ABSTRACT
YU, JICHENG. Bioresponsive Patches for Transdermal Drug Delivery. (Under the direction
of Dr. Zhen Gu).
Bioresponsive drug delivery systems have proven to be a practical tool for homeostatic
regulation, by tuning drug release as a function of biosignals relevant to physioloical and
pathological processes. Integrating with transcutaneous patches of arrayed microneedles
(MNs), researchers has focused on the development of bioresponsive patches that deliver drug
in a convenient, painless, and continuous manner over the last ten years. Here, we have
developed several bioresponsive transdermal MN-patches for smart and precise drug delivery
for diabetes management and auto-anticoagulant regulation. In order to realize on-demand
insulin delivery, glucose-responsive vesicles (GRVs) assembled by hypoxia-sensitive
hyaluronic acid were loaded into MNs. The GRVs could efficiently release insulin due to the
hypoxic microenvironment generated by the enzymatic oxidation of glucose under
hypoglycemic conditions. To improve blood glucose control and minimize side effects such as
skin inflammation, a hypoxia and H2O2 dual-sensitive diblock copolymer was synthesized to
form polymersome-based vesicles for insulin encapsulation. To prevent hypoglycemia caused
by overdosing insulin, we designed an insulin-responsive glucagon-loaded patch, which can
release glucagon in response to elevated insulin concentrations by taking advantage of the
specific interaction between insulin aptamer and target insulin. In addition, a thrombinresponsive transcutaneous patch was also developed for auto-anticoagulant regulation. The
introduction of the thrombin-cleavable peptide unit enabled thrombin-specific activation of
drug release from the MN patch to effectively prevent coagulation in the blood flow.
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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 skin’s 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 “smart insulin patch” 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 2aminoimidazole, disassembly of the vesicles, and subsequent insulin release. Researchers
demonstrated this glucose-responsive insulin-delivery system was able to quickly “sense” 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, α-amylase as well as glucoamylase and acted as synthetic
glucose-signal amplifiers. In high glucose concentrations, α-amylase and glucoamylase were
released and hydrolyzed the α-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 H 2O2mediated 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 HAaseactivated 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

pH

Glucose

Materials

Model therapeutics

Ref

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

HA, hypoxia-sensitive vesicles

Insulin

20, 30

HA, H2O2-sensitive polymersomes

Insulin

31

dual-sensitive Insulin

32

HA,

hypoxia

and

H2O2

polymersomes
HA, pH-sensitive dextran nanoparticles

anti-PD-1

33

1-MT conjugated HA

1-MT and anti-PD-1

37

Heparin conjugated HA

Heparin

38

Enzyme

1.6 Dissertation Scope and Organization
The aim of this dissertation is to develop bioresponsive patches for on-demand transdermal
drug delivery. This dissertation is presented as four separate manuscripts (Chapter 2-5) with a
comprehensive introduction (Chapter 1) highlighting recent advances in the development and
use of bioresponsive transcutaneous patches for on-demand smart and precise drug delivery.
A summary that concludes the primary findings described in Chapter 2 to 5 is also provided.

Chapter 2 reports a glucose-responsive insulin delivery device using a painless microneedlearray patch containing hypoxia-sensitive hyaluronic acid-based vesicles. In Chapter 3, we
report harnessing hypoxia and H2O2 dual-sensitive polymeric vesicles for enhanced glucose-
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responsive insulin delivery. Chapter 4 describes an insulin-responsive glucagon delivery
method for the prevention of hypoglycemia. Chapter 5 reports a thrombin-responsive closedloop patch for prolonged heparin delivery in a feedback-controlled manner. Finally,
conclusions were given in Chapter 6 with further discussion, implications of previous results,
and insights in developing bioresponsive transcutaneous patches that deliver therapeutics in a
self-regulated manner.
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CHAPTER 2 MICRONEEDLE-ARRAY PATCHES LOADED WITH HYPOXIASENSITIVE VESICLES PROVIDE FAST GLUCOSE-RESPONSIVE INSULIN
DELIVERY
2.1 Introduction
Diabetes mellitus is a group of metabolic diseases characterized by failure of blood glucose
level regulation mechanisms.43,

44

As of 2014, 387 million people suffered from diabetes

worldwide, and the number is estimated to be 592 million by 2035.29, 45 The traditional care
for people with diabetes often requires monitoring of blood glucose and insulin injections to
maintain normoglycemia.46 However, such self-administration is associated with pain and
often inadequate glucose control.28, 47, 48 Poor glucose control accounts for a high risk of
complications of diabetes, including limb amputation, blindness and kidney failure.
Additionally, hypoglycemia can result in behavioral and cognitive disturbance, seizure, loss of
consciousness, coma, brain damage, or death.49

An artificial pancreas-like closed-loop glucose-responsive insulin delivery system that is able
to “secrete” insulin in response to elevated blood glucose would provide a desirable way of
regulating glycemia with minimal patient effort and potential improvements in glycemia and
quality of life.47, 48, 50 Current closed-loop systems combine a glucose-monitoring module and
a sensor-triggered insulin releasing module.47, 48 There are closed-loop electronic/mechanical
devices that use a continuous glucose-monitoring sensor calibrated by the patient and an
external insulin infusion pump.28 However, challenges associated with such devices, such as
guaranteeing accurate signal feedback and preventing biofouling, still persist. A chemical
approach using an insulin-loaded matrix with glucose-sensing elements and a relevant actuator
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could avoid those limitations and may prove more effective for closed-loop insulin release.
The matrix can undergo structural transformations (i.e., shrink, swell, dissociate) regulated by
glucose concentration changes, leading to glucose-stimulated insulin release.51-54 The typical
glucose-sensing moieties include phenylboronic acid (PBA), glucose-binding protein (GBP),
and glucose oxidase (GOx).52-60 Despite these available sensing chemistries, the majority of
existing synthetic closed-loop systems have only been studied in vitro, with relatively few
showing applicability in vivo due to specific challenges for each glucose-sensing strategy. For
example, PBA and its derivatives are known for their reversible interaction with polyol
molecules such as glucose,61 but an efficient interaction between glucose and PBA with a
subsequent structural change in the matrix usually requires a more basic pH than is present in
the physiological environment. The safety and toxicity of PBA conjugates also remain to be
established. Con A is the most commonly used GBP for insulin delivery, generally based on
its multiple binding sites and competitive interaction with glucose and dextran matrix.62
However, the verified in vivo toxicity and instability of Con A limit its clinical applications.63
GOx is an enzyme that can convert glucose to gluconic acid in the presence of oxygen50:
GOx

glucose + O2 + H2O →

gluconic acid + H2O2

Glucose-responsive systems using GOx are always integrated with pH-sensitive materials,
which are either protonated or degraded with a local decrease of pH, promoted by increasing
glucose concentration. However, such pH decrease-dependent methods are often compromised
by slow responsiveness, especially in a buffered physiological environment.28 Taken together,
challenges remain to demonstrate a method that would combine (i) fast responsiveness with
pharmacokinetics similar to normal pancreatic activity, (ii) ease of administration, and (iii)
biocompatibility without long-term side effects.29
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Here we report a novel glucose-responsive insulin delivery device based on microneedle
(MN)-array patches integrated with hypoxia-sensitive hyaluronic acid (HS-HA) vesicles
containing insulin and GOx. Instead of using enzymatically induced pH changes,28, 29 for the
first time to our knowledge, we have taken advantage of the local generation of hypoxia due
to the consumption of oxygen in the enzymatic reaction as a trigger for rapid insulin release in
response to hyperglycemia. To achieve hypoxia-responsive transduction, 2-nitroimidazole
(NI), a hydrophobic component that has often been applied in cancer imaging due to its high
sensitivity to the hypoxic condition in tumor sites, was used.64, 65 NI can be converted to
hydrophilic 2-aminoimidazoles under a hypoxic environment via a single-electron reduction
catalyzed by a series of nitroreductases, coupled to bioreducing agents such as NADPH, a
plentiful coenzyme in tissues.64-67 We conjugated amine-functionalized NI with HA (molecular
mass of 300 kDa), which is well known to have excellent biocompatibility and
biodegradability.68-70 As shown in Figure 2.1a, through self-assembly, the amphiphilic HS-HA
can readily form nanoscale glucose-responsive vesicles (GRVs) encapsulating both
recombinant human insulin and GOx in an aqueous solution. In the presence of a high blood
glucose level, the dissolved oxygen can be rapidly consumed due to the glucose oxidation
catalyzed by GOx,29, 50 which produced a local hypoxic environment. NI groups on the HSHA were then reduced into hydrophilic 2-aminoimidazoles under bioreductive conditions,
which resulted in the dissociation of GRVs and subsequent release of insulin.
To realize ease of administration, we further loaded the GRVs into a MN-array patch for
painless1, 71-73 insulin delivery (Figure 2.1b). The matrix of MNs was made from cross-linked
HA to improve the stiffness of MNs and restrict the loss of GRVs from needles. With
transcutaneous administration, the GRVs loaded in MNs disassembled when exposed to high
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interstitial fluid glucose in vascular and lymph capillary networks,74 thereby promoting the
release of insulin which was then taken up quickly through the regional lymph and capillary
vessels.27 We demonstrated that this “smart insulin patch” with a novel glucose-responsive
mechanism displayed rapid responsiveness for glucose-regulation and reliable avoidance of
hypoglycemia in a mouse model of type 1 diabetes.

Figure 2.1 Schematic of the glucose-responsive insulin delivery system using hypoxiasensitive vesicle-loading MN-array patches. (a) Formation and mechanism of GRVs composed
of HS-HA. (b) Schematic of the GRV-containing MN-array patch (smart insulin patch) for in
vivo insulin delivery triggered by a hyperglycemic state to release more insulin.

2.2 Experimental Section
2.2.1 Materials
All chemicals were purchased from Sigma-Aldrich unless otherwise specified and were used
as received. Sodium HA (molecular mass of 300 kDa) was purchased from Freda Biochem Co.,
Ltd. Human recombinant insulin (27.5 IU/mg of Zn salt) was purchased from Life Technology.

2.2.2 Synthesis and characterizations of HS-HA
Hypoxia-sensitive hyaluronic acid (HS-HA) was synthesized by chemical conjugation with the
6-(2-nitroimidazole) hexylamine through amide formation. First, 6-(2-nitroimidazole)
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hexylamine was synthesized for reaction with the carboxylic acids of HA. In brief, NI (0.15 g,
1.3 mmol) was dissolved in dimethylformamide (DMF), to which K2CO3 (0.28 g, 2.0 mmol)
was added. Then, 6-(Boc-amino) hexyl bromide (0.39 g, 1.4 mmol) was added dropwise into
the solution and stirred at 80 oC for 4 h. The solid impurities were removed from the reaction
mixture by filter and washed with methanol. The residual solvent was then evaporated to obtain
the solid product, which was suspend in deionized (DI) water and extracted with ethyl acetate.
The organic layer was collected and dried over sodium sulfate, and then concentrated. The
product was redissolved in methanol on the ice. Five milliliters of 1.25 M HCl in methanol
was added to the solution and stirred for 24 h at room temperature (RT). Afterward, the solvent
was removed from the reaction mixture using a rotary evaporator to obtain the aminefunctionalized NI. Next, 6-(2-nitroimidazole) hexylamine was conjugated to HA in the
presence

of

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC)

and

N-

hydroxysuccinimide (NHS). Briefly, 0.24 g of HA (molecular mass of ~300 kDa) was
dissolved in water, to which EDC (0.56 g, 3.4 mmol) and NHS (0.39 g, 3.4 mmol) were added
and stirred for 15 min at RT. Then 6-(2-nitroimidazole) hexylamine (0.18 g, 0.85 mmol) was
added to the mixture and allowed to react at RT for 24 h. The reaction solution was thoroughly
dialyzed against a 1:1 mixture of DI water and methanol for 1 d and against DI water for 2 d.
Then, HS-HA was obtained by lyophilization and characterized by 1H NMR (Varian Gemini
2300). The graft degree is calculated as 20% by UV-visible (UV-Vis) absorbance.
6-(2-nitroimidazole) hexylamine: 1H NMR (DMSO-d6, 300 MHz, δ ppm): 1.30-1.78 (m, 8H,
NH2CH2(CH2)4), 2.73 (s, 2H, NH2CH2), 4.38 (s, 2H, NCH2), 7.19 (s, 1H), 7.87 (s, 1H).
HS-HA: 1H NMR (D2O, 300 MHz, δ ppm): 1.88-2.40 (m, 8H, NH2CH2(CH2)4), 2.87-3.19 (m,
4H, NH2CH2, NCH2), 7.19 (s, 1H), 7.48 (s, 1H).

15

2.2.3 Synthesis and characterizations of methacrylated HA (m-HA)
Methacrylated HA (m-HA) was synthesized following the literature.70 Briefly, 1.0 g of HA
was dissolved in 50 mL of DI water at 4 oC, to which 0.8 mL of methacrylic anhydride was
added drop-wise. The reaction solution was adjusted to pH 8-9 by the addition of 5 N of NaOH
and stirred at 4 oC for 24 h. The resulting polymer was obtained by precipitation in acetone,
followed by washing with ethanol three times. The product was redissolved in DI water and
the solution was dialyzed against DI water for 2 d. The 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 of the areas under the proton peaks at 5.74 and 6.17 ppm (methacrylate protons) with the
peak at 1.99 ppm (N-acetyl glucosamine of HA) after performing a standard deconvolution
algorithm to separate closely spaced peaks.
m-HA: 1H NMR (D2O, 300 MHz, δ ppm): 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 Preparation of GRVs
GRVs were prepared by self-assembly in aqueous solution. Briefly, 20 mg of amphiphilic HSHA was dissolved in water/methanol (2:1, vol/vol), followed by addition of 10 mg of human
insulin and 1.0 mg of GOx. The emulsion was stirred at 4 oC for 2 h. Then the methanol was
removed by dialysis against deionized water for 1 d. The pH value of the resulting GRV
suspension was adjusted to 5.3 (the pI of insulin) to remove the unloaded insulin by
centrifugation at 6,200 × g for 10 min and further filtered by a centrifugal filter (100,000 Da
molecular mass cutoff, Millipore) at pH 7.4. The final GRV suspension was stored at 4 oC for
later study. The insulin loading capacity of GRVs was determined by measuring the loaded
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insulin content using a Coomassie Plus protein assay. The zeta potential and size distribution
were measured on the Zetasizer (Nano ZS, Malvern). The TEM images of GRVs were obtained
on a JEOL 2000FX TEM instrument.

2.2.5 Oxygen consumption rate assay
Oxygen consumption rate was determined using MitoXpress (Cayman Chemical) according to
the manufacturer’s protocol. Briefly, 200 µL of 5 mg/mL GRV solution with 0, 100 or 400
mg/dL glucose containing 10 µL of MitoXpress probe was placed in a 96-well plate, and the
plate was measured on a microplate reader at the excitation/emission wavelength of 380/650
nm at 37 oC. Each sample well was measured repetitively every 5 min, by taking two intensity
readings at delay times of 30 and 70 µs and a gate time of 30 µs. Obtained time-resolved
fluorescence (TR-F) intensity signals for each sample well were converted into
phosphorescence lifetime (microsecond) [τ] values as follows: τ= (70-30)/ln(F1/F2), where F1
and F2 are the TR-F intensity signals at the delay times 70 µs and 30 µs, respectively. The
resulting increasing lifetime [τ] reflects the sample’s oxygen concentration.

