gel and the TR-HAHP gel effectively inhibited 

coagulation activation in the first incubation cycle. In the presence of TR-HAHP 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 incubation. The 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 the pre-released HP. The remarkable difference in 

F1+2 concentrations between plasmas incubated with the HP gel versus the TR-HAHP gel 

confirmed that the feedback system could inhibit coagulation over a long time period, as 

expected. 

 

2.3.3 Fabrication and characterization of thrombin-responsive MNs 

To achieve a functional form that enables painless and convenient HP delivery, we next 

fabricated a TR-HAHP MN-array patch to assess long-term anticoagulant regulation. Briefly, 

the TR-HAHP solution mixed with the cross-linker MBA and a photoinitiator was first loaded 

into the tip region of a silicone MN-mold by centrifugation. The cross-linked HA-based matrix 

enhances the stiffness of the MNs (Figure 2.7) for efficient penetration through the skin,1 as 

well as restricts the loss of the TR-HAHP from the MNs. The MN-array contains 400 needles 

in a 12 Ĭ 12 mm2 patch with a 600-ɛm center-to-center interval (Figure 2.8a). Each MN was 

of a conical shape, with 300 ɛm in diameter at the base and 600 ɛm in height (Figure 2.8c). 

The fluorescence image in Figure 2.8b displayed a cross-sectional view of the MN with a 
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rhodamine-labeled m-HA matrix and FITC-labeled TR-HAHP loaded in MN tips with a 

homogenous distribution.  

 

Figure 2.7 Mechanical behavior of one TR-HAHP MN. 
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Figure 2.8 Fabrication and in vitro characterization of the TR-HAHP MN array patch. (a) 

Photos of the MNs array. Scale bar: 1 mm. (b) A fluorescence microscopy image of rhodamine-

labeled MN loaded with FITC-labeled TR-HAHP. Scale bar: 200 µm. (c) A SEM image of 

MNs. Scale bar: 200 µm. (d) Pulsatile release profile of FITC-HP from the TR-HAHP MNs. 

(blue: w/o thrombin; pink: w/thrombin). (e) Self-regulated FITC-HP release from MNs in 

different thrombin solutions. Error bars indicate s.d. (n = 3). 

 

The obtained TR-HAHP MNs exhibited thrombin-responsive performance similar to the TR-

HAHP hydrogel. As shown in Figure 2.8d, a repeatable release profile of HP was observed 

corresponding to thrombin levels, which may further enable prolonged thrombin-mediated HP 

delivery. In addition, a tunable release kinetics can be achieved by varying the incubating 

condition (Figure 2.8e). A maximum of a 15.6-fold increase in the HP release rate was 

observed in 20 min once exposed to thrombin solution (0.6 U/mL). In contrast, the 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 NR-HAHP MNs.  

 

2.3.4 In vivo studies in a thrombolytic challenge mouse model 

To further evaluate the potential clinical relevance for the treatment of life-threatening acute 

thrombosis, we next verified the anticoagulant capacity of the TR-HAHP in a thrombotic 

challenge model.69 The CD-1 mice were randomly divided into five groups (n=8), with one 

group intravenously (i.v.) injected with heparin solution and four groups transcutaneously 

administered with different samples: 1) the empty HA MN made of only cross-linked m-HA, 

2) the HA MN encapsulating free HP (HP MN), 3) the TR-HAHP MN and 4) the NR-HAHP 

MN (HP dose: 200 U/kg). The MNs could penetrate the mouse skin efficiently, as evidenced 

by the hematoxylin and eosin (H&E) and trypan blue staining of the MN-treated tissue (Figure 

2.9a), which allowed the MN tips to be exposed to the blood fluid in vascular-capillary network 

for real-time sensing and rapid response. The transient microchannels in the skin were quickly 

recovered 4 h post MN injection (Figure 2.10).  
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Figure 2.9 In vivo studies of the TR-HAHP patch for thrombosis prevention. (a) Photograph 

of a mouse transcutaneously administered with the MN array patch (left). 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 µm and 1 mm, respectively. (b) KaplanïMeier survival curves for the mice 

challenged with thrombin injection. Each group was pre-treated with HP i.v. injection or 

different types of the MN patch (HP: 200 U/kg). Shown are eight mice per treatment group. (c) 

KaplanïMeier survival curves for thrombotic challenge mouse model 6 h post MN treatments 

(HP: 200 U/kg). Shown are eight mice per treatment group. (d) H&E-stained sections of mouse 

skin tissue at the MN-treated sites. Scale bar: 100 µm. (e) Immunofluorescence images of 

mouse skin tissue stained with TUNEL assay (green) and Hoechst (blue). Scale bar: 50 µm. 

 

 
Figure 2.10 Skin puncture marks at 0, 1, 2 and 4 h post-treatment. Scale bar: 2 mm. 

 



 

32 

Each mouse was i.v. injected with thrombin (1000 U/kg) to induce an acute thromboembolism, 

which can lead to mortality in ~ 92% of mice.81 Heparin solution was i.v. injected into the mice 

before thrombosis induction. The MN patches were pre-administered on the dorsum skin of 

the mice 10 min before the challenge to be tested. All animals 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 TR-HAHP MN (Figure 2.9b) during the 15 min. The significantly 

enhanced survival rate implied fast and efficient HP release from the TR-HAHP MN in 

response to increased thrombin, which protected the mice from the thrombolytic risk. Through 

FITC labeled heparin, the in vivo release triggered by thrombin was also verified by 

fluorescence microscopy (Figure 2.11). In a further step, we also examined the survival rate 6 

h post administration of MN patches and heparin injection. It was demonstrated that Ó 80% of 

mice treated with the HP MNs or i.v. injection of heparin died as a result of the short half-life 

of HP ( ~ 1 h) (Figure 2.9c).82 The increased mortality rate 6 h post 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 TR-HAHP MN maintained its function of 

anticoagulation 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 with TR-HAHP MN compared with healthy 

mice (Figure 2.12 and 2.13); 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 2.13). These data indicate that the stimulus-triggered feature of 

the TR-HAHP system enables its potential application in self-administered therapy.  
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Figure 2.11 Representative images of FITC-labeled TR-HAHP MNs and NR-HAHP MNs 

inserted into mice skins after injection of thrombin (1000 U/kg). The white dashed line 

indicates the boundary of the injected MN. Scale bar: 200 ɛm. 

 

Figure 2.12 Histological observation of the lungs of the mice treated with HA, HP, TR-HAHP 

and NR-HAHP MNs after challenge of thrombin. Scale bar: 100 ɛm. 
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Figure 2.13 Histological observation of the lungs of the thrombotic challenge mice 6-h post 

treatment with HP i.v. injection, HP MNs, and TR-HAHP MNs Scale bar: 100 ɛm. 

 

To further investigate the biocompatibility of the MN-array patches, the mouse skin 

surrounding the MN-treated area was excised for histological analysis after 24 h-administration. 

The pure HA MN was regarded as a negative control, which exhibited high biocompatibility 

as observed in the H&E stained histological images (Figure 2.9d and Figure 2.14), whereas 

obvious damage was observed in the skin treated with HP MN. The H&E images indicated 

neutrophil infiltration and a severe pathophysiological response because the HP caused 

subcutaneous bleeding. On the contrary, there were insignificant lesions at the TR-HAHP MN 

treated site because no HP leaked from the MN in the absence of thrombin. Moreover, as 

presented in the skin tissues stained with the in situ TUNEL assay, obvious cell apoptosis 

occurred in the skin treated with HP MN, while no significant cell death was observed in the 

skin treated with the TR-HAHP MN, NR-HAHP and pure HA MN (Figure 2.9e). 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 wounds,83-84 which could not be 

sensed by the MNs in the treated subcutaneous tissue (Figure 2.15).39  
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Figure 2.14. H&E-stained skin sections administered HA, HP, TR-HAHP and NR-HAHP 

MNs (from left to right) with surrounding tissues 24 h postadministration of the MN-array 

patch. Scale bar: 100 ɛm. 

 

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, TR-HAHP MN, and NR-HAHP 

MN. Error bars indicate s.d. (n=5). 

 

2.4 Conclusion 

In conclusion, we developed a thrombin-responsive patch for auto-regulation of blood 

coagulation by integrating a TR-HAHP matrix with a MN-array. The thrombin-cleavable 

peptide unit enabled thrombin-specific activation of drug release from the system with a rate 

highly dependent on the thrombin concentration. More importantly, it enabled feedback-

controlled anticoagulation therapy with minimized risk of over- or under-dosage. The in vivo 

studies in a thrombolytic challenge model demonstrated effective long-term protection from 

acute pulmonary thromboembolism. Taken together, this work provides a platform for 



 

36 

designing closed-loop based drug delivery systems for the treatment of intravascular diseases 

according to levels of related biomarkers. Moreover, the integration of MNs with stimuli-

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 as a disease by the American Medical Association in 2013 and 

recognized as one of the most serious public health problems in the 21st century associated 

with rapid global socioeconomic development.85 Obesity-associated disorders such as type-2 

diabetes, cardiovascular diseases, and cancer, have become a global threat to human health. 

