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Regulated Insulin Delivery Systems
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Lisa Rae Volpatti

Submitted to the Department of Chemical Engineering on January 10, 2020 in Partial
Fulfillment of the Requirements for the Degree of Doctor of Philosophy

Abstract

Motivation: Diabetes mellitus is a disease characterized by poor glycemic control
which often leads to severe complications including cardiovascular disease and kidney
failure Many diabetic patients must continually monitor their blood sugar and self-
administer multiple daily doses of exogenous insulin to combat hyperglycemia To reduce
this patient burden, limit the occurrence of hypoglycemic events, and better mimic native
insulin activity, therapies which can self-regulate insulin delivery are an attractive option
This work begins to address current limitations of such glucose-responsive insulin
delivery systems by developing novel biomaterial-based formulations

Results This Thesis presents 3 types of glucose-responsive insulin delivery
systems developed during my PhD Each system employs the enzyme glucose oxidase
as a glucose sensor, which converts glucose to gluconic acid and reduces the pH of the
microenvironment when glucose levels are high. This change in pH acts as a trigger to
release insulin on demand The first system uses the pH-responsive polymer acetalated-
dextran to formulate nanoparticles that physically encapsulate both insulin and glucose
oxidase The particles rapidly degrade in the presence of acid, making this system a fast
acting therapeutic that reduces blood sugar within an hour of administration in diabetic
mice The second system is comprised of alginate microgels that encapsulate
nanoparticles to create a depot of insulin for sustained glucose-responsive release in vivo
for over 3 weeks with just 2 doses. The third system is based on the electrostatic
complexation of insulin to positively charged polymers, such as polyethyleneimine When
the pH is reduced below the isoelectric point of insulin, the complex dissociates and
releases insulin only in response to elevated levels of glucose. These complexes are
afforded a prolonged functional lifetime by decreasing the rate of insulin release under
normal glucose concentrations The synthesis, formulation, in vitro characterization, and
in vivo results in diabetic mouse models for each of these systems are discussed

Conclusion: The development and characterization of the glucose-responsive
insulin delivery systems described here marks an important step in the advancement of
self-regulated insulin delivery. Furthermore, these formulations may provide generalized
strategies for the development of future stimuli-responsive drug delivery systems

Thesis Supervisor Daniel G Anderson
Title Samuel A Goldblith Associate Professor
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1.1 Motivation

Diabetes mellitus is a class of diseases characterized by lack of sufficient control

of blood glucose levels attributed to deficient insulin production or signaling In 2017,

diabetes was estimated to affect 451 million people (aged 18-99) worldwide and was

responsible for approximately 5 million deaths (aged 20-99) 1 Additionally, care for

diagnosed diabetics (including institutional care, outpatient care, and outpatient

medications and supplies) accounted for 1 in 4 health care dollars in the U S in 2017 2

Insulin, a 51 amino acid residue protein first discovered by Banting and Best,3 is a

natural hormone responsible for the uptake, metabolism, and storage of glucose in the

body " In healthy individuals, a rise in blood glucose levels causes p-cells of islets of

Langerhans in the pancreas to secrete insulin into the blood Insulin then binds to

extracellular receptors in liver, muscle, and adipose tissues, signaling these cells to

uptake, metabolize, and store excess glucose as glycogen When glucose levels return

to normal, the insulin levels in the blood correspondingly recede. In diabetic patients,

however, this fine control of insulin and blood glucose levels is disrupted

Type 1 diabetes is an autoimmune disorder that develops when the body's immune

system attacks the insulin-producing p-cells in the pancreas 6 Therefore, Type 1 diabetics

are no longer able to produce and secrete insulin independently and require exogenous

insulin dosing to maintain glucose levels. Type 2 diabetes, on the other hand, typically

begins when the body develops a resistance to insulin, that is, the cells within the

muscles, liver, and fat tissue do not take up and use insulin as efficiently.7 This resistance

often leads to the p-cells in the pancreas slowly losing the ability to produce sufficient

quantities of insulin Therefore, Type 2 diabetes is characterized by both insulin
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resistance and p-cell dysfunction. The risk for developing Type 2 diabetes is positively

correlated with age, genetic predisposition, physical inactivity, and obesity.8

Chronic hyperglycemia may lead to severe complications including cardiovascular

disease, kidney failure, and cancer.9-10 These complications may be limited in both Type

1 and Type 2 diabetic patients with intensive insulin therapy, which involves consistent

self-monitoring of blood glucose levels from finger pricks in conjunction with multiple daily

subcutaneous injections of insulin in attempt to achieve normoglycemia.11 -12 However,

self-administered intensive insulin therapy fails to tightly regulate blood glucose levels,

results in decreased patient compliance,13-14 and increases the risk of hypoglycemia. 15

Acute episodes of hypoglycemia can cause brain damage, seizures, loss of

consciousness, or even death. 16-17

A variety of insulin analogs have been developed since its discovery in 1921 in

attempt to offer better control over diabetes. These may be classified as rapid-acting (e.g.