2.2.6 In vitro release studies
To evaluate the glucose responsive capability of GRVs, GRVs were incubated in 600 µL of
PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 (pH 7.4)] with
100 µM NADPH and 5 µg/mL cytochrome c reductase. Various amounts of glucose were
added to the solution to reach a final glucose concentration (0 mg/dL, 100 mg/dL and 400
mg/dL). The mixture was incubated at 37 oC in a container with an oxygen concentration of
21% by regulation with a massflow meter. At predetermined times, the pH value of each
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mixture was recorded by a pH meter (AB15; Fisher Scientific), and the value was then adjusted
to the pI of insulin to isolate the released insulin by centrifugation at 6,200 ×g for 10 min. The
concentration of residual insulin encapsulated in GRVs was examined using a Coomassie Plus
protein assay. The absorbance was detected at 595 nm on an Infinite 200 PRO multimode plate
reader (Tecan Group Ltd.), and the insulin content was calibrated with an insulin standard
curve. For plotting the UV-Vis absorption of GRV solution, the absorbance intensity was
measured at 330 nm at the set time. To assess the release profile of insulin from GRVs under
different pH conditions, GRVs were incubated in PBS buffer solution with NADPH and
cytochrome c reductase (pH 4.0 and 7.4). The released insulin was measured using the same
method mentioned above. The far-UV CD spectra of the native and released insulin from
GRVs (0.1 mg/mL) were analyzed by the CD spectrometer (Aviv).

2.2.7 Fabrication of GRV-loaded MNs
All of the MNs in this study were fabricated using five uniform silicone molds from Blueacre
Technology Ltd. Each MN had a 300 × 300 μm round base tapering to a height of 600 μm with
a tip radius of around 10 μm. The MNs were arranged in an 11 ×11 array with 600 μm tip-totip spacing. Following the preparation of the GRVs, the product was evenly dispersed in 400
uL of DI water. MNs loaded with GRVs were fabricated from silicone molds machined by
laser ablation to create 11 × 11 arrays of MN cavities. First, GRV solution was directly
deposited by pipette onto the MN mold surface (35 uL per array). Molds were then placed
under vacuum (600 mmHg) for 5 min to allow the GRV solution flow into the MN cavities
and become more viscose. The covered molds were then transferred to a Hettich Universal 32R
centrifuge for 20 min at 2,000 rpm to compact GRVs into MN cavities. The process was
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repeated three times until the GRV solution layer dried and there was no bubble arising from
mold cavities in the vacuum condition. For better MN morphology, a piece of 4 × 9 cm silver
adhesive tape was applied around the 2 ×2 cm micromold baseplate. Finally, addition of 3 mL
of premixed N,N’-methylenebisacrylamide (20% wt/vol), photoinitiator (Irgacure 2959, 5%
wt/vol) and m-HA with solution to the prepared micromold reservoir was followed by
centrifugation (2,000 rpm for 20 min) and drying at 25°C (6-8 h under a vacuum desiccator).
After the desiccation was completed, the MN-arrays were carefully separated from the silicone
mold and the MNs underwent cross-linking polymerization via UV irradiation (wavelength of
365 nm) for a short period. The needle base can be tailored to fit the injection syringe. The
resulting product can be stored in a sealed six well container for up to 30 d. The morphology
of the MNs was characterized on an FEI Verios 460L field-emission scanning electron
microscope.

2.2.8 Mechanical strength test
The mechanical strength of MNs with a stress-strain gauge was measured by pressing MNs
against a stainless steel plate on an MTS 30G tensile testing machine. The initial gauge was
set as 2.00 mm between the MN tips and the stainless steel plate, with 10.00 N as the load cell
capacity. The speed of the top stainless steel plate movement toward the MN-array patch was
set as 0.1 mm/s. The failure force of MNs was recorded as the needle began to buckle.

2.2.9 Skin penetration efficiency test
In separate experiments treated skin and applied MN-arrays were imaged by bright-field
microscopy to assess transcutaneous drug delivery and skin penetration efficiency. The MN-
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array was applied to the dorsum of the mouse skin for 30 min. Excited skin was stained with
trypan blue for 30 min before imaging for needle penetration. After wiping residual dye from
the skin surface with dry tissue paper, the mouse was euthanized and the skin sample was
viewed by optical microscopy (Leica EZ4 D stereomicroscope).

2.2.10 In vivo studies using STZ-induced diabetic mice
The in vivo efficacy of MN-array patches for diabetes treatment was evaluated on
streptozotocin-induced adult diabetic mice (male C57B6; Jackson Laboratory). 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 plasmaequivalent glucose was measured from tail vein blood samples (~ 3 μL) of mice using the
Clarity GL2Plus glucose meter (Clarity Diagnostics). Mouse glucose levels were monitored
for 2 d before administration, and all mice were fasted overnight before administration. Five
mice for each group were selected to be transcutaneously treated with blank MNs containing
only cross-linked HA, MNs loaded with human recombinant insulin, MNs loaded with
GRV(E+I), MNs loaded with GRV(1/2E+I), or MN loaded with GRV(I) on the dorsum, with
an insulin dose of 10 mg/kg for each mouse. The glucose levels of each mouse were monitored
(at 5, 15, 30, and 60 min, and once per hour afterward) until a return to stable hyperglycemia.
To measure the plasma insulin concentration in vivo, a blood sample of 25 μL was drawn from
the tail vein of mice at indicated time points. The serum was isolated and stored at −20 °C until
assay. The plasma insulin concentration was measured using Human Insulin ELISA kit
according to the manufacturer’s protocol (Calbiotech). A glucose tolerance test was conducted
to confirm the in vivo glucose responsiveness of MNs 1 h postadministration of GRV(E+I)-
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loaded MNs and insulin-loaded MNs. Briefly, mice were fasted overnight and administered
with GRV(E+I)-loaded MNs and insulin-loaded MNs with an insulin dose of 10 mg/kg for
each mouse, and a glucose solution in PBS was then injected i.p. into all mice at a dose of 1.5
g/kg. The glucose levels were monitored at 5, 10, 15, 20, 30, 40, 50, 60, 80, 100 and 120 min
after injection. The glucose tolerance test on healthy mice was used as control. Similarly, the
healthy mice used to assess hypoglycemia were administered insulin-loaded MNs, GRV(I)loaded MNs or GRV(E+I)-loaded MNs, but were not subjected to a glucose challenge.

2.2.11 Biocompatibility analysis
The in vitro cytotoxicity of GRVs was measured by a 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-diphenytetrazoliumromide (MTT) assay in HeLa cells. Briefly, HeLa cells were seeded in a 96well plate at a density of 6,000 cells per well. After 24 h of incubation in 200 μL of DMEM
with 10% FBS, series dilutions of bare GRVs ranging from 0.1 to 1 mg/mL were added into
wells. After 24 h of incubation, thiazole blue solution (5 mg/mL) was added into wells and
incubated with cells for another 4 h. After removing the culture media, the purple formazan
crystal was dissolved in 150 μL of DMSO. The absorbance of the plates was read at 570 nm,
which is directly proportional to the viable cell number, was measured on a multimode plate
reader. To evaluate the biocompatibility of the MN-array patch, on day 2 postadministration,
mice were euthanized by CO2 asphyxiation and the surrounding tissues were excised. The
tissues were fixed in 10% formalin and then embedded in paraffin, cut into 50 μm sections,
and stained using H&E for histological analysis.
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2.2.12 Statistical analysis
All results presented are mean ± SD. Statistical analysis was performed using the Student’s ttest or an ANOVA test. With a P value < 0.05, the differences between experimental groups
and control groups were considered statistically significant.

2.3 Results and Discussion
2.3.1 Synthesis and characterization of GRVs
GRVs were formed by self-assembly of HS-HA, encapsulating recombinant human insulin and
GOx in the core. The HS-HA was obtained via the formation of an amide bond with aminefunctionalized NI in three steps (Figure 2.2). The incorporation of hydrophobic NI groups
renders the derived HA amphiphilic, enabling the formation of GRVs in the aqueous solution.34,
75

Moreover, NI provides an hypoxia-sensitive element, which is expected to be bioreduced

under hypoxic conditions.64,

67

The reduced product with amine groups is water-soluble,

leading to disassembly of GRVs. As presented in the transmission electron microscopy (TEM)
image (Figure 2.3a), the resulting GRVs had a spherical shape with a mono-disperse size. The
average diameter of GRVs was determined as 118 nm by dynamic light scattering (DLS)
(Figure 2.3b), which is consistent with observation by TEM. The zeta-potential of GRVs was
measured as -34.7 ± 0.4 mV due to the residual carboxyl of HA. The fluorescence image of
GRVs with FITC-labeled insulin further verified successful encapsulation of insulin (Figure
2.3d). The insulin loading capacity of GRVs was determined as 8.7% (wt/wt). Importantly, the
obtained GRVs were highly stable and no significant precipitation was observed at 4 oC for 1
mo.
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Figure 2.2 Synthesis route of HS-HA (4).

23

Figure 2.3 Characterization of GRVs. (a) TEM images of GRV-encapsulated insulin and
enzyme (i) preincubation or postincubation with 400 mg/dL glucose for (ii) 20min, (iii) 1 h,
and (iv) 24 h. (Scale bars: 200 nm.) Size distribution of GRVs preincubation (b) and
postincubation (c) with 400 mg/dL glucose for 24 h. Fluorescence 2.5D images of FITCinsulin–loaded GRV solution preincubation (d) and postincubation (e) in 400 mg/dL glucose
solution for 1 h at 37 °C. (f) Phosphorescence lifetime profile over time for the GRVs incubated
with different glucose concentration solutions containing an oxygen concentration molecule
probe. (g) Monitoring of UV absorbance intensity of GRVs at A330 over time in different
glucose concentrations at 37 °C. Error bars indicate SD (n = 3). a.u., arbitrary unit.

2.3.2 In vitro glucose-responsive insulin release of GRVs
To examine the glucose-responsive disassembly of GRVs, vesicles were incubated with PBS
buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 (pH 7.4)] containing
different concentrations of glucose, including a typical hyperglycemic level (400 mg/dL), a
normoglycemic level (100 mg/dL), and a control level (0 mg/dL). The oxygen consumption,
caused by the oxidation of glucose catalyzed by GOx, was measured using an oxygen-sensitive
phosphorescent molecular probe.76, 77 As presented in Figure 2.3f, the sample exposed to the
hyperglycemic solution had a lower oxygen concentration compared with the other two control
samples. Of note, equilibrium was achieved in 10 min, suggesting that the oxygen consumption
rate reached equilibrium with the dissolution rate at this time. The recorded pH value of
incubating solutions with 400 mg/dL glucose solution decreased steadily over time (Figure
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2.4), further substantiating the conversion of glucose to gluconic acid catalyzed by GOx. In
this hypoxic environment, the nitro groups of the HS-HA were effectively reduced by electrons
from NADPH catalyzed by the reductase. The residual concentration of NI was monitored in
real time by measuring the UV-visible (UV-Vis) absorbance intensity of the characteristic peak
of NI at A330.78 As shown in Figure 2.3g, the corresponding absorbance of GRVs incubated
with 400 mg/dL glucose solution gradually decreased over time, suggesting the replacement
of hydrophobic NI groups with amine groups. In sharp contrast, a much slower decline of
absorbance intensity was observed in the samples associated with 100 mg/dL glucose solution,
and no decrease was observed in the control sample without glucose. Furthermore, the
corresponding evolution of conformation and size changes were clearly observed through TEM
imaging and DLS (Figure 2.3a and c). To validate the release of insulin from the disassembled
GRVs further, insulin conjugated with FITC was encapsulated into GRVs. As demonstrated in
Figure 2.3e, the fluorescence signal was more homogeneously distributed after exposure of the
GRV suspension to glucose for 1 h, while the original GRV solution showed a large amount
of cluster signal, verifying the release of FITC-insulin.

Figure 2.4 Relevant pH changes in GRV solutions with different glucose concentrations.
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A remarkably rapid insulin release profile was achieved from the sample with a typical
hyperglycemic level of 400 mg/dL glucose due to the dissociation of GRVs, whereas only a
small amount of insulin was released from the GRVs in PBS solution with none or a relatively
normal level of 100 mg/dL glucose (Figure 2.5a). To validate if the insulin release speed
directly corresponds to the reduction of NI groups as a result of oxygen level rather than
decreased pH level, the insulin release kinetics in pH=4.0 solution were investigated. The result
showed that there was insignificant insulin release of the sample incubated in a pH=4.0 solution,
confirming the GRVs were stable under an acidic condition (Figure 2.6). In addition, an
alterable kinetic release profile of insulin was observed by varying glucose concentration
(Figure 2.5b). A maximum of a 6.6-fold difference in insulin release rate was achieved in 20
min when the glucose concentration was changed from 100 to 400 mg/dL. In contrast, GRVs
containing one-half the amount of GOx showed a slower release rate due to a relatively slower
oxygen consumption rate, suggesting that the insulin release rate can be tuned by varying the
encapsulation dose of enzyme. Moreover, the insulin release profile of GRVs presented a
pulsatile pattern when alternatively exposed between normal and hyperglycemic state every
20 min for several cycles (Figure 2.5c). Importantly, the GRVs responded to changes in
glucose concentrations rapidly compared with existing synthetic glucose-responsive systems.28,
29

For example, the hypoxia-sensitive GRVs displayed a significantly faster response rate to

hyperglycemic levels compared with pH-sensitive based glucose-responsive formulations
previously reported in parallel59 with the same amount of enzymes (Figure 2.7). This finding
can be attributed to the faster attainment of the “structural transformation point” for
dissociation of the formulation triggered by the local hypoxic microenvironment than by the
local acidic environment. Collectively, the results discussed above substantiated that the
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disassembly of GRVs and the release of insulin underwent a glucose-mediated and hypoxiadependent process. Additionally, the CD spectrum showed that the secondary conformational
structure of released insulin from GRVs (0.1 mg/mL) did not change compared to that of the
native insulin (Figure 2.5d).

Figure 2.5 In vitro glucose-responsive release of insulin from GRVs. (a) In vitro accumulated
insulin release from the GRVs in several glucose concentrations at 37 °C. *P < 0.05 for GRVs
in 400 mg/dL glucose solution compared with GRVs in 100 or 0 mg/dL glucose solution. (b)
Self-regulated profiles of the GRVs and GRVs containing one-half the amount of GOx present
the rate of insulin release as a function of glucose concentration. *P < 0.05 for GRV(E + I)
compared with GRV (1/2E + I). (c) Pulsatile release profile of GRVs presents the rate of insulin
release as a function of glucose concentration (100 mg/dL and 400mg/dL). (d) CD spectra of
native insulin solution and insulin released from the GRVs incubated with 400 mg/dL glucose.
Deg, degree. Error bars indicate SD (n = 3).
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Figure 2.6 Accumulated insulin release of GRVs incubated in 400 mg/dL glucose solution or
pH 7.4 or pH 4.0 buffer solution. Error bars indicate SD (n = 3).