Particularly in the United States, more than one-third of the adult population is obese, and the 

prevalence is going to soar in the next decades.86 Current treatments toward obesity include 

restriction of calorie intake by diet programs, promoting energy expenditure through physical 

exercise, pharmacological therapy, as well as bariatric surgeries and liposuction.87-88 However, 

most therapeutics come with undesired side effects on human organs such as gastrointestine, 

liver, and kidney,89-90 and surgeries have high risks.91 Therefore there is an urgent requirement 

to exploit effective treatments for obesity.  

 

Recent studies have revealed a crucial role of brown adipose tissue (BAT), a primary heat 

generation organ, in energy expenditure in mammals.92-93 It is known that the white adipose 

tissue (WAT) stores exceeded energy as triglycerides, leading to overweight; whereas BAT 

dissipates energy by producing heat through nonshivering thermogenesis, which may facilitate 

the suppression of obesity.94 The transformation of WAT into BAT provides an alternative 

approach for the treatment of obesity and related metabolic disorders, which has garnered 

increasing attention in the past decade.95-97 A variety of genes and pathways that regulate 

adipocyte development have been identified.88, 98 However, numerous browning agents that 
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can promote ñbrowningò on WAT face challenges in clinical application because of undesired 

side effects on other organs as a result of broad targeting spectrum.99-101 

 

In this chapter, we report a locally induced browning technology that based on a degradable 

microneedle (MN) patch consisted of drug-loaded nanoparticles (NPs) and crosslinked matrix 

(Figure 3.1). Rosiglitazone (Rosi) or CL 316243 was loaded in the NPs as the model browning 

agents.102 The NPs can be further integrated into a microneedle (MN)-array based transdermal 

device for sustained drug delivery into subcutaneous adipose tissue. The MN patch provides a 

localized, convenient, and painless administration method.1, 30, 33, 103 In a mouse model, we 

have demonstrated that this MN patch can offer local delivery of browning reagents in a safe 

and effective manner for inhibition of adipocyte hypertrophy and the consequent improvement 

of metabolism. 
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Figure 3.1 Schematic illustration of the browning reagents-loaded transcutaneous MN patch. 

Nanoparticles (NPs) encapsulating rosiglitazone (Rosi), glucose oxidase (GOx), and catalase 

(CAT) are prepared from pH-sensitive acetal-modified dextran and coated with alginate. NPs 

are further loaded into the microneedle-array patch made of crosslinked hyaluronic acid (HA) 

matrix for the brown remodeling of the white fat. 

 

3.2 Experimental Section 

3.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified and were used 

as received. Rosiglitazone was ordered from Abcam (Cambridge, MA). CL 316243 was 

purchased from Cayman Chemical (Ann Arbor, MI). The deionized water was prepared by a 

Millipore NanoPure purification system (resistivity higher than 18.2 Mɋ cm-1). 
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3.2.2 Synthesis of pendant acetal-modified dextran (m-dextran) 

1.0 g of dextran (Mn = 9~11kDa) was added to a flame-dried round-bottom flask and purged 

with nitrogen. 10 mL of anhydrous dimethyl sulfoxide (DMSO) was added to the flask and 

stirred until complete dissolution of the dextran. Pyridinium p-toluenesulfonate (PPTS, 15.6 

mg, 0.062 mmol) was added to the solution followed by the addition of 2-ethoxypropene (4.16 

mL, 37 mmol). The reaction 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 

washed three times in basic water (pH Ḑ8) to prevent undesired degradation and collected by 

centrifugation at 8000 rpm for 15 min. The product was lyophilized to obtain white solid. 1H 

NMR (DMSO-d6, 300 MHz, ŭ ppm): 1.10 (m, OCH2CH3), 1.30 (m, C(CH3)2), 3.40 (m, 

OCH2CH3), 3.55-3.85 (br, dextran C2-H ~ C6-H), 4.88 (br, dextran C1-H) 

 

3.2.3 Preparation of rosiglitazone-loaded dextran nanoparticles 

Dextran nanoparticles were prepared by an improved double emulsion method as reported 

before.104 Briefly, 5 mL dichloromethane (DCM) containing 200 mg of m-dextran 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%). The resulting primary solution was further poured into 25 mL of 1% alginate aqueous 

solution (Mv = 1.6×105 Da) for another 45-cycle sonication. The double emulsion was 

immediately transferred into 150 mL of 0.2% alginate and stirred at room temperature for 2 h 

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 by measuring the UV-vis absorption of the released 

Rosi from nanoparticles using a Nanodrop 2000C spectrometer (Thermo Scientific) at 

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 were measured by 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 morphology was investigated by a FEI Verios 

460L field-emission scanning electron microscope (FESEM). 

 

3.2.4 In vitro release studies 

The in vitro release profile of Rosi from dextran nanoparticles was evaluated through 

incubation of nanoparticles in 1 mL of PBS buffer (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 

10 mM; KH2PO4, 2 mM; pH 7.4) at 37oC on an orbital shaker, to which 100 mg/dL glucose 

was added to reach normoglycemic level in human body. At predetermined time points, the 

sample was centrifuged (10000 rpm, 1 min) and 10 ɛL of the supernatant was taken out for 

analysis by measuring the UV-vis absorbance at 317 nm using a Nanodrop 2000C spectrometer. 

 

3.2.5 Fabrication of browning agent MN patch 

All the MNs in this study were fabricated using the uniform silicone molds from Blueacre 

Technology Ltd. Each needle had a 300 ɛm by 300 ɛm round base tapering to a height of 800 

ɛm. The needles were arranged in an 11×11 array with 600 ɛm tip-to-tip spacing. To fabricate 

a nanoparticle-loaded microneedle, the prepared nanoparticle suspension was first deposited 
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by pipet onto the MN mold surface (30 ɛL/array). Then, molds were placed under vacuum 

(600 mmHg) for 5 min to allow the solution filled the MN cavities. Afterward, the covered 

molds were centrifuged using a Hettich Universal 32R centrifuge for 10 min at 2000 rpm. 

Finally, 3 mL of premixed N,Nô-methylenebis(acrylamide) (MBA, w/v 2%), photoinitiator 

(Irgacure 2959, w/v 0.5%) and m-HA solution(w/v 4%) was added into the prepared 

micromold reservoir and allowed to dry at 20°C under vacuum desiccator. m-HA was 

synthesized following the previous reported method.67 After complete desiccation, the MN 

patch was carefully detached from the silicone mold and underwent the cross-linking 

polymerization via UV irradiation (wavelength: 365 nm at an intensity of 9 mW/cm2) for 30 s. 

The resulting MN-array patches were stored in a sealed six well container for later study. The 

morphology of the MNs was characterized via a FEI Verios 460L field-emission scanning 

electron microscope (FESEM). 

 

3.2.6 Mechanical strength test 

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 the MN-array patch was 1 ɛm/s. 

 

3.2.7 Skin penetration efficiency test 

After administered with the MN-array on skin at the inguinal site, mice were euthanized by 

CO2 asphyxiation, and 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 tissue samples were fixed in 10% formalin for 18 h and then embedded in 
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paraffin, cut into 50 ɛm sections, and stained using hematoxylin and eosin (H&E) for 

histological analysis. 

 

3.2.8 In vivo browning studies in lean mice 

Eight-week old male C57BL/6 mice ordered from Charles River (Raleigh, NC) or the Jackson 

Laboratory were used. The 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 the Columbia University Animal Care and Utilization Committee. Mice 

were caged at 22±1̄C with free access to water and regular chow diet on a 12 h light/dark 

cycle. Mice were given least 1 week adaption before experiments. Three groups of animals 

(n=6) were treated with empty HA MN patch (EV), Rosi NP-loaded MN patch (10 mg/kg) 

(Rosi), or CL316243 NP-loaded MN patch (1 mg/kg) (CL) respectively on inguinal regions 

every 3 days. For indirect calorimetric studies, mice were subjected to the Comprehensive Lab 

Animal Monitoring System (CLAMS). Metabolic activities were monitored during the 

treatment, including oxygen consumption, food intake, locomotor activity and body weight. 

Six days post administration, animals were sacrificed and inguinal adipose tissues were 

collected for histological and RNA analysis. Interscapular BAT and epididymal WAT were 

weighted. 

 

3.2.9 Browning MN patch treatments on diet induced obesity (DIO) mice 

Male C57BL/6 mice were fed on a HFD (60% kcal from fat) for 8 weeks 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 anesthesia. The other 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 period. The glucose tolerance test 

was performed in mice 3-weeks post-treatment. The mice were fasted 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 end of 4-weeks MN 

treatment, the animals were euthanized by CO2 asphyxiation, 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.  