Insulin Lispro), short-acting (e.g. regular insulin), intermediate-acting (e.g. neutral

protamine Hagedorn insulin; NPH), or long-acting (e.g. Insulin Detemir; Figure 1.1a). 18-20

a b
Commercial Insulin Products Potential Future Insulin Product

Rapid (Lispro)

Short (Regular Insulin)
SLgGlucose-Responsive Insulin

A Intermediate (NPH)

Long (Detemir)e

0 4 8 12 16 0 4 8 12 16
Time (hours) Time (hours)

Figure 1.1. Comparison of relative insulin effects over time. (a) Relative insulin effect for existing
commercial rapid-, short-, intermediate-, and long-acting insulin analogs. (b) Hypothetical relative insulin
effect of a potential future glucose-responsive insulin formulation. Arrows represent meals that result in an
increase in systemic blood sugar.
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However, no commercially available formulations dynamically regulate insulin activity in

response to glucose levels according to individual patient needs A self-regulated delivery

system that mimics the native insulin secretion of a healthy pancreas would result in fewer

hypoglycemic events and better long-term glycemic control Such a system would

respond to increases in blood glucose levels resulting from meals by releasing insulin into

the blood (Figure 1 1b).

One realization of such a delivery system comes in the form of an insulin pump

that combines continuous glucose sensing with insulin infusions 21-22 While insulin pumps

have had recent commercial success, there are still many challenges associated with

current devices Most continuous glucose monitors require recalibration with blood

glucose levels from a finger prick and have a limited lifetime 23-25 Insulin pump technology

also requires patients to be educated on its use for proper insertion, removal, decision

making, and response to alarms. 26 Therefore, although these systems may be considered

closed-loop, they still place a burden of responsibility on the patient.

Since patient compliance and adherence to medication regimens is a major

challenge in combating diabetes,14, 27-28 reducing dosing frequency through extended

release formulations could enhance compliance and therapeutic outcomes 13,29 For many

therapeutics, sustained release drug delivery systems are designed to exhibit zero-order

release kinetics through Fickian diffusion to keep the concentration of drug in the blood

in a constant range over a long period of time However, in the case insulin delivery, the

concentration of insulin in the blood and subsequently the rate of insulin release should

be proportional to blood glucose levels, thus posing an additional difficulty in developing

an environmentally-responsive drug delivery system To this end, chemically glucose-
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responsive biomatenal formulations have been developed that respond to local changes

in glucose with an associated change in insulin release rate 30 These systems can be

broadly classified as nanoparticles, microparticles, hydrogels, or membranes that

encapsulate insulin and may shrink, swell, or degrade in response to glucose to release

the therapeutic protein on demand 30-31 The most commonly employed glucose sensors

in such systems fall into three primary categories. glucose-binding proteins,

phenylboronic acid (PBA)-functionalized polymers, and glucose oxidase

17



1.2 Glucose-Binding Proteins

Carbohydrate-binding proteins, such as lectins and membrane receptors, have

been used in drug delivery systems as glucose-recognition molecules for their ability to

reversibly bind to monosaccharides including glucose and mannose Early work primarily

focused on delivering exogenous glucose-binding proteins, while more recent advances

in this area have exploited the natural ability of endogenous membrane proteins to

recognize glucose.

1 2 1 Exogenous lectins

The most well-studied lectin for applications in glucose-responsive insulin delivery

is concanavalin A (Con A), which reversibly binds to a-D-glucosyl and a-D-mannosyl

groups with relatively high affinity as indicated by dissociation constants in the low mM

range 32-33 The potential of Con A to provide glucose-responsive insulin delivery was

demonstrated with the synthesis of a glycosylated insulin derivative complementary to the

binding site of Con A 34 While the unmodified insulin did not bind, the maltose-modified

insulin derivative was able to bind to Con A and could be displaced from the binding sites

in response to excess free glucose 34

The feasibility of using a Con A-based glucose-responsive insulin delivery system

in vivo was later determined with an implantable insulin delivery reservoir device in

streptozotocin (STZ)-induced type 1 diabetic rats s The insulin reservoir is separated

from the intraperitoneal space by a glucose-sensitive hydrogel comprised of Con A bound