Figure 2.7 Self-regulated profile of the hypoxia-sensitive-based GRVs or pH-sensitive-based
GRVs presents the rate of insulin release as a function of glucose concentration. Error bars
indicate SD (n = 3).

2.3.3 Fabrication and characterization of GRV-loaded MN-array patch
To achieve convenient administration, we next fabricated an MN-array1, 73, 79 patch containing
GRVs as a painless and disposable modality1 for administering insulin. Briefly, the GRVs were
first loaded in tips of a silicone mold for MNs by centrifugation, followed by drop-wise
addition

of

a

solution

containing

methacrylated

HA,

the

cross-linker

N,N’-

methylenebisacrylamide, and a photoinitiator (Figure 2.8a). Under UV irradiation, the HA
matrix was photo-cross-linked to enhance the stiffness of MNs and entrap the GRVs in the
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needles. The resulting MNs were arranged in an 11 × 11 array with an area of 6 × 6 mm and
backed for stability during handling using medical tape (Figure 2.8b). Each needle was conical
with a base radius of 150 µm, a height of 600 µm, and a tip radius of ~10 µm (Figure 2.8c).
Figure 2.8d shows the fluorescence image of a representative MN that contains FITC-insulin
loaded GRVs, indicating that GRVs were evenly distributed inside the needle tips.
Measurement of mechanical strength using a tensile compression machine indicated a failure
force for cross-linked MNs of 0.06 N per needle, compared with only 0.02 N per needle for
non-cross-linked MNs (Figure 2.8e). The stiffness of cross-linked MNs provided sufficient
strength to facilitate skin insertion without breaking.79

Figure 2.8 Characterization of GRV-loaded MN-array patches. (a) Schematic of the
fabrication process of GRV-loaded MN-array patches from a silicone mold. (b) Photograph of
the smart insulin patch with an MN array. (Scale bar: 1 cm.) (c) Fluorescence microscopy
image of MN-loaded GRVs with FITC-labeled insulin. (Inset) Zoomed-in image of MN. (Scale
bars: 200 μm.) (d) SEM image of MN array. (Scale bar: 200 μm.) (e) Mechanical behaviors of
the non–cross-linked and cross-linked GRV-loaded MNs.
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To investigate whether GRVs encapsulated in the MN maintained their glucose-responsive
capability after MN fabrication, the tips of the needles containing GRVs were immersed into
PBS buffer containing different concentrations of glucose. As shown in Figure 2.9, there was
negligible difference between GRVs in the MNs and GRVs free in suspension (Figure 2.5a).

Figure 2.9 Accumulated insulin release of the GRVs dissolved from the prepared MNs in
different glucose concentrations at 37 °C. Error bars indicate SD (n = 3).

2.3.4 In vivo studies of the MNs for type 1 diabetes treatment
To assess the in vivo efficacy of the MN-array patches for diabetes treatment, the
streptozotocin-induced type 1 diabetic mice were grouped and transcutaneously exposed to
different samples (Figure 2.10a, Top Left), including the blank MNs containing only crosslinked HA, MNs loaded with human recombinant insulin, MNs loaded with GRVs containing
both insulin and enzyme [GRV(E+I)], MNs loaded with GRVs containing insulin and half dose
of enzyme [GRV(1/2E+I)], or MNs loaded with GRVs containing insulin only [GRV(I)]. The
insulin dose applied for each mouse was 10 mg/kg. The MN-array patch penetrated the dorsum
skin of the mouse effectively, as evidenced by the trypan blue staining (Figure 2.10a, Top
Right) and H&E staining (Figure 2.10a, Bottom). The microchannels on the skin created by
the MN-array patch rapidly recovered within 6 h postadministration (Figure 2.11). The blood
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glucose of treated mice in each group was monitored over time. As shown in Figure 2.10b, the
blood glucose in mice treated with GRV(E+I)-loaded MNs quickly declined to nearly 200
mg/dL within 0.5 h, and maintained a normoglycemic state (< 200 mg/dL) for up to 4 h before
gradually increasing. We attributed this fast response rate to the fast generation of the local
hypoxic microenvironment that quickly activated the dissociation of GRVs under a
bioreductive condition; the relatively low diffusion rate of oxygen in vivo compared with
hydrogen ions may facilitate this process further.80-82 When the enzyme dose in the MNs was
reduced from 1 to 0.5 mg/kg, the blood glucose levels decreased to around 350 mg/dL within
0.5 h, and steadily increased afterward. In the absence of the enzyme, the glucose levels did
not show a noticeable decline, suggesting that the GRVs were highly stable in vivo.
Correspondingly, mice administered with GRV(E+I)-loaded MNs presented a consistently
higher plasma insulin concentration for at least 24 h than those mice treated with
GRV(1/2E+I)- and GRV(I)-loaded MNs, as quantified by ELISA (Figure 2.10c). The SEM
image of GRV(E+I)-loaded MNs inserted into skin showed collapse with shortened tips after
use (Figure 2.10d), further confirming that the loaded GRVs disassembled under a hypoxic
condition.

31

Figure 2.10 In vivo studies of the MN-array patches for type 1 diabetes treatment. (a) Mouse
dorsum and relevant skin (the area within the red dashed line) transcutaneously treated with an
MN-array patch (Top Left), with the image of the trypan blue staining showing MN-array patch
penetration of mouse skin (Top Right). (Scale bar: 500 μm.) (Bottom) H&E-stained section of
mouse skin penetrated by one MN-array patch. The skin muscle and fat tissue regions are
indicated by M and F, respectively. The region where MN-array patch insertion took place is
indicated by the blue dashed line. (Scale bar: 100 μm.) In vivo studies of the MN-array patches
for type 1 diabetes treatment: blood glucose levels (b) and plasma human insulin
concentrations (c) in streptozotocin (STZ)-induced diabetic mice after treatment with blank
MNs containing only cross-linked HA, MNs loaded with human recombinant insulin, MNs
loaded with GRV(E+I), MNs loaded with GRV(1/2E+I), or MNs loaded with GRV(I). *P <
0.05 for administration with GRV(E+I)-loaded MNs compared with GRV(1/2E+I)-loaded
MNs or GRV(I)-loaded MNs. (d) SEM image of GRV(E+I)-loaded MN after insertion for 4 h.
(Scale bar: 200 μm.) (e) In vivo glucose tolerance test toward diabetic mice 1 h
postadministration of GRV(E+I)-loaded MNs or insulin-loaded MNs in comparison to the
healthy control mice. (f) Responsiveness was calculated based on the area under the curve
(AUC) in 120 min, with the baseline set at the 0-min blood glucose reading. (g) Blood glucose
changes of mice treated with additional administration of the MN-array patch 1 h
postadministration of GRV(E+I)-loaded MNs. *P < 0.05 for additional administration with
GRV(E+I)-loaded MNs compared with no additional administration. (h) Blood glucose
changes of healthy mice administered an MN-array patch over time. (i) Quantification of the
hypoglycemia index, which was calculated from the difference between the initial and nadir
blood glucose readings divided by the time at which nadir was reached. *P < 0.05 for
administration with GRV(E+I)-loaded MNs compared with insulin-loaded MNs. The black
arrows indicate the administration points. Error bars indicate SD (n = 5).
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Figure 2.11 Skin puncture marks at 5 min, 30 min, and 6 h posttreatment.

Next, a glucose tolerance test was conducted at 1 h after administration of the MNs. The control
healthy mice exhibited a quick increase in blood glucose level upon an i.p. glucose injection,
followed by a gradual decrease to normoglycemia (Figure 2.10e). The diabetic mice treated
with GRV(E+I)-loaded MNs showed a delayed increase in blood glucose after glucose
injection, and then a rapid decline to a normal state within 30 min. However, the glucose of
the mice administered insulin-loaded MNs did not decline in 120 min. The area under the curve
was calculated between 0 and 120 min to measure the MN responsiveness. As shown,
GRV(E+I)-loaded MNs had significantly faster responsivity toward the glucose challenge
(Figure 2.10f).

To assess the in vivo glucose control capability of MN further, the series administration with
MNs was performed. The glucose level of mice treated with GRV(E+I)-loaded MNs (dose of
5 mg/kg insulin for each mouse) quickly decreased to around 200 mg/dL within 1 h (Figure
2.10g). However, glucose did not further decrease to a hypoglycemic level upon application of
another dose of GRV(E+I)-loaded MNs (dose of 5 mg/kg insulin for each mouse), and
maintained a normoglycemic concentration around 200 mg/dL for another 3 h. In contrast, the
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mice administered GRV(I)-loaded MNs (dose of 5 mg/kg insulin for each mouse) or those
mice without additional administration showed a rapid increase in glucose to a hyperglycemic
state in 3 h. Insulin-loaded MNs were subsequently administered to another group of mice and
their blood glucose continued to decrease, leading to a risk of hypoglycemia. The study on the
healthy mice further indicated there is little insulin leak in GRV-loaded MNs, and the risk of
hypoglycemia is reduced compared with the insulin-loaded MNs (Figure 2.10h). The
corresponding hypoglycemia index (defined as the fall in glucose from the initial reading to
the nadir divided by the time over which this fall was reached) was calculated to measure
quantitatively the extent to which insulin elicited hypoglycemia. GRV-loaded MNs showed a
remarkably reduced hypoglycemic index compared with insulin-loaded MNs when
administered in a normoglycemic state (Figure 2.10i). Moreover, regarding biocompatibility
of the device, HA is found throughout the human body and the bare GRVs did not show
significant toxicity at various concentrations studied (Figure 2.12). Additionally, there was no
significant inflammation observed in the region 2 d postadministration of GRV(E+I)-loaded
MNs (Figure 2.13).
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Figure 2.12 Cytotoxicity study of empty GRVs after 24 h of incubation with HeLa cells. Error
bars indicate SD (n = 6).

Figure 2.13 H&E-stained skin sections administered PBS (a) or an MN-array patch (b) with
surrounding tissues 2 d postadministration of the MN-array patch. (Scale bar: 200 μm.)

2.4 Conclusion
Current GOx-based glucose-responsive insulin delivery systems mainly use matrices
consisting of pH-sensitive materials, which release insulin by either protonation or degradation
due to enzymatic generation of gluconic acid. However, their effectiveness is limited by a slow
response upon blood glucose changes especially under a buffered physiological environment.
This chapter demonstrates the first enzyme-based glucose-responsive insulin delivery strategy,
to our knowledge, using sensitivity to hypoxia rather than pH variance. A local hypoxic
microenvironment could be rapidly generated in PBS buffer solution due to the enzymatic
consumption of oxygen, as evidenced by an oxygen-sensitive phosphorescent probe.
Subsequently, the hydrophobic side-chains of HS-HA were reduced into hydrophilic chains,
36

resulting in disassembly of GRVs, subsequently releasing insulin. The obvious change in
morphology could be observed by TEM 20 min postincubation with PBS buffer containing
400 mg/dL glucose. The in vitro insulin release profile of GRVs indicated a remarkably faster
release rate compared with the pH-sensitive-based formulations previously reported.59 In
addition, the insulin release kinetics can be adjusted by varying the enzyme dose both in vitro
and in vivo, further implying that the release of insulin undergoes a glucose-mediated and
hypoxia-dependent process.

Furthermore, the GRVs were integrated into an HA-based MN-array patch for convenient,
painless and continuous administration of insulin. The cross-linked HA matrix not only helped
to improve mechanical strength and skin penetration capability, but also restricted the loss of
GRVs to avoid burst release. Additionally, the framework of both needle patches and vesicles
was made from HA, which is highly biocompatible. The GRV(E+I)-loaded MNs exhibited
excellent regulation of glucose into a normal range with fast responsiveness. Furthermore, in
addition to the highly sensitive vesicles, the rapid uptake by the lymphatics through
transcutaneous administration may contribute to the fast responsivity. The in vivo glucose
tolerance test demonstrated not only that GRV-loaded MNs were responsive to glucose
challenge but that they could also efficiently minimize the risk of hypoglycemia. In addition,
the results of serial administration with MNs showed that it could precisely control glucose in
a normal range for prolonged periods. Also considering that mice have reduced sensitivity to
the human insulin used in this study, the real dose for potential human use will be significantly
lower. This “smart insulin patch” with its novel trigger mechanism offers a clinical opportunity
for closed-loop delivery of insulin in a fast glucose-responsive, pain-free, and safe manner. It
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will also guide the development of a useful drug delivery platform for treating other diseases
using artificial vesicles, the behaviors of which can be “intelligently” activated and selfregulated by the variation of physiological signals.
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CHAPTER 3 HYPOXIA AND H2O2 DUAL-SENSITIVE VESICLES FOR
ENHANCED GLUCOSE-RESPONSIVE INSULIN DELIVERY
3.1 Introduction
Diabetes mellitus is a chronic disease associated with elevated glucose in the blood, which
currently affects 415 million people worldwide.28, 29 Insulin, a hormone to help cells take in
glucose for energy, is essential for the treatment of type 1 and advanced type 2 diabetic patients
in order to maintain normoglycemia.46 However, the traditional exogenous insulin injection
does not closely match the physiological release of insulin, often resulting in inadequate
glycemic control28, 47 and subsequent consequences such as limb amputation, blindness and
kidney failure. In addition, overtreatment with insulin may lead to hypoglycemia, which can
cause behavioral and cognitive disturbance, seizures, loss of consciousness, brain damage, and
even death.49 A “smart” glucose-responsive insulin delivery system that can mimic the β-cells
to “secrete” insulin in response to a high blood glucose level (BGL) is desirable to regulate
glycemia with minimal effort and to improve the health and quality of life for diabetic
patients.28, 29, 50, 83

In order to achieve this goal, such closed-loop systems usually consist of a glucose monitoring
module and an insulin releasing module.28,
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The current closed-loop electromechanical

systems include a continuous glucose sensor and an external insulin infusion pump.28 However,
there are still some challenges that limit the application of these systems, such as lag in blood
glucose feedback and biofouling.84 Alternatively, chemically controlled glucose-responsive
systems have been widely investigated during the last few decades.28, 29, 83 Typically, the insulin
embedded matrix with glucose-responsive elements can adjust the insulin release rate through
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structural changes such as swelling, shrinking, degradation, or dissociation in response to
ambient glucose levels.51,

52, 54

The common glucose-responsive elements include glucose

oxidase (GOx),52, 54, 56-58, 85 phenylboronic (PBA),53, 86 and glucose-binding protein (GBP).60
Despite these available chemistries, few synthetic glucose-responsive systems show promise
in vivo. Challenges remain to demonstrate a system consisting of fast responsiveness with
kinetics similar to a healthy pancreas, biocompatibility without long-term side effects, and ease
of administration.