 

3.2.10 RNA analysis 

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

kit with DNase I digestion (Macherey-Nagel) following manufactureôs instruction. 1 ɛg total 

RNA was used to synthesize cDNA by using the High-capacity cDNA Reverse Transcription 

kit (Applied Biosystems). Quantitative real-time PCR (Q-PCR) were performed on a Bio-Rad 

CFX96 Real-Time PCR platform by using the GoTaq qPCR Master Mix (Promega). Relative 

gene expressions were calculated by using ȹȹCt method with Cyclophilin A (cultured cells) 

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

Cox7a1 Forward: CAGCGTCATGGTCAGTCTGT 

Reverse: AGAAAACCGTGTGGCAGAGA 

Cox8b Forward: GAACCATGAAGCCAACGACT 

Reverse: GCGAAGTTCACAGTGGTTCC 

Cyclophilin A Forward: TATCTGCACTGCCAAGACTGAGTG 

Reverse: CTTCTTGCTGGTCTTGCCATTCC 

Dio2 Forward: AGAGTGGAGGCGCATGCT 

Reverse: GGCATCTAGGAGGAAGCTGTTC 

Elovl3 Forward: CCAACAACGATGAGCAACAG 

Reverse: CGGGTTAAAAATGGACCTGA 

IL-6 Forward: TTCCATCCAGTTGCCTTCTT 

Reverse: ATTTCCACGATTTCCCAGAG 
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Table 3.1 Coutinued 

Perilipin Forward: GGCCTGGACGACAAAACC 

Reverse: CAGGATGGGCTCCATGAC 

Pgc-1Ŭ Forward: CCCTGCCATTGTTAAGACC  

Reverse: TGCTGCTGTTCCTGTTTTC  

Pparg1 

 

Pparg2 

Forward: AGAAGCGGTGAACCACTGAT  

Reverse: GAATGCGAGTGGTCTTCCAT 

Forward: TCTGGGAGATTCTCCTGTTGA  

Reverse: GGTGGGCCAGAATGGCATCT 

Prdm16 Forward: TGGCCTTCATCACCTCTCTGAA 

Reverse: TTTCTGATCCACGGCTCCTGTGA 

Resistin Forward: AAGAACCTTTCATTTCCCCTCCT 

Reverse: GTCCAGCAATTTAAGCCAATGTT 

Rpl23 Forward: TGTCGAATTACCACTGCTGG 

Reverse: CTGTGAAGGGAATCAAGGGA 

Ucp1 Forward: ACTGCCACACCTCCAGTCATT 

Reverse: CTTTGCCTCACTCAGGATTGG 

 

3.2.11 Statistical analysis 

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

using Studentôs t-test. With a p value < 0.05, the differences between experimental groups and 

control groups were considered statistically significant. 
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3.3 Results and Discussion 

3.3.1 Synthesis and characterization of Rosi-loaded NPs 

The degradable NPs were prepared using an acid-sensitive dextran derivative by a double 

emulsion method.104 The acid-sensitive dextran was synthesized through conjugation with 

ethoxypropene via an acid-catalyzed reaction, which rendered the derived dextran (m-dextran) 

with 89% substitution of hydroxyl to pendant acetals (Figure 3.2). Rosi, an agonist of 

peroxisome proliferator-activated receptor gamma (PPARɔ), has been reported to stimulate 

adipose tissue transformation by upregulating uncoupling proteins, VEGF, and angiopoietin-

like 4.105-106 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 

environment under the physiological glucose concentration. The GOx is able to convert 

glucose to gluconic acid to decrease the local pH;29 while the CAT helps consume undesired 

hydrogen peroxide produced during the GOx-medicated enzymatic reaction.107-108 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) (Figure 3.3a). The 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. Then, the NPs gradually disassociated 

in the enzyme-induced 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), and subsequently 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 3.2 Scheme of synthesis and dissociation routes of m-dextran. 
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Figure 3.3 Fabrication and characterization of browning reagent microneedles. (a) The average 

hydrodynamic sizes of Rosi NPs determined by DLS. (b) Relevant pH changes of dextran NPs 

with or without GOx in PBS buffer in the presence of 100 mg/dL glucose. (n=3) (c) In vitro 

accumulated Rosi release from the acid-degradable dextran NPs (w/ or w/o GOx) in PBS buffer 

containing 100 mg/dL glucose at 37oC. (n=3) (d) UV absorbance of NPs suspensions A400 nm. 

(n=3) (e) SEM images of Rosi NPs incubated in PBS buffer with 100 mg/dL glucose at 37 oC 

on day 0 and day 4 (scale bar: 2 ɛm), inset pictures show the transparency change of the NPs 

suspension. (f) Comparable adipogenesis between Rosi NPs- and Rosi compound-treated 

PgKO-MEFs as assessed by aP2 and Perilipin gene expression. (n=4). (g) Same level of 

browning induced by Rosi NPs or Rosi compound in the mature 3T3-L1 white adipocytes. 

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

imaging of MN tip confirmed that the MN was loaded with NPs (scale bar: 10 ɛm). (j) SEM 

image of MNs 3 days post administration. (scale bar: 200 ɛm) (k) Trypan blue staining image 

of mouse skin administered with MN patch (scale bar: 1 mm). Error bars indicate standard 

deviation (SD), two-tailed Studentôs t-test, * P<0.05, ** P<0.01. 

 

To validate the efficiency of Rosi NPs, we employed in vitro adipocyte model PgKO-PPARɔ1 

in which the reconstitution of a shorter form of PPARɔ (ɔ1) in Pparg-/- mouse embryonic 

fibroblast (MEF) rescues adipocyte differentiation only in the presence of exogenous 
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thiazolidinedione class of ligand (e.g. Rosi).109 Rosi NPs were as efficient as nude Rosi to 

induce adipocyte formation, evidenced by the same induction of lipid droplet-binding protein 

genes aP2 and Perilipin (Figure 3.3f), both of which are canonical PPARɔ target genes. 

Besides the adipogenic potential, we also compared the browning capacity of Rosi NPs. In 

fully differentiated 3T3-L1 adipocytes, Rosi NPs behaved the same as nude Rosi to up-regulate 

brown adipocyte markers Elovl3 and Cidea as well as to repress white adipocyte genes Resistin 

and Adipsin (Figure 3.3g).110 Therefore, our nanoparticalization strategy is able to sustain a 

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

 

3.3.2 Fabrication and characterization of browning agent MN-array patch  

The NPs were further embedded into a polymeric MN-array patch for local delivery of 

browning reagents. Briefly, the NPs were first loaded into the tip region of a silicone MN-mold 

by centrifugation, following with the addition of base solution. Methacrylated hyaluronic acid 

(m-HA) was selected as the base material, considering its good biocompatibility and 

mechanical property.20, 61 The m-HA base solution mixed with the cross-linker N,Nô-

methylenebis(acrylamide) (MBA) and a photoinitiator was further cross-linked through 

polymerization reaction upon exposure to UV light (365 nm, 9 mW/cm2 for 30s). The cross-

linked HA-based matrix can enhance the stiffness of the MNs (Figure 3.4) for efficient 

penetration through the skin,1, 38 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 in a 7Ĭ7 mm2 patch with a center-to-center interval of 600 ɛm. Each 

MN was of a conical shape, with 300 ɛm in diameter at the base and 800 ɛm in height (Figure 

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

 

3.3.3 In vivo studies of the MNs on lean mice  

We next examined the in vivo browning efficacy of the system in a mouse model. In addition 

to Rosi, we employed CL 316243, a ɓ3-adrenergic receptor agonist, in the dextran NPs and 

loaded in the MNs. CL 316243 is a potent thermogenic activator but through a distinct 

mechanism from Rosi.111-113 It stimulates G protein Gas to activate adenylate cyclase, and 

consequently causes the accumulation of cyclic adenosine monophosphate (cAMP), which 

leads to thermogenesis and lipolysis.114-115 By including this distinctive browning agent, we 

would like to evaluate the applicability of our system to other drugs. Specifically, wide-type 

C57BJ/6 mice were randomly divided into three groups (n=6) and treated with the empty 

vehicle MN (EV) made of only cross-linked m-HA, the HA MN encapsulating Rosi NPs (10 

mg/kg bw) (Rosi), and the CL 316243 NP-loaded MN (1 mg/kg bw) (CL) at inguinal WAT. 

The MNs could penetrate the mouse skin at the inguinal site efficiently, as evidenced by the 

trypan blue staining of the MN-treated 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 microscope image (Figure 3.5). In vivo fluorescence imaging of 

the Cy5.5-labeled 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 revealed the collapsed tips after application, further verifying the 

complete release of drug (Figure 3.3j). The in vivo sustained release within 3 days was also 

confirmed by in vivo fluorescence imaging. Compared to the rapid release of free Cy5.5-loaded 

MN patch, the degradable NPs-loaded patch showed excellent sustained release capability 

(Figure 3.7). The mice were treated with MN patches every 3 days. Six days post-treatment, 

the mice were sacrificed and the inguinal adipose tissues were collected for histological 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 treated groups, 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 including Ucp1, Dio2, Elovl3, Cidea, Pgc-1a, Cox7a1, and Cox8b, 

which are involved in mitochondrial activity and lipid utilization, were up-regulated in both 

groups, while the inflammatory gene IL-6 was tended to be down-regulated. Interestingly, pan-

adipocyte marker Adiponectin was not affected, suggesting a selective regulation on browning. 

Notably, the canonical PPARɔ target aP2 was up-regulated by Rosi MN but not CL 316243 

MN, buttressing their distinct browning mechanisms. 
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Figure 3.5 Fluorescence microscopy image of inguinal adipose tissue section after treatment 

of fluorescein isothiocyanate (FITC)-encapsulated NP through the microneedle patch (scale 

bar: 200 ɛm).  