to dextran derivatives.35 Since Con A is a tetrameric protein with 4 binding sites, the same

lectin molecule may bind to several glycosylated proteins, polymers, or polysaccharides,

creating a crosslinked hydrogel network (Figure 1 2) When the ambient glucose
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concentrations are high, the free glucose will preferentially bind to Con A through the

process of competitive displacement. The crosslinks of the hydrogel will thus be

disrupted, resulting in an increase in the gel's porosity and permeability (Figure 1.2). In

the case of the implantable device, an increase in glucose causes a disruption in the

equilibrium binding between Con A and dextran which decreases the viscosity of the gel

and increases insulin permeability.35 The device was thus reported to control daily blood

glucose measurements of the diabetic rats until the insulin was exhausted.35 Several other

Con A-based hydrogel delivery platforms rely on this same principle with many

encapsulating insulin inside the gel itself (Table 1).

[glucose] *

Concanavalin A

Glycosylated protein,
polymer, or polysaccharide

S Free glucose

Figure 1.2. Schematic of glucose-responsive hydrogels based on concanavalin A.

Another strategy for glucose-responsive insulin delivery using Con A is based on the

gating of mesoporous silica nanoparticles (MSNs). The pores of the MSNs serve as the

insulin reservoir. The surface of the MSNs may be functionalized, for example with mannose

ligands, and bound with Con A to provide a gated delivery vehicle.36 When glucose levels are
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elevated, the mannose-Con A interactions are disrupted through competitive binding of

glucose, and insulin is released 36

1.2.2 Endogenous glucose-binding proteins

In addition to exogeneous lectins, such as Con A, endogenous carbohydrate-

binding membrane proteins have been employed in the development of glucose-

responsive insulin delivery systems. One formulation developed by Merck, MK-2640,

consists of a mannosylated insulin derivative 37-38 MK-2640 has affinity for the mannose

receptor C-type 1 which functions in the clearance of glycoproteins by endosomal

degradation. The ability of MK-2640 to bind to either the mannose receptor or the insulin

receptor is the basis for its glucose-responsiveness When blood sugar levels are

elevated, glucose will competitively bind to the mannose receptor As a result, a larger

fraction of MK-2640 should be available to bind to the insulin receptor and subsequently

reduce blood glucose levels Conversely, when glucose levels are low, more MK-2640 is

expected to be degraded upon binding to the mannose receptor Thus, the fraction of MK-

2640 cleared by either pathway should in principle be mediated by the amount of glucose

present Despite success in glucose-mediated insulin clearance in preclinical studies in

large animal models,37 there was no significant glucose-dependent change in MK-2640

clearance in a clinical trial of 16 subjects with type 1 diabetes 39 Nevertheless, these

results may provide valuable information that aids in the design of the next-generation of

glucose-responsive insulins

In another approach, researchers have taken advantage of glucose transporters

on cell membranes to mediate insulin availability in the blood 40 Insulin conjugated with

glucosamine (GIc-Insulin) was reported to reversibly bind to the membrane of red blood
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cells (RBCs). 40 An elevation of surrounding glucose levels in vitro resulted in the release

of bound Glc-Insulin. Mouse RBCs were then incubated with Gic-Insulin and injected

intravenously into diabetic mice. While the Glc-Insulin-conjugated RBCs provided

enhanced glycemic control, free Gic-Insulin responded similarly to unmodified insulin,40

suggesting that pre-incubation of Glc-insulin with the delivery vehicle is required for

glucose-responsiveness. To create an insulin analog that can bind to glucose transporters

in situ, the same group conjugated insulin with a glucose transporter inhibitor, Glut-i2.41

Upon subcutaneous injection, this analog was reported to enhance the duration of action

of insulin and mitigate its hypoglycemic effect in mice.41

Table 1.1. Recent Glucose-Responsive Insulin Formulations Based on Glucose-Binding Proteins

Glucose-binding protein Formulation type Primary biomaterial component(s)
Dextran, dextran/PEG,
dextran/PEG/chitosan," pullulan"
Chitosan,45dextran,

Exogeneous concanavalin A Microgels poly(DMAEMA)8
Microparticles Chitosan/dextran
Nanogels PNIPAM
Nanoparticles MSNs3e

Endogenous glucose . .gGlucosamine-modified insulin," Glut-
transporter i2-modified insulin
Endogenous mannose Insulin conjugates Insulin-carbohydrate conjugate37 39

receptor C-type 1

MSNs: mesoporous silica nanoparticles
PNIPAM: poly(N-isopropylacrylamide)
poly(DMAEMA): poly(dimethylamino ethyl methacrylamide) or poly(dimethylamino ethyl methacrylate)
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1.3 Phenylboronic Acid-Functionalized Polymers