GOx is an enzyme that can catalyze the oxidation of glucose in the presence of oxygen:
GOx

glucose + O2 + H2O →

gluconic acid + H2O2

Previous glucose-responsive systems using GOx typically employed a pH-sensitive matrix
with entrapped or immobilized GOx to cause a local decline of pH with increasing glucose
levels, which promoted insulin release through either degradation or protonation.52, 54, 58, 59
Recently, our group reported a hypoxia-sensitive mechanism for achieving fast, glucoseresponsive, insulin delivery.20 We also demonstrated that utilizing the rapid oxygen
consumption during the oxidation of glucose catalyzed by GOx as a trigger was able to achieve
fast insulin release under physiological conditions.

Herein, we report a new hypoxia and H2O2 dual-sensitive diblock copolymer consisting of
poly(ethylene glycol) (PEG) and polyserine modified with 2-nitroimidazole via a thioether
moiety (designated PEG-poly(Ser-S-NI)). The thioether serves as a H2O2-sensitive moiety that
turns the polymer more hydrophilic when it is converted into a sulfone by H2O2.87-89 This
amphiphilic polymer is able to self-assemble into a nanoscaled bilayer vesicle structure
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(polymersome), which encapsulates recombinant human insulin and GOx in the aqueous core.
When exposed to a high blood glucose level, the glucose diffuses across the polymeric bilayer
membrane and interacts with GOx (Figure 3.1a). During this glucose oxidation process
catalyzed by GOx, the dissolved oxygen is rapidly consumed. The resulting local hypoxic
environment can promote the bioreduction of NI groups into hydrophilic 2-aminoimidazoles
catalyzed by a series of nitroreducatases.20, 64, 65 During the enzymatic oxidation of glucose,
the undesirable byproduct H2O2 is also generated, which may lead to free radical-induced
damage to skin tissue during the long-term usage90,
decreasing response rate.92,

93

91

and reduce the activity of GOx,

Generally, catalase (CAT) is incorporated with GOx-based

glucose-responsive systems to scavenge H2O2.94 However, oxygen regenerates during the
decomposition of H2O2 catalyzed by CAT, which reduces the hypoxic level and leads to low
release rate. The H2O2-sensitive thioether moiety in PEG-poly(Ser-S-NI) has the capability of
effectively eliminating the undesirable H2O2 to assist GOx’s catalysis. Meanwhile, the
resulting sulfone groups convert the polymer to a more water-soluble form. This change in
chemical structure promotes the dissociation of the dual-sensitive, glucose-responsive
polymersomes (d-GRPs) and subsequent release of the encapsulated insulin.

In order to achieve convenient administration, the d-GRPs can be further integrated with a
painless microneedle (MN) patch platform for insulin delivery.20, 72, 79, 95 Once exposed to the
high interstitial fluid glucose after transcutaneous administration, the d-GRPs loaded in MNs
quickly disassociate to release the entrapped insulin into the vascular and lymph capillary
network20, 74 (Figure 3.1b). Furthermore, unlike non-H2O2-sensitive GRP-loaded MNs, which
may lead to a local inflammation due to the rapid accumulation of H2O2, this “smart insulin
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patch” (SIP) with a novel hypoxia and H2O2 dual-sensitive mechanism presents a promising
approach for tight glucose regulation and potential prevention of long-term disease morbidity.

Figure 3.1 Schematic of the glucose-responsive insulin delivery system using hypoxia and
H2O2 dual-sensitive polymersome-based vesicles (d-GRPs) loading microneedle-array patches.
(a) Formation and mechanism of d-GRPs comprised of PEG-poly(Ser-S-NI). (b) Schematic of
local inflammation induced by non-H2O2-senstive GRP-loaded microneedle-array patch, and
schematic of d-GRP-loaded microneedle-array patch for in vivo insulin delivery triggered by
a hyperglycemic state for potential prevention of the long-term side effect associated with
inflammation.
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3.2 Experimental Section
3.2.1 Materials
All chemicals were purchased from Sigma-Aldrich unless otherwise specified and were used
as received. Bromochloromethane was purchased from SynQuest Laboratories, Inc. (U.S.A.).
Poly-(ethylene glycol) amine (PEG2000-NH2) was ordered from Laysan Bio, Inc. (U.S.A.). The
deionized water was prepared by a Millipore NanoPure purification system (resistivity higher
than 18.2 MΩ cm-1).

3.2.2 Synthesis of 1-(chloromethyl)-2-nitro-1H-imidazole (2)96
Bromochloromethane (5.7 mL, 88 mmol) was added to a stirred solution of 2-nitroimidazole
(500 mg, 4.4 mmol) in anhydrous dimethylformamide (DMF) (30 mL), and then added Cs2CO3
(2.87 g, 8.8 mmol). The reaction was stirred at 18 °C for 16 h. The reaction mixture was
partitioned between ethyl acetate (200 mL) and H2O (50 mL) three times. The organic phase
was washed with water and brine three times and then was dried by solvent evaporation. The
crude product was suspended in ethyl acetate (3 ml), and the white solid was filtered off. The
filtrate was concentrated and dried to give 1-(chloromethyl)-2-nitro-1H-imidazole (2) (310 mg,
43.5%) as an oil, which was used without further purification. 1H NMR (300 MHz, DMSO-d6,
δ): 7.88 (d, 1H, H-5), 7.27 (d, 1H, H-4), 6.27 (s, 2H, CH2).

3.2.3 Synthesis of S-[(2-nitro-1H-imidazol-1-yl)methyl] ethanethioate (3)96
Potassium thioacetate (390 mg, 3.4 mmol) was added to a stirred solution of 1-(chloromethyl)2-nitro-1H-imidazole (2) (550 mg, 3.4 mmol) in anhydrous DMF (15 mL), and the mixture
was stirred at 18 °C for 16 h. The reaction mixture was partitioned between ethyl acetate (200
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mL) and H2O (50 mL). The organic phase was washed with H2O and brine for 3 times, then
was dried and the solvent was evaporated. The residue was purified by column chromatography,
eluting with 30% ethyl acetate / petroleum ether, to give S-[(2-nitro-1H-imidazol-1-yl)methyl]
ethanethioate (3) (450 mg, 66.2%) as a white solid. 1H NMR (300 MHz, DMSO-d6, δ): 7.67
(d, 1H, H-5), 7.18 (d, 1H, H-4), 5.79 (s, 2H, CH2), 2.41 (s, 3H, CH3).

3.2.4 Synthesis of (2-nitro-1H-imidazol-1-yl)methanethiol (4)96, 97
S-[(2-nitro-1H-imidazol-1-yl)methyl] ethanethioate (5g, 25 mmol) was placed in a flask and
dissolved in tetrahydrofuran (THF) (30 mL). Hydrogen chloride in methanol (60 mL, 1.25 M)
was added to the mixture. After stirring for 6 h at 50°C, the reaction was quenched by the
addition of water. The aqueous layer was extracted with dichloromethane, and the combined
organic layer was washed with NaHCO3 solution, dried over Na2SO4, and concentrated in
vacuo to yield (2-nitro-1H-imidazol-1-yl)methanethiol (4) (2 g, 40%), which was used without
further purification. 1H NMR (300 MHz, DMSO-d6, δ): 7.39 (d, 1H, H-5), 6.93 (d, 1H, H-4),
5.30 (s, 2H, CH2).

3.2.5 Synthesis of PEG-polyserine (8)59
PEG-polyserine (8) was prepared according to our previously published method.3 Briefly,
triphosgene (3.92 g, 17 mmol) was added to a stirred suspension of O-acetyl-L-serine (5) (5 g,
34 mmol) in 200 mL of anhydrous THF. The reaction mixture was stirred at 48 °C for 2-3 h,
and the suspension gradually turned clear, which indicated that O-acetyl-L-serine was
consumed and reaction completed. After cooled to room temperature, the reaction mixture was
concentrated under vacuum to give crude O-acetyl-L-serine N-carboxyanhydride (6). The

44

crude product was purified by silica gel chromatography (the silica gel was dried at 140 °C
under vacuum for 8 h before use) using petroleum ether/ ethyl acetate (v/v, 2/1 then 1/1) as
eluent. Light yellow oil was obtained with yield of 83%. 1H NMR (300 MHz, CDCl3, δ): 7.14
(s, 1H), 4.67 (s, 1H), 4.60 (d, 1H), 4.32 (d, 1H), 2.11 (s, 3H).

The O-acetyl-L-serine N-carboxyanhydride (6) solution (4.8 g in 10 mL of dry DMSO) was
then quickly added into a stirred solution of PEG2000-NH2 (0.925 g, 0.46 mmol) in 80 mL of
anhydrous DMSO. The polymerization reaction was carried out under vacuum at room
temperature for 48 h (vacuum can remove byproduct CO2 from viscous reaction mixture and
facilitate polymerization). The product PEG-poly(AcO-Ser) (7) was precipitated from the
reaction by 400 mL of diethyl ether.

PEG-poly(AcO-Ser) (7) (crude product from last step) was further suspended in 100 mL of
distilled water. The viscous suspension was stirred at room temperature under a stream of
nitrogen gas for 30 min to remove the trace diethyl ether. Lithium hydroxide (1.3 g, 31 mmol)
was added into the reaction and the reaction was stirred at room temperature for 1.5 h. When
the reaction mixture completely turned clear, 2 N HCl solution was added to neutralize the
reaction solution. The reaction mixture was then transferred to a dialysis tubing (Spectra Lab,
MWCO: 1000 Da) and dialyzed against water for 40 h. The resulting solution was lyophilized
to give PEG-polyserine (8): 1.74 g, two step yield = 36%; Mw, 34232 g/mol; Mn, 29313 g/mol;
Mw/Mn, 1.17. 1H NMR (300 MHz, D2O, δ): 4.50 (br s, 7H), 3.88 (br s, 27H), 3.67 (s, CH3-OCH2-CH2-O-, 180H).
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3.2.6 Synthesis of PEG-poly(Ser-allyl ether) (9)98
In an ice-water bath, PEG-polyserine (8) (1 g) was dissolved in anhydrous DMF (40 mL)
followed by the slow addition 0.5 equiv of sodium hydride (0.2 g, 60%, 5 mmol). Thirty
minutes later, 0.5 equiv of allyl bromide (0.36 mL, 4 mmol) was added dropwise. After stirring
at room temperature for another 16 h, the reaction was stopped by adding 20 ml of water. The
reaction mixture was then transferred to dialysis tubing (Spectra Lab, MWCO: 1000 Da) and
dialyzed against water for 24 h. The resulting solution was lyophilized and dried to give crude
product PEG-poly(Ser-Allyl Ether) (9). The crude product 9 was collected by centrifugation
and washed with diethyl ether and hexane, respectively. The obtained solid was dissolved in
dichloromethane, and after filtration and evaporation of the solvent, a white solid polymer
PEG-poly(Ser-allyl ether) (9) (0.8 g, yield 80%) was finally collected. 1H NMR (300 MHz,
CDCl3, δ): 5.85 (br s, -OCH2CH=CH2), 5.19 (br s, -OCH2CH=CH2), 4.67 and 3.98 (br s, NHCO-CHCH2-), 3.66 (br s, CH3-O-CH2-CH2-O- of PEG, -OCH2CH=CH2).

3.2.7 Synthesis of PEG-poly(Ser-S-NI) (10)99
In a quartz flask, (2-nitro-1H-imidazol-1-yl)methanethiol (4) (385mg, 2.4 mmol, 2 equiv. of
the allyl groups) and photoinitiator (2,2-dimethoxy-2-phenyl acetophenone, DMPA, 15 mg)
were added to the PEG-poly(Ser-allyl ether) (9) solution (211.5 mg, in 20 mL THF), followed
by purging with nitrogen for 10 min. The quartz flask was sealed and irradiated by UV (365
nm, 16 mW) for 30 min. The reaction mixture was then stirred at room temperature overnight.
After evaporation of the solvent and washing with ethyl ether, PEG-poly(Ser-S-NI) (10) in a
yellow solid form was obtained (300 mg, 85%). 1H NMR (300 MHz, DMSO-d6, δ): 7.33 (d,
NI-H-5), 6.87 (d, NI-H-4), 5.74 (br s, -OCH2CH=CH2), 5.24-5.05 (br m, -OCH2CH=CH2, NI-
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CH2-), 4.5 and 3.85 (br s, -NHCO-CHCH2-), 3.50 (br s, CH3-O-CH2-CH2-O- of PEG, OCH2CH=CH2). Based on the UV–vis spectrum of the obtained PEG-poly(Ser-S-NI) polymer,
approximately 32% of the (2-nitro-1H-imidazol-1-yl)methanethiol were conjugated to PEGpoly(Ser-S-NI).

3.2.8 Synthesis of 1-(5-chloropentyl)-2-nitro-1H-imidazole (11)
1-Bromo-5-chloropentane (25 mL, 35 mmol) was added to a stirred solution of 2nitroimidazole (200 mg, 1.75 mmol) in anhydrous DMF (30 mL), and then caesium carbonate
(1.14 g, 3.5 mmol) was added. The reaction was stirred at 18 °C for 16 h. The reaction mixture
was partitioned between ethyl acetate (200 mL) and H2O (50 mL) three times. The organic
phase was washed with H2O and brine three times, followed by solvent evaporation. The crude
product was purified by column chromatography, eluting with petroleum ether first, to extract
the 1-bromo-5-chloropentane, and then eluting with ethyl acetate, to give 1-(5-chloropentyl)2-nitro-1H-imidazole (11) (75%) as an oil. 1H NMR (300 MHz, DMSO-d6, δ): 7.70 (d, 1H, H5), 7.19 (d, 1H, H-4), 4.39 (m, 2H, CH2), 3.64(m, 2H, CH2), 1.78 (m, 4H, CH2), 1.40 (m, 2H,
CH3).

3.2.9 Synthesis of PEG-poly(Ser-NI) (12)
In an ice-water bath, PEG-polyserine (8) (0.5 g) was dissolved in anhydrous DMF (20 mL)
followed by the slow addition 0.5 equiv of sodium hydride (0.1 g, 60%, 2.5 mmol). Thirty
minutes later, 0.5 equiv of 1-(5-chloropentyl)-2-nitro-1H-imidazole (11) was added dropwise.
After stirring at room temperature for another 16 h, the reaction was stopped by adding 20 ml
of water. The reaction mixture was then transferred to a dialysis tubing (Spectra Lab, MWCO:
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1000 Da) and dialyzed against water for 24 h. The resulting solution was lyophilized to give
crude product PEG-poly(Ser-NI) (12). The crude product 12 was collected by centrifugation
and washed with diethyl ether and hexane, respectively. The obtained solid was dissolved in
dichloromethane, and after filtration and evaporation of the solvent, a white solid polymer
PEG-poly(Ser-NI) (12) (yield 67%) was finally collected. 1H NMR (300 MHz, CD2Cl2, δ):
7.12 (d, NI-H-5), 6.15 (d, NI-H-4), 4.37 and 3.83 (br s, -NHCO-CHCH2-), 3.60 (br s, CH3-OCH2-CH2-O- of PEG, -O-CH2), 1.62 (bs, -CH2CH2-).