 
 

Figure 3.6 In vivo fluorescence imaging of the mouse treated with Cy5.5-labelled NPs-loaded 

MNs at different time points. Cy5.5-labelled non-degradable NPs without glucose specific 

enzyme were loaded into crosslinked HA MNs. 
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Figure 3.7 In vivo fluorescence imaging of the MN-treated 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 patches in the lean mice. (a) H&E-stained 

section of the cross-sectional mouse inguinal adipose tissue treated with HA empty MN patch 

(left), Rosi NP-loaded MN patch (middle), and CL 316243 NP-loaded MN patch (right) (scale 

bar: 25 ɛm). (b) Q-PCR analysis of gene expression in inguinal WAT treated with MN patches 

loaded with HA empty vehicle (EV), Rosi, or CL 316243 (CL). NP-loaded MN patch. Error 

bars indicate standard error of the mean (SEM), two-tailed Studentôs t-test, * P<0.05, ** 

P<0.01 compared to EV (n=6). 

 

After establishing the feasibility of our MN approach to induce browning in vivo, 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 exposed Rosi MN- or CL 316243 MN-treated mice 

together with vehicle MN-treated control mice to indirect calorimetric analysis to measure their 

systemic metabolic response. All three groups of mice lost weight during the experiment due 
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to the stress from single-housing, but the CL 316243 MN group tended to lose more (Figure 

3.9a).116-118 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 (Figure 3.9e), in line with 

their distinct browning mechanisms. Furthermore, both Rosi and CL 316243 decreased 

respiration exchange ratio (RER) (Figure 3.9g), reflected by released CO2/consumed O2, 

indicating their preference of fatty acid utilization after browning since 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 induce browning and improve metabolism.  
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Figure 3.9 Indirect calorimetric analysis of healthy mice treated with HA empty MN patch 

(EV), Rosi NP-loaded MN patch (Rosi), or CL 316243 NP-loaded MN patch (CL). (a) Body 

weight change after the 6-day treatment. (b) Normalized inguinal fat pad size. (c) Normalized 

epididymal fat pad size. (d) Average food intake during the treatment. (e) Locomotor activity 

during one 24-h dark/light cycle. The panel on the right is the area under curve (AUC). (f) 

Oxygen consumption and AUC. (g) Respiration exchange ratio (RER) and AUC during one 

dark/light cycle. Error bars indicate SEM, two-tailed Studentôs t-test, * P<0.05, ** P<0.01 

compared to EV (n=6). 
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3.3.4 In vivo studies of the MNs on diet-induced obese mice 

Encouraged by these striking physiological effects of our MN browning agent patches, we 

further evaluated their therapeutic potentials in obese mice. In high-fat diet (HFD)-induced 

obese C57BL/6 mice, we applied the MN browning agent patch to one side inguinal region 

(Rosi and CL) and the empty HA MN to the other side as vehicle control (EV-R and EV-C) 

(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. Surprisingly, MN delivery of Rosi 

also prevented weight gain as CL 316243 MN did, resulting in a ~15% inhibition at the end of 

this four-week treatment (Figure 3.10b). Both Rosi MN and CL 316243 MN efficiently 

improved glucose clearance rate after injecting the mice a 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 improvement 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 we see in Figure 3.9, we observed a ~30% reduction of eWAT (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, either by Rosi MN 

or CL 316243 MN, were reduced compared to untreated side (EV-R or EV-C) (Figure 3.10g, 

h). Supportively, the H&E stained sections revealed apparently smaller adipocytes in inguinal 

WAT only in the groups administered with drug-containing patches, but no 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 patches. As an indicator of improved adipose 

health, Adiponectin was up-regulated in both Rosi MN and CL 316243 MN treated side (Figure 

3.10j). Whereas PPARɔ downstream target aP2 was only induced by MN Rosi (Figure 3.10j), 

further supporting a local effect of MN patch. Additionally, as presented in the H&E stained 

histological images of the mouse skin surrounding the MN-treated area after one-month 

administration, there were insignificant lesions in the skin, indicating excellent 

biocompatibility of the MN patches (Figure 3.11). 
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Figure 3.10 In vivo antiobesity and antidiabetic effects of MN patches in an HFD-induced 

obese mouse model. (a) Picture illustrating the mice treated with browning agent patch on one 

inguinal side (red) and empty vehicle patch 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 post-treatment. (d) Blood glucose levels of mice treated with browning agent 

patches or empty patches after 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. (h) Photos 

of two sides of inguinal adipose tissues from obese mice 4-weeks post treatment. (i) H&E 

staining of inguinal adipose tissues (scale bar: 50 ɛm). (j) Q-PCR analysis of adipocyte gene 

expressions in inguinal tissues. (b-g) Error bars indicate SD, two-tailed Studentôs t-test, * 

P<0.05, ** P<0.01 compared to EV (n=5); (j) Error bars indicate SEM, two-tailed Studentôs t-

test, * P<0.05, ** P<0.01 compared to EV (n=5). 
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Figure 3.11 H&E-stained skin sections administered empty, Rosi NP-loaded, and CL 316243 

NP-loaded MNs (from left to right) with surrounding tissues after one month treatment (scale 

bar: 100 ɛm). 

 

3.4 Conclusion 

In conclusion, we developed a technique based on a NPs integrated microneedle patch that 

enables local 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 brown-like 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 intravenously. Our in vivo studies further 

demonstrated systemically increase of energy expenditure and fatty acid oxidation, effective 

body weight control in diet-induced obese mice, as well as improved insulin sensitivity. Taken 

together, our work provides an alternative strategy in applying drugs through MN as potential 

therapeutics for the clinical treatment of obesity and its comorbidities such as type-2 diabetes.39, 

119 
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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 worldwide.120-123 A variety of factors such as genetics, 

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

acne development.124-125 Acne usually generates as a result of blockage in the pilosebaceous 

unit (including hair follicle, hair shaft and sebaceous gland) due to the over-produced sebum 

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

Propionibacterium acnes (P. Acnes).126 P. acnes is a Gram-positive anaerobic bacterium that 

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

inflammatory acne.127-128 The lipases in P. acnes can catalyze the hydrolysis of sebum 

triglycerides to free fatty acids, which may disrupt follicular epithelium.129 Moreover, several 

chemotactic factors secreted by P. acnes also attract the immune cells to the pilosebaceous unit 

and stimulate the production of proinflammatory cytokines.130-132 Those cellular damage, 

metabolic byproducts and bacterial debris caused by the rapid growth of P. acnes exacerbate 

the inflammation reaction.127, 133 Severely inflamed acne lesions commonly result in 

hyperpigmentation and permanent skin scarring,134 which subsequently cause profound 

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

embarrassment, and low self-esteem.135-138 

 

Although many antimicrobial agents have been explored for acne treatment such as 

erythromycin, clindamycin (CDM), and benzoyl peroxide,139 there are limited effective and 

safe administration routes.140 Most of the anti-acne products are epicutaneous medications; 
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however, they hardly kill the bacterium effectively due to the poor penetration into dermis.141 

Oral antibiotics or isotretinoin show better therapeutic efficacy, while they often pose the risk 

of harming the intestinal microflora and other side effects such as teratogenicity.142-144 In 

addition, in vitro study suggested that P. acnes could form a biofilm within follicles, thus 

enhancing the direct interaction between antibiotics and P. acnes is essential to improve the 

antimicrobial effect.145 Therefore, alternative formulations with both excellent therapeutic 

efficacy and negligible adverse side effects are highly desirable. 

 

In this chapter, we took the advantage of skin penetration capability of microneedles (MNs) to 

improve antibiotics interaction with bacterial for efficient treatment of acne vulgaris (Figure 

4.1). In order to achieve on-demand drug release and reduce side effect, the MNs was prepared 

from a drug-loaded reactive oxygen species (ROS)-responsive poly(vinyl alcohol) (RR-PVA) 

matrix. The ROS level under pathological conditions can exceed 500 ɛM in inflammatory 

tissues,146 which is much higher than that in normal tissue (1-15 ɛM).147-149 Therefore, the 

ROS-responsive MNs were able to release drug within the P. acnes-infected follicle in a 

sustained manner once penetrating through epidermis,150 thus enabled effective inhibition of 

the proliferation of bacteria. Of note, a methacrylated hyaluronic acid (m-HA)/diatomaceous 

earth (DE)-contained base was utilized as the supporting substrate for MNs, 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 external contaminants. We have demonstrated that this ROS-

responsive MN patch with adsorption capability can effectively deliver antimicrobial 

therapeutic into dermis to eliminate P. acnes in a simple manner. 
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Figure 4.1 Schematic illustration of the formation and mechanism of a ROS-responsive 

microneedle patch for acne vulgaris treatment. 

 

4.2 Experimental Section 

4.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified and were used 

as received. The deionized water was prepared by a Millipore NanoPure purification system 

(resistivity higher than 18.2 Mɋ cm-1).  