Phenylboronic acids (PBAs) reversibly bind to 1,2-cis-diols to form boronic esters

and can as such be used as carbohydrate sensors (Figure 1.3) Like lectins, they may be

used crosslink hydrogels by binding to glycosylated proteins, polymers, or

polysacchandes. These reversible covalent bonds can be disrupted through the

competitive binding of glucose, resulting in a glucose-responsive delivery system

Moreover, PBAs exist in equilibrium between the neutral boronic acid species and the

boronate anion in solution Since esters formed from the charged species are more

stable, binding to diols may shift the equilibrium to the boronate form, leading to a

macroscopic change in the material and subsequent insulin release

R R

R
OH HO OH 0

B B

OH H20OH R

1OH 1 OH

pKa (acid) pKa (ester)

R R

BOOH ' -/ HO H20HBO R
/\ E/O HO OH/R

~OHNI00

OH H20
R

Figure 1.3 Schematic of phenylboronic acid binding of 1,2- or 1,3-cis-diols The equilibrium between the
boronate and the boronic acid can be shifted by adjusting the solution pH

Boronate ester formation is generally favored near or above the pKa of the boronic

acid, and the pKa of PBA is 8 8.51 Therefore, early efforts in this field focused on reducing

the apparent pKa of PBA to achieve glucose-responsiveness under physiological pH
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Methods of facilitating ester formation include adding electron withdrawing groups as

substituents on the aromatic ring (Figure 1 4a), 51 forming benzoboroxoles as cyclic

analogs of PBAs (Figure 1 4b),52 and generating a nitrogen center adjacent to the boron

in a Wulff-type PBA (Figure 1 4c) 53 Amino groups can also be incorporated into the

polymer backbone to improve solubility and enhance diol binding under physiological

conditions.54 However, the optimal pH for binding is not always higher than the pKa and

many other factors must be taken into account in determining binding affinities and

designing glucose-responsive insulin delivery systems 51

a b c
F

FN

HO B OH HO B--O HO B OH

Figure 1.4 Examples of phenylboronic acid analogs with reduced pKa values a) 2,5-difluorophenylboronic
acid, pKa = 7 0, 51 b) benzoxaborole, pKa = 7 3,55 c) 2-(N,N-dimethylaminomethyl)phenylboronic acid, pKa =
6751

1 3 1 Competitive displacement

In a manner similar to hydrogels fabricated from Con A, hydrogels synthesized

from PBA-modified macromolecules can be dynamically crosslinked through reversible

sugar binding When external sugar concentrations are high, the glucose will out-compete

the diols in the delivery matrix, crosslinks will be displaced, and the gel will swell These

dynamic covalent bonds impart with the hydrogels with self-healing and shear-thinning

behavior For example, an injectable, self-healing hydrogel was synthesized from 4-arm

PEG macromers 56 The arms of the PEG were modified with either PBA derivatives or
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glucose-like diols Upon mixing, the crosslinked polymers formed a self-healing hydrogel

network that exhibited glucose-mediated release of immunoglobulins.5 6 In order to

simplify the complexity of the system, single component glucose-responsive polymeric

materials have been synthesized from monomers containing PBA pendant groups or

glucose modifications (Table 1.2) In one such study, polymers containing between 10-

60% PBA monomers were able to form shear-thinning, self-healing hydrogels that exhibit

glucose-responsive behavior.57 In addition to shear-thinning hydrogels, injectable

hydrogels can be comprised of temperature-responsive materials that undergo a sol-gel

transition at physiological temperature. For example, hydrogels that respond to

temperature in addition to glucose and pH can formed by incorporating N-

isopropylacrylamide monomers into the polymer backbone 58

Several types of nanomaterials, including micelles, nanoparticles, vesicles, and

nanogels, have also been reported as glucose-responsive delivery vehicles based on the

competitive displacement of PBA-diol interactions (Table 1 2) For example, the self-

assembly of two polymers generated glucose-responsive complex micelles with PEG

comprising the micelle shell and PBAs complexed with glycosyl groups forming the

micelle core 9 In another approach, MSNs have been gated by exploiting reversible PBA-

diol binding in a similar manner to Con A-gated MSNs 60-61 The surface of the MSNs can

be grafted with PBA-containing molecules, and polysacchandes 60 or sugar-modified p-

cyclodextrins 61 can sterically block the nanopores through the formation of boronate

esters These pores are then opened by the competitive binding of glucose, providing

glucose-mediated cargo release To eliminate the need of a delivery vehicle, insulin

directly conjugated with PBA derivatives has been reported to show glucose-
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responsiveness in diabetic mice, possibly due to the glucose-dependent binding of the

insulin analog to endogenous immobilized diols 62

1 3.2 Ionization equilibrium shift

In addition to disrupting covalent PBA-diol interactions, the binding of sugars to

free PBA may shift the ionization equilibrium from the neutral state toward the charged

state This shift often results in an increased osmotic pressure which causes hydrogels

to swell By changing the configuration of the PBA, hydrogels can also be designed to

shnnk in response to glucose6 3-64 Additionally, the equilibrium shift to the charged

boronate form may result in a change in hydrophobicity that leads to the disruption of

micellar structures or electrostatic complexes.