3.2.10 Preparation of d-GRPs
The d-GRPs were prepared through the solvent evaporation method. Briefly, 40 mg of PEGpoly(Ser-S-NI) was dissolved in 1.5 mL of THF. A total of 3 mL of aqueous insulin solution
containing insulin (40 mg) and GOx (4 mg) was slowly dropped into the polymer solution
while stirring. Then, the nitrogen gas slowly flowed through the mixture to accelerate THF
evaporation in a chemical fume hood. After the removal of THF, the d-GRP suspension was
collected by centrifugation at 14,000 rpm and washed with PBS buffer for several times. The
final d-GRP suspension was stored at 4 oC for later study. The insulin loading capacity (LC)
of d-GRPs was determined as 3.2% by measuring the loaded insulin content using a Coomassie
Plus protein assay. The zeta potential and size distribution were measured on the Zetasizer
(Nano ZS, Malvern). The transmission electron microscopy (TEM) images of d-GRPs were
obtained on a JEOL 2000FX TEM instrument.
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3.2.11 Sensitivity to H2O2
The sensitivity of d-GRPs and GRPs to H2O2 was assessed using a fluorimetric hydrogen
peroxide assay kit (Sigma-Aldrich) according to the manufacturer’s protocol. d-GRPs or GRPs
were added at different concentrations to the H2O2 solution (5 µM). After 10 min reaction with
H2O2, the solution of red peroxidase substrate and peroxidase was added, and incubated at
room temperature for 20 min. The fluorescence intensity was measured on a microplate reader
with excitation andemission wavelengths of 540 and 590 nm.

3.2.12 Oxygen consumption rate assay
Oxygen consumption rate (OCR) was determined by using MitoXpress (Cayman Chemical)
according to the manufacturer’s protocol. Briefly, 200 µL GOx-loaded d-GRPs or GRPs
solution suspended in PBS buffer with 0, 100 or 400 mg/dL glucose containing 10 µL
MitoXpress probe was placed in a 96-well plate, and the plate was measured on a microplate
reader at the excitation/emission wavelength of 380/650 nm at 37oC. Each sample well was
measured repeatedly every 5 min, by taking two intensity readings at delay times of 30 and 70
µs and gate time of 30 µs. Obtained TR-F intensity signals for each sample well were converted
into phosphorescence lifetime (µs) [τ] values as follows: τ= (70-30)/ln(F1/F2), where F1 and
F2 are the TR-F intensity signals at delay times 70 µs and 30 µs. The resulting increasing
lifetime [τ] reflects the sample’s oxygen concentration.

3.2.13 In vitro release studies
To evaluate the glucose-responsive characteristics of d-GRPs, d-GRPs were mixed with 1.5
mL PBS solution (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 10 mM; KH2PO4, 2 mM; pH 7.4),
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to which 100 µM NADPH and 5 μg/mL cytochrome c reductase were added. Various amounts
of glucose were added to each suspension to reach final glucose concentration of 0 mg/dL,
100mg/dL and 400mg/dL. The suspensions were incubated at 37oC in a container with an
oxygen concentration of 21% as regulated with a mass-flow meter. At indicated time points,
100 µL of the d-GRPs mixture was taken out and the released insulin was separated by a
centrifugal filter (100, 000 Da molecular mass cutoff, Millipore). The insulin concentration
was examined using a Coomassie Plus protein assay. The absorbance was detected at 595nm
on the Infinite 200 PRO multimode plate reader (Tecan Group Ltd., Switzerland), and the
insulin content was calibrated with an insulin standard curve. For plotting the UV-Vis
absorption of d-GRPs solution, the absorbance intensity was measured at 330nm at the set time.
To access the d-GRPs’ ability to adapt to cyclical changes in glucose levels, d-GRPs were first
incubated in PBS buffer with 100 mg/dL glucose, 100 µM NADPH and 5 μg/mL cytochrome
c reductase for 15 min. At that point, the d-GRP samples were separated using a centrifugal
filter (100, 000 Da molecular mass cutoff, Millipore), and then incubated in 400 mg/dL glucose
for another 15 min. This cycle was repeated several times. The released insulin was measured
using the same method mentioned above. The far-UV circular dichroism (CD) spectra of the
native and released insulin from d-GRPs (0.1 mg/mL) were analyzed using an Aviv CD
spectrometer.

3.2.14 Synthesis and characterizations of acrylate modified hyaluronic acid (m-HA)
m-HA was synthesized as previously described.20 Briefly, 1.0 g of hyaluronic acid was
dissolved in 50 mL of DI water at 4oC, to which 0.8 mL of methacrylic anhydride was added
dropwise. The reaction solution was adjusted to pH 8-9 by the addition of 5N NaOH and stirred
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at 4oC for 24 h. The resulting polymer was precipitated in acetone, followed by washing with
ethanol for 3 times. The product re-dissolved in DI water and the solution was dialyzed against
DI water for 2 days. The lyophilized m-HA was produced with a yield of 87.5%. The degree
of modification was calculated to be 15% by comparing the ratio 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 hyaluronic acid) after performing a standard deconvolution algorithm to
separate closely spaced peaks.

1

H NMR (300 MHz, D2O, δ): 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).

3.2.15 Fabrication of d-GRP-loaded microneedles
All the MNs in this study were fabricated using the uniform silicone molds from Blueacre
Technology Ltd. Each needle had a 300 μm diameter base tapering to a height of 600 μm with
a tip diameter of around 10 μm. The needles were arranged in a 20×20 array with 600 μm tipto-tip spacing. To fabricate d-GRP-loaded MNs, the d-GRPs suspension was first deposited by
pipet onto the MN mold (100 μL/array). Afterwards, molds were placed under vacuum (600
mmHg) for 5 min, and then the covered molds were centrifuged using a Hettich Universal 32R
centrifuge for 20 min at 2000 rpm. The process was repeated for three times. Afterwards, 3 mL
m-HA solution containing N,N’-methylenebisacrylamide (MBA, w/v=2%) and photoinitiator
(Irgacure 2959, w/v=0.5%) was added into the prepared micromold reservior and dried at 25°C
in a vacuum dessicator overnight. After completely desiccation, the MN-arrays patch was
carefully separated from the silicone mold and polymerized using a short UV irradiation
(wavelength: 365 nm). The resulting MN-array patches were stored in a sealed six well
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container for later study. The morphology of the MNs was characterized on a FEI Verios 460L
field-emission scanning electron microscope (FESEM).

3.2.16 Mechanical strength test
The mechanical strength of MNs was measured by pressing MNs against a stainless steel plate.
The initial gauge was set as 2.00mm between the MNs tips and the stainless steel plate, with
10.00 N as load cell capacity. The speed of the top stainless steel plate movement towards the
MNs was 0.1 mm/s. The failure force of MNs was recorded as the needle began to buckle.

3.2.17 In vivo studies using STZ-induced diabetic mice
The in vivo efficacy of MN-array patches for diabetes treatment was evaluated on STZ-induced
adult diabetic mice (male C57B6, Jackson Lab, U.S.A.). 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. The plasma-equivalent glucose
was measured from tail vein blood samples (~ 3 μL) of mice using the Clarity GL2Plus glucose
meter (Clarity Diagnostics, Boca Raton, Florida). Mouse glucose levels were monitored for
two days before administration, and all mice were fasted overnight before administration. Five
mice for each group were selected to be transcutaneously treated with blank MNs containing
only m-HA, MNs loaded with human recombinant insulin, MNs loaded with d-GRPs
containing insulin and enzyme (d-GRP(E+I)), or MNs loaded with d-GRPs containing insulin
only (d-GRP(I)) on the dorsum with the insulin dose of 10 mg/kg for each mouse. The glucose
levels of each mouse were monitored over time. In order to measure the plasma insulin
concentration in vivo, 25 μL of blood sample was drawn from the tail vein of mice at indicated
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time points. The serum was isolated and stored at −20 °C until assay. The plasma insulin
concentration was measured using a Human Insulin ELISA kit according to the manufacturer’s
protocol (Calbiotech, U.S.A.).

A glucose tolerance test was conducted to confirm the in vivo glucose responsiveness of MNs
1.5 hour post administration of d-GRP(E+I)-loaded MNs and insulin-loaded MNs. Briefly,
mice were fasted overnight and administrated with d-GRP(E+I)-loaded MNs and insulinloaded MNs with insulin dose of 10 mg/kg for each mouse, and then a glucose solution in PBS
was intraperitoneally injected into all mice at a dose of 1.5 g/kg. The glucose levels were
monitored over time after injection. The glucose tolerance test on healthy mice was used as
control. Similarly, the healthy mice utilized to assess hypoglycemia were administered with
insulin-loaded MNs or d-GRP(E+I)-loaded MNs, but were not subjected to a glucose challenge.

3.2.18 Biocompatibility analysis
To assess the biocompatibility of the MN-array patch, pure HA MNs, d-GRP(E)-loaded MNs,
and GRP(E)-loaded MNs were transcutaneously injected at different spots on the backs of the
same animal (GOx dose: 3 mg/kg). After 24 h, the MNs were replaced with the same MNs at
the same spot. Mice were euthanized by CO2 asphyxiation 24 h following the second injection
and the surrounding tissues were excised. The tissues were fixed in 10% formalin, then
embedded in paraffin, cut into 5μm sections, and stained using hematoxylin and eosin (H&E)
and fluorescent TUNEL staining for histological analysis. In order to assess the long-term side
effect, d-GRP(E+I)-loaded MNs with a normal GOx dose of 1.0 mg/kg was administered on
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the back of the diabetic mouse, and the patch was replaced daily for two week. After two-week
treatment, the tissues were used for histological analysis.

The in vitro cytotoxicity of bare d-GRPs was measured by 3-(4,5)-dimethylthiahiazo(-z-y1)3,5-di- phenytetrazoliumromide (MTT) assay towards HeLa cells. Briefly, HeLa cells were
seeded in 96-well plate at a density of 6000 cells per well. After 24 h incubation in 200μL of
Dulbecco’s Modified Eagle Medium (DMEM) with 10 % fetal bovine growth serum (FBS),
serial dilutions of bare d-GRPs ranging from 0.1 to 1 mg/mL were added into wells. After 24
h incubation, thiazolyl blue solution (5mg/mL) was added into wells and incubated with cells
for another 4 h. After removing the culture media, the purple formazan crystal was dissolved
in 150 μL of DMSO. The absorbance of the plates was read at 570 nm, which is directly
proportional to the viable cell number, was measured on multimode plate reader.

3.2.19 Statistical analysis
All results presented are Mean ± SD. Statistical analysis was performed using Student’s t-test
or ANOVA test. With a P value < 0.05, the differences between experimental groups and
control groups were considered statistically significant.

3.3 Results and Discussion
3.3.1 Synthesis and characterization of d-GRPs
The diblock copolymer (PEG-polyserine) was first synthesized via amine-initiated ringopening.59 The (2-nitroimidazol-1-yl)methanethiol, which rendered the polymer sensitive to
hypoxia and H2O2 (Figure 3.2), was conjugated to the hydroxyl group of the serine residue
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through an allyl ether (PEG-poly(Ser-S-NI)). For comparison purposes, we also synthesized
PEG-poly(Ser-NI) without the sulfonate by incorporating the hydroxyl groups of PEGpolyserine with 1-(5-chloropentyl)-2-nitroimidazole (Figure 3.2), which is only able to respond
to hypoxia. PEG-poly(Ser-NI) and serves as a control to confirm the importance of the H2O2
elimination ability of PEG-poly(Ser-S-NI).

The d-GRPs with encapsulated cargoes were formed by self-assembly of PEG-poly(Ser-S-NI)
through a solvent evaporation method.29, 59 As shown in Figure 3.3a, the transmission electron
microscopy (TEM) image showed that the d-GRPs had a spherical structure, and a bilayer
membrane with a thickness of around 20 nm was clearly observed. The average diameter was
measured as 94 nm by dynamic light scattering (DLS) (Figure 3.3b). The successful
encapsulation of insulin was further confirmed by fluorescence microscopy imaging of the dGRPs with FITC-labeled insulin (Figure 3.3d). The insulin loading capacity of d-GRPs was
determined as 3.2%. Meanwhile, non-H2O2 sensitive GRPs entrapping insulin and GOx were
also prepared from PEG-poly(Ser-NI) with the similar morphology and size as a control
(Figure 3.4).
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Figure 3.2 The synthesis route of PEG-poly(Ser-S-NI) and PEG-poly(Ser-NI).
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Figure 3.3 Characterization of dual-sensitive polymersome-based vesicles (d-GRPs). (a) TEM
images of d-GRPs encapsulating insulin and enzyme pre- or postincubation with 400 mg/dL
glucose for 20 min, 1 h, and 24 h. Scale bar is 100 nm. (b, c) Size distribution of d-GRPs pre(b) and post- (c) incubation with 400 mg/dL glucose for 24 h. (d, e) 2.5D fluorescence images
of FITC-insulin loaded d-GRPs solution (d) pre- and post- (e) incubated in 400 mg/dL glucose
solution for 24 h at 37 °C. (f) The sensitivity of d-GRPs and GRPs to H2O2 assessed by a
fluormetric hydrogen peroxide assay kit. Student’s t test: *P < 0.05, *** P < 0.001. (g) The H2O2
generation rate of GOx-loaded d-GRPs or GOx-loaded GRPs incubated in 400 mg/dL glucose
solution. (h) Phosphorescence lifetime profile for the GOx-loaded d-GRPs or GOx-loaded
GRPs incubated with different glucose concentration solutions containing an oxygen
concentration molecule probe. (i) Decrease of UV absorption at 330 nm of d-GRPs in different
glucose concentrations at 37 °C. Error bars indicate SD (n = 3).
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Figure 3.4. TEM images of GRPs encapsulating insulin and GOx. Scale bar is 200 nm.

The sensitivity of d-GRPs and GRPs to H2O2 was first assessed by measuring the concentration
of H2O2 using a fluorimetric assay kit for hydrogen peroxide. The initial H2O2 solution (5 μM)
showed high emission intensity after reaction with a peroxidase substrate (Figure 3.3f).
However, addition of d-GRPs into the H2O2 solution produced a significant decline in
fluorescence intensity. Furthermore, the reduction in intensity was dependent on the d-GRP
concentration, while no significant change in the concentration of H2O2 occurred after
incubation with GRP controls. Even more importantly, the H2O2 elimination capability was
assessed through incubation of GOx-loaded vesicles with glucose. As shown in Figure 3.3g,
H2O2 generated rapidly due to the oxidation of glucose when incubating GRPs in PBS buffer
[137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 (pH 7.4)] consisting 400
mg/dL glucose, while the produced H2O2 was almost eliminated by d-GRPs.