 

4.2.2 Synthesis of ROS-responsive crosslinker (TSPBA)  

4-(Bromomethyl) phenylboronic acid (1 g, 4.6 mmol) and N, N, Nô, Nô-tetramethyl-1,3-

propanediamine (0.2 g, 1.5 mmol) were dissolved in DMF (40 mL) and the solution was stirred 

at 60 oC for 24 h. Afterward, the mixture was poured into THF (100 mL), filtrated, and washed 

by THF (3×20 mL). After dried under vacuum overnight, pure TSPBA (0.6 g, yield 70%) was 
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obtained. 1H-NMR (300 MHz, D2O, ŭ): 7.677 (d, 4H), 7.395 (d, 4H), 4.409 (s, 4H), 3.232 (t, 

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

 

4.2.3 Preparation of RR-PVA hydrogels 

PVA (MW: 72 kDa, 98% hydrolyzed) were dissolved in deionized (DI) water to obtain 10 wt% 

clear PVA solution. The RR-PVA hydrogel were formed instantly by mixing PVA and TSPBA 

(5 wt% in H2O) together at a ratio of 3:1. Predetermined amount of drug or dye was added to 

the PVA aqueous solution to prepare drug/dye-loaded hydrogel.  

 

4.2.4 Preparation of NR-PVA hydrogels  

Non-responsive (NR) PVA network was prepared by crosslinking methacrylated PVA (m-

PVA) with N, Nô--methylenebis(acrylamide) (MBA) at a ratio of 3:1 in the presence of 

photoinitiator (Irgacure 2959) under ultraviolet (UV) light. m-PVA was synthesized following 

the previous reported method.151 

 

4.2.5 In vitro release profiles 

The in vitro release profiles of CDM from RR-PVA gel were evaluated through incubation of 

the hydrogel in 12 mL PBS buffer (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 10 mM; KH2PO4, 

2 mM; pH 7.4) at 37oC on an orbital shaker, to which H2O2 was added to reach 1 mM 

concentration. At predetermined time points, the concentrations of CDM in the supernatant 

were determined by HPLC. Samples were analyzed at 205 nm by high pressure liquid 

chromatography on a Zorbax Eclipse Plus RRHD C18 column (2.1×50 mm, 1.8 ɛm particle 

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.  

 

4.2.6 In vitro antibacterial effect 

P. acnes (ATCC 6919) (American Type Culture Collection, Manassas, VA) were cultured on 

reinforced clostridial medium (RCM) at 37°C in an anaerobic environment. The stock culture 

of P. acnes was transferred to RCM broth and incubated anaerobically at 37°C overnight. The 

cultures were later used to prepare bacterial suspensions (2×108
 colony forming units 

(CFUs)/mL). The antimicrobial efficiency against P. acnes was determined by incubating P. 

acnes with the incubation medium with RR-PVA gel in the absence of H2O2, CDM solution (5 

ɛg/mL), or the incubation medium with RR-PVA gel in the presence of H2O2 for 5 h, while P. 

acnes in PBS was used as a negative control. Following incubation, the samples were diluted 

1:103 in PBS, and 10 ɛL of each sample was spotted on RCM agar plates. The samples were 

incubated at 37 °C under an anaerobic condition for another 72 h. The CFU of P. acnes was 

quantified. 

 

4.2.7 Fabrication of ROS-responsive (RR) microneedle patch 

All the MN patches in this study were prepared using the uniform silicone molds from Blueacre 

Technology Ltd. There are 11×11 needle array in the mold, where each needle has a height of 

600 ɛm and a round base of 300 ɛm in diameter. The space from tip-to-tip is 600 ɛm. First, 

the PVA MNs were formed pipetting premixed PVA (3 wt%)/ TSPBA (3 wt%) (ratio 3:1) 

solution (400 ɛL) onto the MN mold surface. The molds were kept under vacuum (600 mmHg) 
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for 30 min to allow the solution deposit into the MN cavities. Afterwards, the covered mold 

was centrifuged for 20 min at 500 rpm using a Hettich Universal 32R centrifuge to condense 

the PVA network in the MNs. Drug-loaded MNs were fabricated by adding predetermined 

amount of drug in PVA/TSPBA solution at the first step. The non-responsive (NR) 

microneedle were prepared by changing the MN solution to a mixed solution consisting of m-

PVA (3 wt%), MBA (1 wt%), and photoinitiator (Irgacure 2959, 0.5 wt%). For CDM MN, 4 

wt% HA containing CDM were used to form the MNs for fast release of drug. Then the base 

of the patch was formed by adding 3 mL m-HA 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 3 days. m-HA was synthesized 

following the previous reported method.152 After completely desiccation, the MN patch was 

carefully detached 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 during in 

vivo administration. The morphology of the MNs was characterized via a FEI Verios 460L 

field-emission scanning electron microscope. 

 

4.2.8 Microneedle mechanical strength test 

The mechanical strength of MN was determined by pressing MNs against a stainless steel plate 

at a speed of 1 ɛm/s on an MTS 30G tensile testing machine. The failure force of the 

microneedle was recorded as the force at which the needle began to buckle. 
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4.2.9 Oil adsorption capacity test of diatomaceous earth (DE) 

The oil adsorption capacity of DE was determined by mixing free acid solution with 1 g DE 

until no more free acid can be adsorbed at room temperature. The ratio of the weight of free 

acid and DE was calculated. 

 

4.2.10 In vivo acne treatment efficacy evaluation 

Eight-week old male Balb/c nude mice ordered from Qinglongshan Animal Center (Nanjing, 

China) were used. To examine the bactericidal effect of MN patches, P. acnes (2×106 CFUs/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 Use Committee 

(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 group. Six-group of mice were induced by P. acnes 

injection, and treated with different formulations for six days: CDM cream (1% v/v CDM in 

4% v/v HA solution), RR-MN patches, blank MN patches, CDM MN patches, NR-MN patches 

(CDM dosage: 0.4 mg/patch). The swelling volumes of the acne were measured using a micro-

caliper every day during the treatment period. 

 

4.2.11 Histological analysis of infected skin 

The skin tissue samples were excised from the mice 6 days after treatment and were fixed in 

10% formalin for 18 h. Then, the tissues were embedded in paraffin, cut into 50 ɛm sections, 

and stained using hematoxylin and eosin (H&E) for histological analysis.  

 



 

70 

4.2.12 Statistical analysis  

All results were presented as Mean Ñ SD. Statistical analysis was performed using Studentôs t-

test or one-way ANOVA. With a p value < 0.05, the differences between experimental groups 

and control groups were considered statistically significant. 

 

4.3 Results and Discussion 

4.3.1 Preparation and characterization of ROS-responsive gel  

ROS-responsive gel was first 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.153 To substantiate the responsiveness of the crosslinker, RR-PVA tough gel was 

incubated in 1 mM H2O2 contained phosphate buffered saline (PBS) buffer (pH 7.4) at 37 oC. 

Rapid degradation of the RR-PVA hydrogel was observed due to the oxidation of the 

crosslinkers (Figure 4.3a), while the nonresponsive (NR) PVA gel without the ROS-sensitive 

linker was stable in the presence of H2O2 (Figure 4.4). On the other hand, there was no obvious 

change in morphology or size of the RR-PVA gel in the buffer without H2O2, indicating the 

high stability of the RR-PVA matrix. CDM, a common antibiotic for acne treatment,154 was 

entrapped into RR-PVA matrix for P. acnes elimination. When incubating with the PBS 

solution containing 1 mM H2O2, the ROS-triggered sustained drug release was also detected 

from the RR-PVA/CDM gel (Figure 4.3b). In addition, the RR-PVA gel showed faster 

degradation and drug release rate under a higher H2O2 concentration at 10 mM, further 

confirming the ROS-dependent degradation of the RR-PVA gel (Figure 4.5 and 4.6). 
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Figure 4.2 Synthesis route of ROS-responsive linker TSPBA. 

 

 
 

Figure 4.3 In vitro responsiveness and antibacterial effect of the RR-PVA gel. a) Degradation 

of RR-PVA gel in the PBS solution with 1 mM H2O2 or without H2O2. b) Accumulated release 

profile of CDM from RR-PVA gel with or without H2O2. c) Quantitative analysis of colony-

forming units (CFUs) in each group. d) P. acne suspension cultured on RCM agar plate for 72 

h, with addition of PBS buffer, the incubation medium with RR-PVA gel in the absence of 

H2O2, free CDM solution and the incubation medium with RR-PVA gel in the presence of 

H2O2. Error bars indicate s.d. (n = 3), two-tailed Studentôs t-test, * P<0.05. 
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Figure 4.4 Incubation of NR-PVA gel in PBS buffer with 10 mM H2O2 at 37 oC.  

 

 
 

Figure 4.5 Degradation of RR-PVA gel in PBS solution with 10 mM H2O2 at 37 oC.  

 

 

 
Figure 4.6 Accumulated release of CDM from RR-PVA gel in the presence of 10 mM H2O2. 

 

4.3.2 In vitro antibacterial effect evaluation 

Next, in vitro antibacterial effect was evaluated by culturing P.acnes with the media incubating 

RR-PVA/CDM gel (Figure 4.3c and d). The H2O2-contained incubation media with RR-

PVA/CDM gel displayed significant inhibitory effect on bacterial growth compared with the 
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control group treated with PBS solution. In contrast, the incubation media without H2O2 

showed insignificant effect on the growth of bacterial since the limited drug diffusion from 

RR-PVA/CDM gel in the absence of H2O2. Collectively, these results demonstrated that the 

drug release from RR-PVA was in a ROS-mediated manner, which could achieve an on-

demand treatment effect for inflammatory acne therapy. 

 

4.3.3 Fabrication and characterization of drug-loaded MN-array patch 

For further efficient drug delivery into acne underneath the skin,1, 150 a MN-array patch was 

fabricated through a micromolding method.20 Briefly, the drug containing responsive MNs 

were first formed by depositing diluted PVA/CDM solution with ROS-responsive crosslinker 

into the tip region of a silicone micro-scale 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 ɛm and a height of 600 ɛm (Figure 4.7a). The mechanical strength 

of each MN was determined as 2.2 N (Figure 4.7e), which sufficiently enables skin penetration 

without breaking.38, 152, 155 Afterward, a layer of m-HA/DE matrix was integrated as the 

supporting substrate. HA was chosen considering its excellent biocompatibility and 

biodegradability,61 and DE was additionally doped for its physical adsorption property.156 DE, 

typically consists of 87-91% silicon dioxide,157 has been widely applied as absorbent because 

of its porous structure (Figure 4.8).158-161 It turned out to have ~95% oil adsorption capability, 

which was 3-fold higher than the activated carbon (~32%) (Figure 4.9).162 The 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 and purulent exudates in acne. The 

fluorescence image in Figure 3b displayed a cross-sectional view of the MN patch with 

rhodamine-labeled PVA needle tips and a fluorescein-labeled HA base. The obtained device 
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was arranged in an 11×11 array with an interval of 600 ɛm from tip to tip on a 7Ĭ7 mm2 patch 

(Figure 4.7c). Additionally, the patch can also be applied on a cotton swab for an alternative 

temporary administration method (Figure 4.7d). 

 
 

Figure 4.7 Fabrication and characterization of the RR-MN array patch. a) An SEM image of 

the MN array. Scale bar: 200 ɛm. b) A fluorescence microscopy image showing rhodamine-

labeled PVA MN and FITC-labeled HA base. Scale bar: 200 ɛm. c) A photograph of the MN 

patch. Scale bar: 1 mm. d) Photos showing the MN patch wrapped on a cotton stick for 

temporary usage. Scale bar: 10 mm. e) Mechanical strength of one MN. 

 

 
 

Figure 4.8 SEM images of DE showing its porous structure. Scale bars: 10 ɛm (left), 500 nm 

(right). 
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Figure 4.9 Oil adsorption test of DE. The upper row presents DE or activated carbon (AC) 

adsorption of nile red (NR) containing fatty acids (FA) with different weight ratios. The 

bottom row shows remained FA/NR under UV light. 

 

 
 

Figure 4.10 Adsorption 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. 

 

 
 

Figure 4.11 Adsorption of RhB by m-HA or m-HA/DE film with incubation in RhB 

containing PBS solution at 37oC for 30 min. a) A photo showing the m-HA and m-HA/DE 

films after incubation in RhB solution. b) Quantitative analysis of remained RhB in solution 

after adsorption by the m-HA and m-HA/DE films. 
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4.3.4 In vivo antibacterial studies on an acne-mouse model 

The in vivo antibacterial performance of MN patches was investigated in a P. acnes-induced 

inflammation mouse model. The Balb/c nude mice were randomly divided into seven groups 

(n=7), with six groups infected by P. ances via intradermal 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 detected in the PBS-injected mice, while a considerable volume raise was 

observed 1 day after P. acnes infection.  

 

Then the P. acnes-infected mice were treated with different formulations to evaluate the 

treatment efficiency. One group was chosen as negative control without treatment (control), 

another one group was administered with 1 wt% CDM cream, and other four groups were 

respectively administered with ROS-responsive PVA/CDM microneedle patches (RR-MN), 

CDM loading HA microneedle patches (CDM MN), nonresponsive PVA/CDM microneedle 

patches (NR-MN), 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 skin of mice in control group continued 

to swell up to day 4. In contrast, the skin treated with RR-MN remarkably shrank its size ~90% 

after administration and part of the swell even started to disappear on day 5, suggesting the 

effective inhibitory effect of acne growth by RR-MN. However, the group applied with CDM 

cream barely decreased the size of the swollen skin, neither did the groups administered with 

blank MN or NR-MN. The slight skin size reduction caused by blank MN or NR-MN may be 

attributed to the physical adsorption of pus and cell debris by the patches through the 

microchannels generated by MNs. Although the CDM MN delivered drugs into the infected 



 

77 

skin, there was no significant inhibition of the acne growth, which is due to the fast release and 

clearance of the drug. On the contrary, the RR-MN allowed a sustained antibiotic release within 

the acne area and resulted in the enhanced bactericidal effect (Figure 4.13). 

 

 
 

Figure 4.12 In vivo treatment of acne using different MN array patches. a) Images showing 

the dramatic decrease in swelling volume of the RR-MN treated back skin of P. acnes-induced 

mice after 6-day treatment. Scale bar: 5mm. b) Comparison of swelling volume size in the back 

skins of P. acnes-induced mice during the treatment period. Statistical significance was 

calculated by one-way ANOVA, *P<0.05. c) Histological analysis of skin tissues obtained from 

normal mice, P. acnes-induced mice, and P. acnes-induced mice treated with CDM cream, 

RR-MN, blank MN, CDM MN and NR-MN. Scale bar: 200 ɛm. d) 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 scale. Error bars indicate s.d. (n = 7). 
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Figure 4.13 In vivo fluorescence whole body imaging showing the release of Cy5.5 from RR-

MN, CDM MN and NR-MN in acne area. 

 

After a period of 6 day treatment, the mice were sacrificed and the skin tissues with the acne 

were excised for histological 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 eosin (H&E) 

staining images. The number of the microcomedone-like cysts in the upper dermis above the 

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

in the normal skin tissues. The quantitative measurement of skin thickness demonstrated there 

was no significant difference between the skin applied with RR-MN and the normal skin 

thickness (Figure 4.12d), validating the efficacy of the RR-MN. In addition, the number of 
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infiltrated inflammatory cells into the dermis also dramatically decreased in the skin 

administered with RR-MN patches compared to that in P. acnes-induced skin without 

treatment (Figure 4.12e). Nevertheless, CDM cream did not effectively inhibit the skin 

thickening or inflammation in comparison with RR-MN-treated groups, implying insufficient 

drug penetration into the dermis. These results strongly indicated that transdermal 

administration of the RR-MN patch effectively suppressed P. acnes-induced inflammatory 

(Figure 4.12f), without causing noticeable side effects in the surrounding skin tissue. 

 

4.4 Conclusion 

In conclusion, we have generated a ROS-responsive MN patch to effectively deliver antibiotic 

into dermis for enhancing acne treatment. Unlike the traditional anti-acne cream, the drug-

loaded MNs are able to penetrate stratum corneum to improve the drug interaction against P. 

acnes. Meanwhile, the inflammation-mediated 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 and dead cell debris to accelerate the healing of 

skin. This biosignal-responsive MN patch-based strategy can also be extended to enhance the 

therapeutic efficiency for the treatment of various other skin diseases.39207  
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CHAPTER 5 BIORESPONSIVE MICRONEEDLE WITH A SHEATH STRUCTURE 

FOR H2O2 AND pH CASCADE-TRIGGERED INSULIN DELIVERY  

5.1 Introduction 

Diabetes mellitus is a global burden affecting 422 million people in 2016.163 It is characterized 

by a deficit of endogenously-produced insulin and thereafter elevated blood glucose levels 

(BGLs).29, 164 Open-loop subcutaneous injection of insulin cannot regulate BGLs tightly and is 

associated with a risk of severe hypoglycemia.165-166 Thus, a closed-loop system that can 

ñsecretò desirable amounts of insulin in response to hyperglycemia while maintaining basal 

insulin release kinetics under normoglycemia is urgently needed. Electronic closed-loop 

devices that have been developed to this end remain challenges associated with algorithm 

accuracy and sensor reliability.167-168 Alternatively, chemically-engineered formulations or 

devices with the assistance of glucose oxidase (GOx),20, 104, 169-174 phenylboronic acid (PBA)175-

181 and glucose binding protein182-187 have attracted increasing attention.107, 188-191 For example, 

GOx catalyzes the oxidation of glucose to gluconic acid in the presence of oxygen and 

generates hydrogen peroxide (H2O2).
192 Accordingly, GOx-mediated enzymatic reaction can 

create a local oxidative and acidic environment triggered by elevated glucose levels to promote 

the release of insulin preloaded in acid-responsive systems.32 However, the typical pH change-

triggered response of materials is often accompanied by slow changes in conformation and 

morphology of materials and formulations under a physiological condition.31, 171 In addition, 

the in vivo release of GOx from medical devices may cause potential toxicity,193 as well as the 

concerns over long-term biocompatibility of the H2O2 generated during oxidation of 

glucose.194 Therefore, the ongoing development of smart insulin delivery systems is focused 
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on achieving several merits, including rapid responsiveness, ease of preparation and 

administration as well as excellent biocompatibility.39, 119, 195 

 