3.3.2 In vitro glucose-responsive insulin release of d-GRPs
In order to evaluate the glucose-responsive capability of d-GRPs, vesicles were incubated with
PBS buffer containing various concentrations of glucose, including a typical hyperglycemic
level (400 mg/dL), a normoglycemia level (100 mg/dL), and a control level (0 mg/dL). In the
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presence of high glucose level, the dissolved oxygen was rapidly consumed due to the
oxidation of glucose catalyzed by GOx. Using an oxygen-sensitive phosphorescent molecular
probe,76 a relatively lower oxygen level was generated in the d-GRPs under the hyperglycemia
level compared to the other two control samples (Figure 3.3h). The oxygen concentration
rapidly decreased within the vesicles and reached equilibrium within 20 min. Moreover, a
significant slower oxygen consumption rate and higher oxygen level was observed when
incubating GRPs with the same concentration in glucose solution. The lower oxygen level in
d-GRPs sample can be attributed to the effective H2O2 elimination ability of PEG-poly(Ser-SNI), which avoids the deactivation of GOx. Under such hypoxic condition, the NI groups were
effectively reduced by NADPH catalyzed by the reductase.20,

64, 67

Correspondingly, the

characteristic absorbance of NI at 330 nm gradually declined over time,78 confirming the
conversion of hydrophobic NI groups to hydrophilic 2-aminoimidazoles groups (Figure 3.3i).
Because of the generation of hydrophilic 2-aminoimidazoles and sulfone on PEG-poly(Ser-SNI), the d-GRPs began to dissociate and subsequently released the encapsulated cargoes. The
corresponding change in morphology and size were clearly observed by transmission electron
microscopy and dynamic light scattering (Figure 3.3a and c). Furthermore, the release of FITClabeled insulin was validated using fluorescence microscopy. As shown in the 2.5D
fluorescence images, the d-GRPs contain less insulin and a present homogeneous distribution
after incubation with 400 mg/dL glucose solution, confirming the glucose-triggered insulin
release (Figure 3.3e).

The quick release of insulin was obtained after exposure to a high glucose solution due to the
dissociation of d-GRPs, while only a small amount of released insulin was observed in the
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control samples under 0 or 100 mg/dL glucose levels (Figure 3.5a and b). Furthermore, a
pulsatile release profile of insulin was achieved when d-GRPs were alternatively immersed in
the normal and hyperglycemic solutions for several cycles (Figure 3.5c). The release rates
changed in response to the change of glucose levels, indicating the disassociation of d-GRPs,
and the amount of insulin released was dependent on the glucose concentration. The insulin
release rate could also be varied by altering the GOx concentration. A maximum of an 11.2fold difference in insulin release rate was observed after incubation under 100 or 400 mg/dL
glucose levels for 2 h when reducing the weight ratio of GOx to insulin to 1:40 (Figure 3.6).
Additionally, the insulin itself was not denatured during the encapsulation or release
procedures; the secondary conformational structure, measured using circular dichroism, of
released insulin from d-GRPs did not change compared to that of the native insulin (Figure
3.7).
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Figure 3.5 In vitro glucose-responsive release of insulin from d-GRPs. (a) In vitro accumulated
insulin released from the d-GRPs in several glucose concentrations at 37 °C. (b) Self-regulated
profiles of the d-GRPs present the rate of insulin release as a function of glucose concentration.
(c) Pulsatile release profile of d-GRPs presents the rate of insulin release as a function of
glucose concentrations (100 and 400 mg/dL). Error bars indicate SD (n = 3).
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Figure 3.6 In vitro insulin release from d-GRPs in different glucose concentrations at different
ratios of GOx to insulin within 2 h.
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Figure 3.7 CD spectra of native insulin solution and insulin released from the d-GRPs
incubated with 400 mg/dL glucose.

3.3.3 Fabrication and characterization of d-GRP-loaded MN-array patch
In order to achieve convenient and painless administration,1, 20 d-GRPs were integrated with a
cross-linked MN-array patch composed of cross-linked hyaluronic acid using a micromolding
approach. The resulting MNs were arranged in a 20 ×20 array, and each needle was of conical
shape, with diameters of 300 µm at the base and 10 µm at the tip and a height of 600 µm
(Figure 3.8a and b). The fluorescence image in Figure 3.8c displays a representative
rhodamine-labeled MN with FITC-insulin-loaded d-GRPs, indicating d-GRPs were well
distributed in the tip region of each needle. The mechanical strength of the MN was measured
as 3 N per needle using a tensile compression machine (Figure 3.9), which was sufficient for
skin insertion without breaking.79
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Figure 3.8 In vivo studies of the MN-array patches for type 1 diabetes treatment. (a) Photos of
MNs array. Scale bars are 1 mm. (b) A scanning electron microscopy image of MNs array.
Scale bar is 200 μm. (c) A fluorescence microscopy image of rhodamine-labeled MNs loading
d-GRPs with FITC-labeled insulin. Scale bar is 500 μm. (d, e) In vivo studies of the MN-array
patches for type 1 diabetes treatment: blood glucose levels (d) and plasma human insulin
concentrations (e) in streptozotocin-induced diabetic mice after treatment with blank MNs
containing only cross-linked HA, MNs loaded with human recombinant insulin, MNs loaded
with d-GRPs containing insulin and enzyme (d-GRP(E+I)), or MNs loaded with d-GRPs
containing insulin (d-GRP(I)). *P < 0.05 for administration with d-GRP(E+I)-loaded MNs
compared with administration of d-GRP(I). (f) The blood glucose changes of mice treated with
additional administration with MN-array patch 1 h post administration of d-GRP(E+I)-loaded
MNs. (g) In vivo glucose tolerance test toward diabetic mice 1.5 h post administration of dGRP(E+I)-loaded MNs or insulin-loaded MNs in comparison with the healthy control mice.
(h) The responsiveness was calculated based on the area under the curve in 120 min with the
baseline set at the 0 min blood glucose reading. *P < 0.05 for administration with d-GRP(E+I)loaded MNs compared with administration of insulin-loaded MNs. (i) The blood glucose
changes of healthy mice administrated with MN-array patch over time. *P < 0.05 for
administration with d-GRP(E+I)-loaded MNs compared with insulin-loaded MNs. (j)
Quantification of hypoglycemia index, which was calculated from the difference between the
initial and nadir blood glucose readings divided by the time at which nadir was reached. *P <
0.05 for administration with d-GRP(E+I)-loaded MNs compared with insulin-loaded MNs.
The black arrows indicate the administration points. Error bars indicate SD (n = 5).
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Figure 3.9 Mechanical behavior of d-GRP-loaded MN.

3.3.4 In vivo studies of the MNs for type 1 diabetes treatment
We next evaluated the in vivo efficacy of the SIP for diabetes treatment using streptozotocininduced adult type 1 diabetic C57BL/6J mice. The diabetic mice were randomly divided into
four groups (n=5) and the following patches transcutaneously attached: the empty MNs
containing only cross-linked HA, MNs loaded with human recombinant insulin, MNs loaded
with d-GRPs encapsulating GOx and insulin [d-GRP(E+I)], and MNs loaded with d-GRPs
encapsulating insulin only [d-GRP(I)] (insulin dose: 10 mg/kg). The trypan blue staining of
needle penetration sites was clearly observed on the excised skin sample, and the hematoxylin
and eosin (H&E)-stained slide further verified that MNs could easily penetrate to the epidermis
(Figure 3.10), which exposed the d-GRPs to the interstitial fluid. After removal of the MNs,
the punctures in the skin rapidly disappeared and were not evident at 4 h (Figure 3.11).
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Figure 3.10 Left: Hematoxylin and eosin (H&E) stained section of mouse skin penetrated by
one MN-array patch. The regions of skin muscles and fat tissues are indicated by M and F,
respectively. The region where MN-array patch insertion took place is indicated by blue dashed
line. Scale bar is 100 µm. Right: Image of the trypan blue staining showing MN-array patch
penetration of mouse skin. Scale bar: 200 μm.

Figure 3.11 Skin puncture marks at 0 h, 0.5 h and 4 h post-treatment.

The BGLs of each group were closely monitored after administration. As shown in Figure 3.8d,
a rapid decline of BGLs was observed in the group treated with d-GRP(E+I)-loaded MNs in
the first 1 h, and the BGLs maintained in a normal state for up to 6 h without peaks of
hypoglycemia. In contrast, without the enzyme GOx, the BGLs of mice treated with d-GRP(I)loaded MNs did not show an obvious decrease, indicating that d-GRPs were highly stable in
normal tissues. Correspondingly, the plasma human insulin levels in mice treated with d-
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GRP(E+I)-loaded MNs were higher than those treated with d-GRP(I)-loaded MNs for at least
24 h (Figure 3.8e).

To further investigate the in vivo glucose control capability of MNs, an additional
administration with MNs was performed 2.5 h post the first administration. Unlike the group
administered with free insulin-loaded MNs, the BGLs of the mice administered with dGRP(E+I)-loaded MNs did not further decline to a hyperglycemic state (Figure 3.8f),
supporting the idea that these smart insulin patches can efficiently avoid a risk of hypoglycemia.
More importantly, the application of an additional patch was able to significantly prolong the
treatment efficacy in response to the elevated BGLs compared to one patch.

Next, an intraperitoneal glucose tolerance test (IPGTT)86 was performed at 1.5 h after
administration of MNs in order to further evaluate the dynamic of insulin release in vivo. The
BGLs of diabetic mice treated with d-GRP(E+I)-loaded MNs showed a relatively delayed
increase after glucose injection, and then rapidly declined to a normoglycemic state within 60
min (Figure 3.8g). In sharp contrast, the mice treated with insulin-loaded MNs showed a
gradual increase in blood glucose in 120 min. To quantitate the glucose response to the various
MNs, the area under the curve was calculated between 0 and 120 min for each group. As shown,
the d-GRP(E+I)-loaded administered mice showed significantly enhanced glucose
responsiveness to the glucose challenge (Figure 3.8h).

To examine the potential for induction of hypoglycemia by MNs further, we studied their effect
on the healthy mice. As shown in Figure 3.8i, the insulin-loaded MNs produced remarkably
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reduced BGLs compared to d-GRP(E+I)-loaded MNs-treated mice, indicating that there was
little insulin leak in d-GRP-loaded MNs. The corresponding hypoglycemia index was
calculated to measure the risk of hypoglycemia. d-GRPs-loaded MNs exhibited a remarkable
reduced hypoglycemia index compared to the free insulin-loaded MNs (Figure 3.8j).

To study the biocompatibility of MNs loaded with d-GRPs, both d-GRPs-loaded MNs and
GRPs-loaded MNs without H2O2 eliminating ability were transcutaneously attached to a single
mouse at different sites. Meanwhile, the pure hyaluronic acid MNs were attached to the same
mouse as a negative control. Under a high GOx dose (3 mg/kg), obvious skin damage was
observed at the site where GRP(E)-loaded MNs had been attached for 2 days, while there were
no significant lesions at the sites treated with d-GRP(E)-loaded MNs or pure hyaluronic acid
MNs (Figure 3.12a). The histological images using H&E staining showed that GRP(E)-loaded
MNs caused neutrophil infiltration (Figure 3.12c top), indicating a pathophysiological
response and tissue damage induced by the generated H2O2. In contrast, no significant
pathological abnormalities occurred in the site treated with d-GRP(E)-loaded MNs. Moreover,
the skin tissue stained with the in situ terminal deoxyribonucleotidyl transferase (TDT)mediated dUTP-digoxigenin nick end labeling (TUNEL) assay clearly showed the cell
apoptosis in the skin sample treated with GRP(E)-loaded MNs, whereas no cell death in the
skin tissue treated with the d-GRP(E)-loaded MNs and pure hyaluronic acid MNs (Figure 3.12c
bottom). Furthermore, insignificant pathological abnormality was observed in skin tissue after
a 2-week treatment of d-GRP(E+I)-loaded MNs with a normal GOx dose of 1 mg/kg (Figure
3.13). A long-term safety assessment will be further performed on diabetic minipigs, the skin
of which has more similar physical and physiological properties to that of human beings.100
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The cytotoxicity of bare d-GRPs toward HeLa cells was evaluated by 3-(4,5)dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay. As presented in Figure
3.12b, the bare d-GRPs did not show significant toxicity within all the studied concentrations.

Figure 3.12 Biocompatibility evaluation of d-GRP-loaded MNs. (a) Photograph of a mouse
transcutaneously administrated with pure hyaluronic acid (HA) MNs, GRP-loaded MNs, and
d-GRP-loaded MNs at different sites. (b) Cytotoxicity study of bare d-GRPs after 24 h
incubation with HeLa cells. Error bars indicate SD (n = 6). (c) Micrographs of mouse skin
tissue at the treated sites. Skin tissue was collected from the mouse shown in panel a. Top:
H&E stained images. Bottom: Histology stain with TUNEL assay (green) and Hoechst (blue).
Scale bar: 100 μm.
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Figure 3.13 Biocompatibility evaluation of d-GRP-loaded MNs. (a) Photograph of a mouse
transcutaneously administrated with d-GRP-loaded MNs for 2 weeks. The patch was replaced
every day. The treated site is indicated by blue dash. (b, c) H&E-stained skin sections without
treatment (b) or administered with d-GRP-loaded MNs (c) with surrounding tissues 2 week
postadministration of the MN-array patches. Scale bar: 100 μm.