In this chapter, we describe a new glucose-responsive microneedle (MN) array patch196-197 for 

self-regulated insulin delivery, utilizing H2O2 and pH cascade-responsive NCs. Briefly, insulin 

was first entrapped into degradable complex micelles (designated Ins-NCs); while GOx was 

encapsulated into nondegradable complex micelles (designated GOx-NCs) via crosslinking 

with uncleavable bonds (Figure 5.1a). Both Ins-NCs and GOx-NCs were then loaded into the 

crosslinked gel core matrix of microneedle. Under a hyperglycemic condition, the Ins-NCs 

could respond to H2O2 and gluconic acid generated by the GOx-catalyzed oxidation 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 

5.1a-b). Inspired by the protection function against oxidation in the peroxisome,198 catalase 

nanogel (CAT-NG)104, 170 was embedded into the crosslinked-poly(vinyl alcohol) (PVA) 

sheath structure, covering the surface of the microneedle core matrix (Figure 5.1c), to mitigate 

the injury of H2O2 generated in the core part toward normal tissues (Figure 5.2). After painless 

administration of MN patch, Ins-NCs could be decomposed when 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 5.1 Schematic of the glucose-responsive insulin delivery system utilizing H2O2 and pH 

cascade-responsive NC-loading MN-array patch. (a) Formation of Ins-NCs and GOx-NCs and 

mechanism of glucose-responsive insulin release. (b) Schematic of H2O2-triggered charge 

reduction of the polymer. (c) Schematic of the NC-containing MN-array patch with a CAT 

sheath structure for in vivo insulin delivery. Insulin release is triggered under a 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 acid was purchased from Boron Molecular. All other 

chemical reagents were purchased from Sigma-Aldrich. Insulin was purchased from Gibco. 

MPEG5K-Br was synthesized as reported.199 Poly(vinyl alcohol) (PVA, 89-98 KDa) and 

polyvinylpyrrolidone (PVP, ~55 KDa) were purchased from Sigma-Aldrich. 

 

5.2.2 Synthesis of MPEG5K-P(DMAEMA)6K 

MPEG5K-Br (0.2 g, 0.04 mmol), CuBr (5.7 mg, 0.04 mmol) and 2, 2ǋ-dipyridine (12.5 mg, 0.08 

mmol) were added to a round bottom flask and protected with the N2 atmosphere. To this 

mixture, THF (2 mL) and DMAEMA (0.2 g, 1.3 mmol) were added sequentially and mixed 

gently. After three freeze-thaw cycles, the flask was sealed with N2, immersed in an oil bath 

and stirred overnight at 60 oC. The resultant solution was poured into ethyl acetate (100 mL) 
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and washed with NaHCO3 (0.1 N, 3×50 mL) and dried over anhydrous NaSO4. After filtration 

and removing the solvent, slightly yellow viscous solid was obtained (0.2 g, yield 50%). 1H-

NMR (300 MHz, CDCl3) was shown in Figure 5.3. 

 
Figure 5.3 The 1H-NMR spectrum of MPEG5K-P(DMAEMA)6K. 

 

5.2.3 Synthesis of MPEG5K-P(DMAEMA-PBA)6K
 

MPEG5K-P(DMAEMA)6K (0.11 g, 0.01 mmol) and 4-(bromomethyl)phenylboronic acid (0.5 

g, 2.3 mmol) were dissolved in DMF separately and mixed. The mixture was stirred at 60 oC 

overnight and dialysis against H2O (3×2 L). After filtration and lyophilization, white product 

was obtained (0.15 g, yield 75 %). 1H-NMR (300 MHz, D2O) was shown in Figure 5.4. Upon 

comparison of the relative integrations 2 of two proton signals (7.0-8.0 ppm vs 4.0-4.5 ppm), 

about 90 % of DMAEMA residuals was substituted by PBA. 
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Figure 5.4 The 1H-NMR spectra of MPEG5K-P(DMAEMA-PBA)14K before and after H2O2 

(80 mM) treatment. 

 

5.2.4 Synthesis of poly(DMAEMA)  

DMAEMA (0.2 g, 1.3 mmol), CuBr (5.7 mg, 0.04 mmol), ethyl Ŭ-bromoisobutyrate (8 mg, 

0.04 mmol), and 2, 2ǋ-dipyridine (12.5 mg. 0.08 mmol) were added to a round bottom flask 

and protected with the N2 atmosphere. To this mixture, THF (2 mL) and ethyl Ŭ-

bromoisobutyrate (8 mg, 0.04 mmol) were added sequentially and mixed gently. After three 

freeze-thaw cycles, the flask was sealed with N2, immersed in an oil bath and stirred overnight 

at 60 oC. The resulted solution was poured into ethyl acetate (100 mL) and washed with 

NaHCO3 (0.1 N, 3×50 mL) and dried over anhydrous NaSO4. After filtration and removing the 

solvent, slightly yellow viscous solid was obtained and was used directly (0.14 g, yield 70%). 

1H-NMR (300 MHz, CDCl3) was shown in Figure 5.5. 



 

86 

 
 

Figure 5.5 The 1H-NMR spectrum of poly(DMAEMA) synthesized by ATRP initiated by 

ethyl Ŭ-bromoisobutyrate. 

 

5.2.5 Synthesis of poly(DMAEMA-PBA) 

Poly(DMAEMA) (0.1 g) and 4-(bromomethyl) phenylboronic acid (0.5 g, 2.3 mmol) were 

dissolved in DMF separately and mixed. The mixture was stirred at 60 oC overnight and 

dialysis against H2O (3×2 L). After filtrated and lyophilized, white product was obtained. 1H-

NMR (300 MHz, D2O) was shown in Figure 5.6. Upon comparison of the relative integrations 

2 of two proton signals (7.0-8.0 ppm vs 4.0-4.5 ppm), about 95 % of DMAEMA residuals was 

substituted by PBA. 

 
Figure 5.6 The 1H-NMR spectrum of poly(DMAEMA-PBA). 
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5.2.6 Synthesis of poly(vinyl alcohol) methacrylate  

Poly(vinyl alcohol) (1 g) and methyl anhydride (1 g) were dissolved in DMSO (20 mL), and 

Et3N (1 mL) was added as a catalyst. The mixture was stirred overnight at room temperature 

and dialysis against H2O (3×2 L) and lyophilized to obtain the product. 1H-NMR (300 MHz, 

d-DMSO) was shown in Figure 5.7. 

 

 
Figure 5.7 1H-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 DMSO (1 mL) was added to insulin (20 

mg) dissolved in NaHCO3 aqueous solution (100 mM, 1 mL). The mixture was stirred for one 

hour and dialyzed against H2O (3×2 L). The resultant solution was lyophilized to obtain 

rhodamine B labeled insulin. Other fluorescence-labeled proteins were obtained with the same 

method. The fluorescence-labeled insulin or CAT were used in the same way as the one not 

labeled, and the fluorescence images were taken on a fluorescence microscope (Olympus, 

IX71). 
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5.2.8 H2O2 generation rate assay 

The H2O2 concentration in solution was evaluated using a fluorometric hydrogen peroxide 

assay kit according to the manufacturerôs protocol (Sigma-Aldrich). Glucose solutions (100 or 

400 mg/dL) containing GOx-NC or GOx (0.2 mg/mL) were incubated at 37 °C. Samples (10 

µL each tube) were withdrawn and diluted at timed intervals, and the fluorescence intensity 

was detected. 

 

5.2.9 Preparation of insulin-NCs or GOx-NCs 

Typically, insulin (2 mg/mL, 5 mL) or GOx (1 mg/mL, 5 mL) and MPEG5K-P(DMAEMA-

PBA)14K (1 mg/mL, 5 mL) were mixed, and the pH was adjusted to 7.4. During this process, 

complex micelles were generated, and PVA (1 wt%, 0.5 mL) (for insulin-NC) or PVA 

methacrylate (1 wt%, 0.5 mL) (for GOx-NC) was added as a stabilizer to obtain insulin-NC 

without or GOx-NC with further exposure to UV light (365 nm, 6 × 10 s).  

 

5.2.10 In vitro insulin release from the complex of insulin and poly(DMAEMA-PBA) 

The complex was suspended in 10 mM PBS at pH 7.4 and allocated to centrifuge tubes. 

Various amounts of glucose (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 µL each tube) was 

withdrawn and centrifuged, supernatant (10 µL) was stained with Coomassie blue (200 µL),  

and the absorbance at 595 nm was detected on an Infinite 200 PRO multimode plate reader 

(Tecan Group Ltd.). The insulin concentration was calibrated by a standard curve. 
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5.2.11 In vitro insulin (or GOx) release from Ins-NCs (or GOx-NCs) from the PVA 

methacrylate gel (with insulin as an example)  

Ins-NCs (1 mg/mL) solution and radical initiator were mixed with PVA methacrylate solution 

(5 wt% in H2O) and irradiated to form a gel. The gel was added to centrifuge tubes containing 

glucose (100 or 400 mg/dL). At predetermined time intervals, solution (10 µL each tube) was 

withdrawn, stained with Coomassie blue (200 µL) and the absorbance at 595 nm was detected 

on an Infinite 200 PRO multimode plate reader (Tecan Group Ltd.). The insulin concentration 

was calibrated by a standard curve. 

 

5.2.12 Fabrication of microneedle array patch (with MN(G+C+I) as an example)  

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

Blueacre Technology Ltd. Each MN had a round base of 300 ɛm in diameter, which tapers 

over a height of 600 ɛm to a tip of 5 ɛm diameter. The MNs were arranged in a 20×20 array 

with 600 ɛm tip-tip spacing. First, diluted aqueous solutions of PVA (contain 10 % PVA 

methacrylate, 3.5 wt% in H2O, 500 µL), CAT-NG (1 mg in 400 µL H2O) and a photoinitiator 

(Irgacure 2959; 5 wt%) were prepared and mixed. After deposition of this solution (100 µL) 

in a silicone mold, the solution was kept under reduced vacuum for 30 minutes and then 

transferred to a Hettich Universal 32R centrifuge for 30 min at 2000 rpm. Then, diluted 

aqueous solutions of PVA: PVP (2:1), PVA methacrylate (5 % in total), GOx-NCs, Ins-NCs 

and photoinitiator (Irgacure 2959; 5 wt%) were loaded into a mold, and this procedure was 

repeated for several times until predetermined amount of Ins-NCs was loaded. Finally, the 

microneedle array patch was dried under vacuum for 2 days. After the desiccation, the MN 

arrays were carefully peeled off the silicone mold, and the MNs underwent crosslinking via 
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UV irradiation (365 nm, BlueWave® 75 UV Curing Spot Lamp) for six cycles of 10-second 

exposure. The morphology of the MNs was characterized on an FEI Verios 460L field-

emission scanning electron microscope. 

 

5.2.13 Mechanical strength test  

The mechanical strength of microneedles with a stress-strain gauge was determined by 

pressing a stainless-steel plate against microneedles on an MTS 30G tensile testing machine. 

The initial gauge was 2.00 mm between the tips of microneedle and the plate, with 10.00 N as 

the load cell capacity. The speed of the plate approaching microneedles was set as 0.1 mm/s. 

The failure force of microneedles was recorded as the force at which the needle began to buckle. 

 

5.2.14 In vitro cytotoxicity assay 

The cytotoxicity of materials to HeLa cells was determined using 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, HeLa cells (5000 cells per well) 

were plated into 96-well 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. The absorbance of 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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5.2.15 In vivo studies using streptozotocin-induced diabetic mice 

The in vivo efficacy of MN-array patches for diabetes treatment was evaluated in adult diabetic 

mice (male C57B6, age 8 weeks; Jackson Laboratory) induced using streptozotocin. The 

animal study protocol was approved by the Institutional Animal Care and Use Committee at 

North Carolina State University and the University of North Carolina at Chapel Hill. The blood 

glucose levels were measured using tail vein blood samples (Ḑ3 ɛL) of mice using the Clarity 

GL2Plus glucose meter (Clarity Diagnostics). The mouse glucose levels were consitantly 

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

patches or native insulin. The glucose level of each mouse was monitored until stabilization.  

 

5.2.16 In vitro skin penetration test 

To evaluate the in vitro skin penetrating ability of MNs, the MNs were inserted into 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 D stereomicroscope). 

 

5.2.17 Animal experiment 

The sample size calculated by power analysis: G*power 3.1. The experiments did not use a 

method of randomization. The investigators were not blinded to allocation during experiments 

and outcome assessment. 

 

5.2.18 Statistical analysis  

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

determined by unpaired Studentôs t-test. The results were considered statistically significant if 
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the two-tailed P-values were less than 0.05. The statistical approach remained consistent 

throughout all analyses. 

 

5.3 Results and Discussion 

5.3.1 Synthesis and characterization of nano-complexes  

Through the atom transfer radical polymerization (ATRP) initiated by polyethylene glycolyl 

monomethyl ether 2- bromoisobutyrate (MPEG5K-Br), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) was polymerized to obtain MPEG5K-P(DMAEMA)6K (Figure 5.2, 5.3 and 5.8), 

which was subsequently modified with 4-(bromomethyl)phenylboronic acid to obtain the 

positively charged MPEG5K-P(DMAEMA-PBA)14K (Figure 5.4 and 5.9). In the presence of 

H2O2, phenylboronic acid on MPEG5K-P(DMAEMA-PBA)14K was oxidized and hydrolyzed, 

generating MPEG5K-P(DMAEMA)6K with reduced positive charge (Figure 5.1b), as 

demonstrated by 1H-NMR (Figure 5.4).200 In addition, poly(DMAEMA) and poly(DMAEMA-

PBA) were synthesized via ATRP initiated by ethyl Ŭ-bromoisobutyrate and subsequent 

quaternarization by 4-(bromomethyl)phenylboronic acid, respectively (Figure 5.5, 5.6, 5.10 

and 5.11). Given its isoelectric point of ~5.3,201 insulin is negatively charged at pH 7.4 and 

capable of complexing with positively charged MPEG5K-P(DMAEMA-PBA)14K
202 to form 

Ins-NCs with a PEG corona and a complex core.203 To further stabilize the micelle structure, 

PVA was incorporated via forming acid-inert ester bonds between the phenylboronic acids on 

poly(DMAEMA-PBA) and cis-1, 3-diols on PVA.204 Therefore, Ins-NCs with a loading 

capacity of 50 wt%, an average hydrodynamic size around 60 nm, and ɕ-potential of 4.4 ± 0.5 

mV were achieved as measured by dynamic light scattering (DLS) (Figure 5.12a) and 

transmission electronic microscopy (TEM) (Figure 5.12b).204-205 When Ins-NCs were degraded, 
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the solution gradually became transparent after incubation with glucose (400 mg/dL) in the 

presence of GOx (Figure 5.13). Meanwhile, GOx was also integrated into m-PVA stabilized 

nanocomplex micelles (GOx-NCs), with an average hydrodynamic size of around 50 nm 

(Figure 5.14) and ɕ-potential of 2.1 ± 0.4 mV. In addition, a non-egradable network of m-PVA 

on GOx-NCs formed upon exposure to UV light (365 nm, 6 × 10 s). GOx-NCs had a GOx 

loading capacity of 33 wt%, and showed similar activity to native GOx regarding catalyzing 

the oxidation of glucose to produce H2O2 (Figure 5.12c).206 Furthermore, a different pH value 

after GOx-NC catalysis indicated a glucose concentration-dependent manner of gluconic acid 

generation (Figure 5.12d). 

 

 
 

Figure 5.8 The FT-IR spectrum of MPEG5K-P(DMAEMA)6K. 
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Figure 5.9 The FT-IR spectrum of MPEG5K-P(DMAEMA-PBA)14K.  

 

 

Figure 5.10 The FT-IR spectrum of poly(DMAEMA) synthesized by ATRP initiated by ethyl 

Ŭ-bromoisobutyrate. 
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Figure 5.11 The FT-IR spectrum of poly(DMAEMA-PBA). 
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Figure 5.12 Characterizations of Ins-NCs and GOx-NCs. (a) Representative image of Ins-NC 

solution and hydrodynamic size distribution of Ins-NCs as determined by DLS. Inset: A 

representative picture of the Ins-NC solution sample (insulin concentration: 1 mg/mL). (b) 

Representative TEM image of Ins-NCs. Scale bar: 100 nm. (c) H2O2 generation in PBS (10 

mM, pH 7.4) of various glucose (400 mg/dL) as catalyzed by GOx and GOx-NCs . (d) The pH 

change of PBS solution containing different glucose concentrations (100 or 400 mg/dL) in the 

presence of GOx-NCs (0.2 mg/mL GOx-eq. concentration). Data points represent mean ± SD 

(n=3). Error bars indicate SD. 
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Figure 5.13 Representative TEM image and size distribution of Ins-NCs after treatment with 

PBS containing glucose (400 mg/dL) in the presence of GOx. 

 

 
 

Figure 5.14 Representative TEM images and size distribution of GOx-NCs. Scale bar: 50 nm. 

 

5.3.2 In vitro glucose-responsive 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 rate was remarkably promoted under a hyperglycemic state compared to those 

of other two groups (Figure 5.15a). 
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Figure 5.15 In vitro characterization of glucose-responsive insulin release. (a) Glucose 

concentration-dependent insulin release from a complex of insulin in PBS 7.4 in the presence 

of GOx (0.2 mg/mL). The glucose concentration was set as 0, 100 and 400 mg/dL. (b) H2O2 

(5 mM) and pH cascade-triggered insulin release from a complex of insulin. (c) Glucose 

concentration-dependent insulin release from Ins-NCs loaded in m-PVA gel in PBS 7.4 in the 

presence of GOx (0.2 mg/mL). (d) Glucose concentration-dependent GOx release from GOx-

NCs encapsulated in m-PVA gel in PBS 7.4. Additional GOx (0.2 mg/mL) was added. The 

glucose concentration was set as 100 and 400 mg/dL. Data points represent mean ± SD (n = 

3). Error bars indicate SD. 

 

Furthermore, the mechanism of glucose-triggered insulin release was investigated. Prior to 

PVA crosslinking, instant insulin release was triggered in 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 5.15a). Further studies indicated 

that neither H2O2 nor slightly acidic environment could individually achieve insulin release 




















































