3.4 Conclusion
In conclusion, an effective glucose-responsive insulin delivery strategy has been exploited
utilizing vesicles sensitive to both hypoxia and H2O2. A local hypoxic environment can be
quickly generated due to the oxygen consumption during the enzymatic conversion of glucose
to gluconic acid, which facilitates the solubility switch of the polymer through the bioreduction
of NI groups on the side chains. Moreover, the thioether moiety within the designed polymer
not only responds to H2O2, the byproduct during glucose oxidation, to promote the disassembly
of vesicles, but also eliminates the excess H2O2 to maintain the activity of GOx and circumvent
the damage to skin tissue. Furthermore, the d-GRPs can be integrated within a cross-linked
HA-based MN-array patch to achieve convenient, painless and continuous administration of
insulin. The in vivo studies demonstrated that this SIP was highly effective in tight regulation
of BGLs in diabetic mice and showed minimal side effects regarding inflammation.
Additionally, this dual-sensitive formulation strategy displays the potential benefit in
controlled delivery for other therapeutic agents under hypoxia and high oxidative stress.39 For
potential translation of this microneedle array patch-based formulation, efforts associated with
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further enhancement of loading capability and bioavailability are expected. In addition, by
tuning physicochemical property of major material as well as formulation composites,
optimization of glucose-responsive pharmacokinetics in order to mimic that of healthy
pancreatic cells is also essential. Thorough characterization utilizing animals equipped with
the continuous glucose monitoring systems (CGMSs) would facilitate to obtain detailed
information to guide the improvement.
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CHAPTER 4 INSULIN-RESPONSIVE GLUCAGON DELIVERY FOR
PREVENTION OF HYPOGLYCEMIA
4.1 Introduction
Insulin replacement is essential for type 1 and advanced type 2 diabetic patients.29, 46 For
patients with type 1 diabetes in particular, intensive insulin therapy is associated with improved
glycemic control and decreased risk of long-term complications.101, 102 However, frequent
insulin dosing and boluses, either through injection or through subcutaneous insulin infusion,
leads to an increasing risk of hypoglycemia, or dangerously low levels of glucose in the blood.
Episodes of hypoglycemia are characterized by behavioral and cognitive disturbance, and if
untreated, can progress to seizure, coma, and even death.49 Despite of the treatment advances
in the electronic/mechanical devices and chemical approaches to insulin delivery,
hypoglycemia still remains a concern, even in a closed-loop insulin delivery system.28
Glucagon, a peptide hormone produced by alpha cells of the pancreas, works to counteract the
effect of insulin and raises blood glucose levels (BGL). The pancreas releases glucagon when
BGL are low, which acts in the liver to promote conversion of stored glycogen into glucose
that is released into the bloodstream.103, 104 Thus, glucagon is effective for prevention and
treatment of hypoglycemia, and several dual hormone (insulin and glucagon) infusion pumps
with continuous glucose monitoring systems have been developed to improve blood glucose
control.105, 106 However, the lag in glucose feedback and biofouling still limit the further clinical
applications of these electronic/mechanical devices.29, 48

Here, we report a novel, insulin-responsive glucagon delivery strategy incorporating a
microneedle-based transdermal patch for prevention of hypoglycemic episodes during diabetes
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management. To achieve insulin-responsiveness, an insulin aptamer comprised of a singlestranded oligonucleotide with unique secondary structure that can specifically bind to its target
insulin,107, 108 was conjugated to glucagon. The aptamer-glucagon conjugates (Apt-Glu) were
further bound to insulin immobilized on methacrylated hyaluronic acid (m-HA) through the
interaction between insulin aptamer and insulin. HA was chosen due to its high
biocompatibility and biodegradability.109 The insulin-responsive glucagon conjugated HA
(Glu-HA) matrix can be formed via polymerization with cross-linkers and photo-initiator post
UV irradiation.110 In the presence of high insulin concentration, glucagon can be rapidly
released from the HA matrix through the competitive binding between free insulin and
immobilized insulin on HA. For a long-term, painless, and convenient treatment,1, 20, 73, 111 the
insulin-responsive Glu-HA matrix were further integrated with a microneedle (MN)-array
patch for transcutaneous administration. The MNs formed from Glu-HA was able to release
glucagon in response to the elevated interstitial fluid insulin level in vascular and lymph
capillary networks, thereby preventing the risk of hypoglycemia (Figure 4.1). Finally, we
demonstrated this insulin-triggered glucagon delivery system plays a remarkable role in
prevention of hypoglycemia after injection of a high dose of insulin in a streptozotocin (STZ)induced type 1 diabetic mouse model.

73

Figure 4.1 Schematic of the insulin-responsive glucagon delivery system based on MN-array
patches.

4.2 Experimental Section
4.2.1 Materials
All chemicals were purchased from Sigma-Aldrich unless otherwise specified and were used
as received. Human recombinant insulin (Zn salt, 27.5 IU/mg) was purchased from Life
Technology. Amino modified insulin binding aptamer was purchased from Integrated DNA
Technologies Inc. (Coralville, IA, USA): 5'-H2N-GGT GGT GGG GGG GGT TGG TAG GGT
GTC TTC-3'.
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4.2.2 Synthesis of Apt-Glucagon
Glucagon or FITC-labeled glucagon was thiolated by reacting with the Traut’s Reagent (2iminothiolane, Pierce) in PBS (pH 8.0) at a molar ratio of 1:10 for 1 h at room temperature
(RT). Excess Traut’s Reagent was removed using a centrifugal filter device (molecular weight
cut-off = 3 kDa). In the meantime, amino modified insulin aptamer 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. The activated aptamer was purified
using a Nap-5 column. Finally, the purified aptamer and glucagon-SH were mixed in PBS (pH
8.0) at a molar ratio of glucagon: aptamer=1:2. After 24-h reaction at 4 oC, the obtained AptGlu was purified using a Nap-5 column, and stored at 4 oC until use.

4.2.3 Synthesis of Ins-HA
60

mg

of

m-HA

was

dissolved

in

water,

to

which

1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (0.19 g) and N-hydroxysuccinimide (0.13 g) were added
and stirred for 15 min at RT. Then insulin (30 mg) was added to the mixture and reacted at 4
o

C for 24 h. The reaction solution was thoroughly dialyzed against DI water for 1 d. Finally,

Ins-HA was obtained by lyophilization. Mn=431475 g/mol.

4.2.4 Preparation of Glu-HA hydrogel
Cross-linker N,N’-methylenebisacrylamide (w/v = 2%) and photoinitiator (Irgacure 2959, w/v
= 0.5%) were mixed in Glu-HA solution. After UV irradiation (wavelength: 365 nm) for 60 s,
the mixture underwent the crosslinking polymerization to form the hydrogel.
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4.2.5 In vitro release studies
After preparation of the FITC-labeled-Glu-HA hydrogel, various PBS solutions with 0, 0.1,
0.5, and 1 mg/mL insulin were added to each tube and incubated at 37 oC on an orbital shaker.
At predetermined time points, the sample was centrifuged (8000 rpm, 30 s) and 100 μL of the
supernatant was removed for analysis by measuring the emission intensity of FITC at 519 nm
with the excitation wavelength at 495 nm.

4.2.6 Synthesis of m-HA
m-HA was synthesized follow the literature.110 Briefly, 1.0 g of HA was dissolved in 50 mL of
DI water at 4oC, to which 0.8 mL of methacrylic anhydride (MA) was dropwise added. The
reaction solution was adjusted to pH 8-9 by the addition of 5 N NaOH and stir at 4oC 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 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. Mn=341149 g/mol. 1H NMR (300 MHz, D2O, δ): 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).
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4.2.7 Fabrication of Glu-HA loaded MNs
All the MNs in this study were fabricated using the uniform silicone molds from Blueacre
Technology Ltd. Each needle had a 300 μm by 300 μm round base tapering to a height of 600
μm with a tip radius of around 10 μm. The needles were arranged in a 15×15 array with 600
μm tip-to-tip spacing. Before the fabricate Glu-HA loaded MN, the solution for the preparation
of both the tips and base of MN were sterilized using 0.22 μm spyringe filters, and the MN
molds were sterilized by ultraviolet light. The whole preparation was performed in a sterile
manner. Glu-HA solution with N,N'-Methylenebisacrylamide (MBA, w/v=2%), photoinitiator
(Irgacure 2959, w/v=0.5%) was first deposited by pipet onto the MN mold surface (50
μL/array). Afterwards, molds were placed under vacuum (600 mmHg) for 5 min to allow the
solution filled the MN cavities and became more viscose. Then, the covered molds were
centrifuged using a Hettich Universal 32R centrifuge for 20 min at 2000 rpm to make sure
there was no air retained in the cavities of MN. The process was repeated for three times until
the solution layer was dried in the vacuum condition. For better MNs morphology, a piece of
4 cm×9 cm silver adhesive tape was applied around the 2 cm×2 cm micromold baseplate.
Finally, 3 mL premixed MBA (w/v=2%), photoinitiator (Irgacure 2959, w/v=0.5%) and m-HA
solution was added into the prepared micromold reservior and allowed to dry at 25°C under
vacuum dessicator overnight. After completely desiccation, the MN-arrays patch was carefully
separated from the silicone mold and underwent the crosslinking polymerization via UV
irradiation (wavelength: 365 nm) for a short period of time. The resulting MN-array patches
were stored in a sealed six well container at 4 oC for later study. The loading capability of
glucagon in the MN-array patch is 0.63%. The morphology of the MNs was characterized on
a FEI Verios 460L field-emission scanning electron microscope (FESEM).
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4.2.8 Mechanical strength test
The mechanical strength of MNs with a stress-strain gauge was measured by pressing MNs
against a stainless steel plate. The initial gauge was set as 2.00mm between the MNs tips and
the stainless steel plate, 10.00 N as load cell capacity. The speed of the top stainless steel plate
movement towards the MN-array patch was 0.1 mm/s. The failure force of MNs was recorded
as the needle began to buckle.

4.2.9 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 administration. The
tissues were fixed in 10% formalin and then embedded in paraffin, cut into 50-μm sections,
and stained using hematoxylin and eosin (H&E) for histological analysis.

4.2.10 In vivo studies using STZ-induced diabetic mice
The in vivo performance of MN-array patches was evaluated on STZ-induced adult diabetic
mice (male C57B6, Jackson Lab, USA). 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. The plasma-equivalent glucose was measured
from tail vein blood samples (~ 3 μL) of mice using the Clarity GL2Plus glucose meter (Clarity
Diagnostics, Boca Raton, Florida). Mouse glucose levels were monitored for two days before
administration, and all mice were fasted overnight before administration. Five mice for each
group were selected to be transcutaneously treated with blank MNs containing only m-HA or
Glu-HA loaded MNs. Afterward, a high-dose insulin (100 μg) or a low-dose insulin (20 μg)
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was subcutaneously injected into each mouse. The glucose levels of each mouse were
monitored over time. In order to measure the plasma glucagon concentration in vivo, 25 μL of
blood sample was drawn from the tail vein of mice at indicated time points. The serum was
isolated and stored at −20 °C until assay. The plasma glucagon concentration was measured
using Human Glucagon ELISA Kit (Thermo Scientific).

4.2.11 Statistical analysis
All results presented are mean ± SD. Statistical analysis was performed using Student’s t-test
or ANOVA test. With a P value < 0.05, the differences between experimental groups and
control groups were considered statistic.

4.3 Results and Discussion
4.3.1 Preparation and characterization of insulin-responsive Glu-HA matrix
In order to prepare insulin-responsive Glu-HA, we first synthesized insulin conjugated m-HA
(Ins-HA) and insulin aptamer modified glucagon (Apt-Glu). The covalent coupling of insulin
onto m-HA was achieved by formation of an amide bond between the primary amino groups
of insulin and the carboxylic acid groups of the m-HA. The Apt-Glu conjugate was obtained
from the amino-modified aptamer and thiolated glucagon via a hetero-bifunctional linker. The
successful modification on glucagon was clearly identified by the matrix-assisted laser
desorption/ionization mass spectrometry (Figure 4.2). The bioactivity of the resulting Apt-Glu
conjugates was confirmed upon administration on the healthy mice when compared to the
native glucagon (Figure 4.3). After co-incubating Apt-Glu and Ins-HA in Tris buffer (50mM
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Tris–HCl, 10mM KCl, 100mM NaCl, pH 8.0), Apt-Glu bound to Ins-HA to form insulinresponsive Glu-HA through specific interaction between the binding aptamer and target insulin.

Blood Glucose Level (mg/dL)

Figure 4.2 Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) assay
of Apt-Glu conjugates. The molecular weight of Apt-Glu conjugates was ~13528.
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Figure 4.3 The blood glucose changes of healthy mice after injection of native glucagon or
Apt-Glu solution.

Upon the addition of a cross-linker N,N’-methylenebisacrylamide, and a photoinitiator, GluHA can form a hydrogel by photo-polymerization after UV irradiation for a short period of
time. To assess the ability of Glu-HA to respond to insulin, the prepared hydrogels were
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incubated with 1×phosphate buffered saline (PBS) [137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4 (pH 7.4)] at increasing insulin concentrations. As presented in
Figure 4.4a, the release rate of glucagon from the Glu-HA hydrogel was highly dependent on
the concentrations of insulin, such that the hydrogel incubated with 1 mg/mL insulin showed
the fastest release rate compared to those with 0, 0.1, and 0.5 mg/mL insulin. The insulin
responsiveness of the Glu-HA hydrogel was further verified by rapidly changing the insulin
concentration in the solution and measuring glucagon release rate. The Glu-HA hydrogel was
stable in PBS buffer without insulin. When adding 1 mg/mL insulin to the solution, the GluHA hydrogel quickly released glucagon (Figure 4.4b). We attributed this remarkable insulinresponsive release of glucagon to the competitive binding between free insulin and insulin
conjugated on m-HA to their specific aptamer on the Apt-Glu conjugate.

Figure 4.4 (a) In vitro accumulated glucagon release from the Glu–HA hydrogel in increasing
concentrations of insulin at 37 °C. (b) Self-regulated profiles of the Glu–HA hydrogel present
the release rate of glucagon as a function of insulin concentration.

4.3.2 Fabrication and characterization of Glu-HA loaded MNs
A MN-based transdermal delivery system was chosen to achieve a painless, convenient, and
long-term administration.1, 111 In order to fabricate drug-loaded MN, Glu-HA, the cross-linker
N,N’-methylenebisacrylamide, and a photoinitiator were first loaded in the tip region of a
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silicone mold of MN-array patch through centrifugation. After exposure to UV irradiation for
60 s, the HA matrix containing glucagon was formed by photo-cross-linked, which can not
only avoid the diffusion of Glu-HA in vivo, but also enhance the stiffness of MNs for
penetration. The prepared MNs were arranged in a 15×15 array (Figure 4.5a). Each MN is 300
μm in diameter at the base and 600 μm in height (Figure 4.5c). To further confirm the
distribution of Glu-HA in the MNs, a fluorescein isothiocyanate (FITC)-labeled Glu-HA
loaded patch was imaged by fluorescence microscopy. As shown in Figure 4.5b, Glu-HA was
mainly located in the tips of MNs. Using a tensile compression machine, the failure force for
cross-linked MN was determined to be 2.8 N per needle (Figure 4.6), which is sufficient to
penetrate skin without breaking.79 The Glu-HA loaded MNs exhibited similar insulinresponsive capability compared to the hydrogel (Figure 4.5d).
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Figure 4.5 (a) A photograph of the MN-array patch. Scale bar is 1 mm. (b) A fluorescence
microscopy image of rhodamine-labeled MN loading FITC-labeled Glu–HA. Scale bar is 500
µm. (c) An SEM image of MN array. Scale bar is 200 µm. (d) Self-regulated profiles of the
Glu–HA loaded MN present the release rate of glucagon as a function of insulin concentration.
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Figure 4.6 Mechanical behavior of Glu-HA loaded MN.
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4.2.3 In vivo studies of the MNs in a diabetic mouse model
Next, the in vivo insulin-responsive performance of Glu-HA loaded MNs were tested in an
STZ-induced type 1 diabetic mouse model. Prior to a subcutaneous injection of insulin, the
drug loaded MN-array patch was administered on the dorsum of mice. The successful
penetration of MNs was affirmed by the trypan blue staining of dorsum skin (Figure 4.7a). In
addition, the hematoxylin and eosin staining result showed the MN could be removed intact
from skin (Figure 4.7b), indicating its minimal side effect. Mice were injected with a high dose
of insulin sufficient to cause profound hypoglycemia and the BGLs of the treated mice were
monitored over time. As present in Figure 4.8a, the BGLs of the mice in control group rapidly
decreased to normal range (<200 mg/dL) within 0.5 h, and continued to decline to a
hypoglycemic state (<70 mg/dL).112 The long-term hypoglycemia caused the death of the mice.
By contrast, the BGLs of the mice with Glu-HA loaded MNs were maintained at 80 mg/dL for
2 h, and then slowly returned to hyperglycemia, which indicated the Glu-HA loaded MNs were
able to respond to high insulin level and release glucagon into the regional lymph and capillary
vessels to avoid the risk of hypoglycemia. As expected, the serum glucagon levels in mice
administered with Glu-HA loaded MNs significantly increased following the increase of
insulin concentration (Figure 4.8c and Figure 4.9).
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Figure 4.7 (a) Image of the trypan blue staining showing MN-array patch penetration of mouse
skin. Scale bar: 500 μm. (b) Hematoxylin and eosin (H&E) stained section of mouse skin
penetrated by one MN-array patch. The regions of skin muscles and fat tissues are indicated
by M and F, respectively. The region where MN-array patch insertion took place is indicated
by blue dashed line. Scale bar is 200 µm.

Figure 4.8 In vivo studies of the Glu–HA loaded MN-array patches for prevention of
hypoglycemia. (a) BLGs in STZ-induced diabetic mice with or without Glu–HA loaded MN
after injecting a high-dose insulin (100 µg). (b) BLGs of mice with or without Glu–HA loaded
MN after injecting a low-dose insulin (20 µg). Hypoglycemic levels (<70 mg dL−1) were
indicated by the dashed line. (c) Plasma glucagon concentrations in treated mice. (d) The blood
glucose changes of healthy mice administered with Glu–HA loaded MN or free glucagonloaded MN.
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Figure 4.9 Plasma insulin concentrations in treated mice.
To further assess the responsiveness and the potential for inappropriate release of glucagon by
Glu-HA loaded MNs, the mice with and without patches were subcutaneously injected with a
low dose of insulin. The BGLs of mice in both groups declined to normal state and began to
increase 2 h post-injection (Figure 4.8b). Finally, the BGLs returned to hyperglycemia within
the similar time period. The mice with MNs also presented reduced serum glucagon levels
compared to those injected with the high dose of insulin, suggesting that glucagon release was
directly responsive to serum insulin levels (Figure 4.8c). Finally, Glu-HA loaded MNs were
tested on healthy mice. Unlike the free glucagon-loaded MN, which led to rapid increase in
BGLs due to the burst release of glucagon, the mice treated Glu-HA loaded MNs did not show
significant changes in BGLs (Figure 4.8d), indicating there was little leak in Glu-HA MNs in
healthy mice. Since HA is highly biocompatible and biodegradable, no significant
inflammation was observed around the region 24 h post-administration of Glu-HA MN (Figure
4.10). Collectively, the Glu-HA loaded MNs have capability to release glucagon in a serum
insulin level dependent manner to prevent hypoglycemia in the insulin replacement therapy.
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Figure 4.10 H&E-stained skin sections administered PBS (left) or an MN-array patch (right)
with surrounding tissues 24 h postadministration of the MN-array patch.

4.4 Conclusion
In summary, we developed an MN-array patch-based approach for insulin-triggered delivery
of glucagon. Through the competitive binding between free insulin and immobilized insulin
on HA to insulin aptamer-modified glucagon, the drug-loaded HA matrix can effectively
release glucagon under a high insulin concentration, but does not release glucagon without
insulin. In vivo studies in a type 1 diabetic mouse model demonstrated that the insulinresponsive MN-array patch was able to prevent hypoglycemia after injection of a high dose of
insulin sufficient to cause hypoglycemia, while showing insignificant action in mice treated
with a low dose of insulin. The potential translation of this glucagon patch would profoundly
improve the health as well as the quality of life of type 1 and advanced type 2 diabetic patients
by both facilitating insulin intensification with reduced risk of hypoglycemia and preventing
morbidity and mortality from severe episodes of hypoglycemia. This aptamer-incorporated
controlled release method can also be extended to engineer other closed-loop therapeutic
delivery systems39 to treat a variety of other diseases.
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CHAPTER 5 THROMBIN-RESPONSIVE TRANSCUTANEOUS PATCH FOR
AUTO-ANTICOAGULANT REGULATION
5.1 Introduction
Thrombosis, a pathological hemostatic condition, has become one of the leading causes of
cardiovascular mortalities and morbidities worldwide.113, 114 The unwanted intravascular blood
thrombi can cause vascular occlusions, organ damage, and severe cardiovascular diseases,
including myocardial infarction and stroke.115-117 As a first line of defense, anticoagulant drugs
can prevent and delay the obstruction in blood flow.114,
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Heparin (HP), a common

anticoagulant, is routinely administered to counteract coagulation activation.119, 120 Dosing
schemes for HP usually involve daily intravenous administration for weeks to months.121
Unfortunately, systemic (intravenous) or local (catheter) delivery of anticoagulants remains
difficult for precise anticoagulant regulation.122 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.123 Moreover, it is known that the timely delivery of drugs is
critical for cardiovascular patients when an unpredictable attack happens,124 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.125-127

Herein, we report an engineered feedback-controlled anticoagulant system based on thrombinresponsive 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.128 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.129, 130 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).109 The peptide can be cleaved when thrombin
is activated,131, 132 triggering the release of drug from the backbone in a thrombin-responsive
fashion (Figure 5.1a). 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, 73,
111, 133

Owing to the thrombin-responsive property, this MN patch acts as a closed-loop “smart”

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 5.1b). We
demonstrate that this “smart” HP patch can offer sustained autoregulation of blood coagulation
in a safe and convenient manner.

89

Figure 5.1 (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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5.2 Experimental Section
5.2.1 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 SigmaAldrich. 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 MΩ cm-1).

5.2.2 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 5.2.

5.2.3 Synthesis of acrylate modified HA (m-HA)
m-HA was synthesized follow the previously reported method.110 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, δ): 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).

5.2.4 Synthesis of HA-Pep conjugates
50 mg of m-HA was mixed with 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC)/Nhydroxysuccinimide (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).

5.2.5 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).

5.2.6 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.

5.2.7 Preparation of TR-HAHP hydrogel
Cross-linker N,N’-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.

5.2.8 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 μL 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 hydrogel’s 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
μL 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.

5.2.9 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 μM 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.

5.2.10 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 μm by 300 μm round base tapering to a height of 600
μm with a tip diameter of around 10 μm. The needles were arranged in a 20×20 array with 600
μm 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 μL/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,N’-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 fieldemission scanning electron microscope.
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5.2.11 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 μm/s.
The fracture force of MNs was recorded as the needle began to buckle.

5.2.12 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).

5.2.13 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 μm
sections, and stained using hematoxylin and eosin (H&E) and fluorescent TUNEL staining for
histological analysis.

5.2.14 In vivo thrombosis model
Pulmonary thromboembolism in mice was induced follow the literature.134, 135 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.136 After
sacrifice, the lungs of mice were collected, fixed, and sectioned for H&E staining and observed
by optical microscopy.

5.2.15 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 2–4 mm from the tip of the mouse’s 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.

5.2.16 Statistical analysis
All results presented are Mean ± SD. Statistical analysis was performed using Student’s 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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5.3 Results and Discussion
5.3.1 Preparation and characterization of TR-HAHP matrix
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 5.2). 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.131 The successful conjugation of HP to mHA was evidenced by the elemental analysis and the increase in molecular weight from 314 to
606 kDa (Table 5.1).
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Figure 5.2 LCMS spectra of peptide (a) before and (b) after thrombin cleavage.

Table 5.1 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

In order to examine the effect of thrombin in the TR-HAHP based system, a TR-HAHP
hydrogel was prepared via photo-polymerization (Figure 5.3). 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.
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As shown in Figure 5.1c, 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 5.1c and 5.4). 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 5.1d). The hydrogel performed the
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 5.1e, 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 5.4). To further confirm the thrombin-responsive
release, a non-responsive HP-HA conjugate without the thrombin-sensitive peptide (NRHAHP) 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 5.4 and 5.5). Collectively, these
results suggested that the thrombin-specific activation feature of the TR-HAHP is attributed to
the incorporation of the cleavable peptide unit.

100

Figure 5.3 Photographies of TR-HAHP gel before (left) and after (right) UV irradiation.

Figure 5.4 Fluorescence microscopy images of the TR-HAHP and NR-HAHP hydrogels in
thrombin solutions at indicated time points.
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Figure 5.5 Release profiles of HP from TR-HAHP and NR-HAHP hydrogels in different
concentrations thrombin solutions respectively. Error bars indicate s.d. (n=3).

5.3.2 In vitro anticoagulant studies
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,137, 138 while the PT measurement is a test for the
evaluation of extrinsic pathways in clinical medicine.139 Antithrombin III, a natural thrombin
inhibitor, can inactivate thrombin via forming a covalent enzyme complex with thrombin.140,
141

Since it has a specific heparin binding-site proximal to the pentasaccharide, the inactivation
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of thrombin by antithrombin III can be promoted by nearly three orders of magnitude in the
presence of heparin.142, 143 As shown in Figure 5.6a 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.144 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.145 Consistent with the aPTT and PT results, TCT was
significantly delayed in the presence of the TR-HAHP gel (Figure 5.6c).
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Figure 5.6 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.146 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 5.6d. 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.

5.3.3 Fabrication and characterization of TR-HAHP MN-array patches
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 5.7) 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 × 12 mm2 patch with a 600-μm center-to-center interval (Figure 5.8a). Each MN was
of a conical shape, with 300 μm in diameter at the base and 600 μm in height (Figure 5.8c).
The fluorescence image in Figure 5.8b 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 5.7 Mechanical behavior of one TR-HAHP MN.
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Figure 5.8 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 rhodaminelabeled 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 TRHAHP hydrogel. As shown in Figure 5.8d, 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 5.8e). 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 HP107

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.

5.3.4 In vivo studies of the TR-HAHP patch for thrombosis prevention
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.135 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
5.9a), 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 5.10).
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Figure 5.9 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) Kaplan–Meier 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)
Kaplan–Meier 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 5.10 Skin puncture marks at 0 h, 1 h, 2 h and 4 h post-treatment. Scale bar: 2 mm.
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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.147 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 5.9b) 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 5.11). In a further step, we also examined the survival rate 6
h post administration of MN patches and heparin injection. It was demonstrated that ≥ 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 5.9c).148 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 5.12 and 5.13); 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 5.13). 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 5.11 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 μm.

Figure 5.12 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 μm.
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Figure 5.13 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 μm.

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 5.9d and Figure 5.14), 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 5.9e). 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,149, 150 which could not
be sensed by the MNs in the treated subcutaneous tissue (Figure 5.15).39
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Figure 5.14. 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 μm.

Figure 5.15 (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).

5.4 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 feedbackcontrolled 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
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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 stimuliresponsive drug carriers extends the administration methods of therapeutics.
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CHAPTER 6 SUMMARY AND OUTLOOK
In this dissertation, we have reviewed recent progresses in the development and use of
bioresponsive transcutaneous patches for on-demand smart and precise drug delivery by
leveraging biosignals of diseases. Four individual projects based on microneedle-array patches
were specifically introduced for the closed-loop drug delivery to treat diabetes as well as
thromboembolism. In this chapter, we will summarize each project as following:

1) We have developed a novel glucose-responsive insulin delivery device using a painless
microneedle-array patch (“smart insulin patch”) containing glucose-responsive vesicles
(GRVs), which are loaded with insulin and glucose oxidase enzyme (GOx). The GRVs are
self-assembled from hypoxia-sensitive hyaluronic acid (HS-HA) conjugated with 2nitroimidazole (NI), a hydrophobic component that can be converted to hydrophilic 2aminoimidazoles through bioreduction under a hypoxic condition. The local hypoxic
microenvironment caused by the enzymatic oxidation of glucose in the hyperglycemic state
promotes the reduction of HS-HA, which rapidly triggers the dissociation of vesicles and
subsequent release of insulin. The smart insulin patch effectively regulated the blood
glucose in a mouse model of chemically-induced type 1 diabetes. The described work is
the first demonstration of a synthetic glucose-responsive device utilizing a hypoxia trigger
for regulation of insulin release. The faster responsiveness of this approach holds promise
in avoiding hyperglycemia and hypoglycemia if translated for human therapy.

2) We have developed glucose-responsive polymersome-based vesicles (d-GRPs) by selfassembly of hypoxia and H2O2 dual-sensitive diblock copolymer. The obtained d-GRPs
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can disassociate and subsequently release insulin triggered by H2O2 and hypoxia generated
during glucose oxidation catalyzed by glucose specific enzyme. Moreover, the d-GRPs
were able to eliminate the excess H2O2, which may lead to free radical-induced damage to
skin tissue during the long-term usage and reduce the activity of GOx. Furthermore, the dGRPs can be integrated within a cross-linked HA-based MN-array patch to achieve
convenient, painless, and continuous administration of insulin. The in vivo studies
demonstrated that this patch was highly effective in tight regulation of BGLs in diabetic
mice and showed minimal side effects regarding inflammation. Additionally, this dualsensitive formulation strategy displays the potential benefit in controlled delivery for other
therapeutic agents under hypoxia and high oxidative stress.

3) We have described an insulin-responsive glucagon delivery method based on a MN-array
patch for the prevention of hypoglycemia. The controlled release of glucagon is achieved
in response to elevated insulin concentration by taking advantage of the specific interaction
between insulin aptamer and target insulin. We demonstrate that this insulin-triggered
glucagon delivery device is able to prevent hypoglycemia following a high-dose insulin
injection in a chemically-induced type 1 diabetic mouse model. This aptamer-incorporated
controlled release method can also be extended to engineer other closed-loop therapeutic
delivery systems to treat a variety of other diseases.

4) We developed a thrombin-responsive closed-loop patch for prolonged heparin delivery in
a feedback-controlled manner. The thrombin-cleavable peptide unit allows thrombinspeciﬁc activation of drug release from the system with a rate highly dependent on the
thrombin concentration. More importantly, it enables feedback-controlled anticoagulation
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therapy with minimized risk of over- or under-dosage. The in vivo studies in a thrombolytic
challenge model demonstrates effective long-term protection from acute pulmonary
thromboembolism. Moreover, the integration of MNs with stimuli-responsive drug carriers
extends the administration methods of therapeutics.

In these four projects, we showed pre-clinical investigations demonstrating the application of
bioresponsive transcutaneous patches for the delivery of multiple types of therapeutic agents.
The aim of the study was to translate the pre-clinical studies into therapeutic applications. To
achieve this goal, a closer investigation of the response rate of the patches, 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 is
essential. In addition, a thorough understanding of the role of biosignals in diseases is required
to design an effective bioresponsive drug delivery system. It is critical to differentiate the target
biosignal from its analogues to enhance specificity of delivery systems. Identifying and
leveraging new monitor/actuator pairs is also important to design novel bioresponsive devices,
especially those that may be used for prevalent metabolic diseases. Finally, how to develop
transcutaneous devices with sufficient loading capacity for matching dosage of the specific
therapeutics or achieving long-term usage must be taken into consideration.
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