PBAs coupled to hydrogel backbones can act as glucose sensors by shifting the

ionization equilibrium toward the charged species upon binding to 1,2- or 1,3-cis-diols

The resulting osmotic pressure gradient causes a change in hydration of the hydrogel,

ultimately resulting in a volume change of the bulk gel. Swelling of the hydrogel enhances

its permeability and permits encapsulated insulin release in response to elevated glucose

concentrations. An abrupt change in hydration under optimized conditions may also result

in localized dehydration of the hydrogel surface that impedes insulin release in

normoglycemic conditions Poly(acrylamide)-based hydrogels form this so-called "skin

layer" that reversibly rehydrates when equilibrated in hyperglycemic concentrations 65 A

catheter-combined device has been developed from these materials that was reported to

control glucose metabolism in both insulin-deficient (Type 1) and insulin-resistant (Type

2) diabetic mouse models 66 Similar "skin layer"-forming poly(N-isopropylacrylamide)
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(PNIPAM)-based hydrogels have also been formulated with silk fibroin in microneedle-

array patches 67-68

In addition to bulk hydrogels, PBA-based nanostructures that exploit the shift in

ionization equilibrium can be designed for glucose-responsive insulin delivery For

example, micelles can be self-assembled from amphiphilic polymers with a hydrophilic

block such as PEG and a hydrophobic block containing PBA The hydrophilic block

comprises the outer shell phase of the micelle, while the hydrophobic PBA-containing

block represents the inner core. Upon binding to glucose, the PBA will exist primarily in

the charged, hydrophilic form This switch from amphiphilic to double hydrophilic disrupts

the micellar structure, resulting in the release of encapsulated cargo 69-74 By tuning the

degree of polymerization of the boroxole block in co-polymers containing a hydrophilic

PEG block, Kim et al were able to form several nanostructures including spherical

micelles, cylindrical micelles, and larger polymersomes, as confirmed by transmission

electron microscopy (TEM) 71 Moreover, the shift in PBA ionization equilibrium can alter

the net charge of a polycation and disrupt electrostatic interactions with insulin, resulting

in particle disassembly and protein release 75
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Table 1.2 Recent Glucose-Responsive Insulin Formulations Based on Phenylboronic Acid

Main mechanism of Formulation type Primary biomaterial component(s)
release

Films Polystyrene/alginate76

Multi-arm PEG,56, 77-78 poly(APBA-b-
Hydrogels LAMA), 79 PEO-b-PVA,80 PNIPAM,58

poly(BG) 57

Insulin complexes @-cyclodextrin 8

Insulin conjugates PBA-modified insulin 2

Displacement of PBA- Micelles PEG/poly(aspartic acid),59' 82  M84
diol interactions Microparticle- PEG/poly(aspartic acid)/PNIPAM,8 PNA

hydrogel hybrids PLGA/hyaluronic acid

Nanogels PEG/poly(glutamic acid) 85-86

MSNs,6061 poly(APBA-b/r-GAMA), 7 90 PEO-
Nanoparticles b-PHOS, 91 PMAPBA/chitosan,92 poly(acrylic

acid),93 poly(glutamic acid)/chitosan,94
Vesicles a-cyclodextrin/PEG/poly(aspartic acid) 95

Dendrimers poly(amidoamine)/poly(aspartic acid)/PEG96

Hydrogels poly(acrylamide),65-66-97 PNIPAM98

Membranes poly(E-caprolactone)1 9

PEG-b-PBDEMA, 0' 72 PEG/poly(2-

Shifting of the Micelles nitrobenzyl acrylate),73 PEG/poly(glutamic
acid),69 PNIPAM/PEG/poly(aspartic acid), 100

ionization equilibrium starch7 4,101

leading to changes in Microgels PNIPAM6 3-6 4, 102

solubility, swelling, or Microneedles M67 68
contracting hydrogels silk fibroin/PNIPA

Microparticles Alginate/polyvinylpyrolidone,
103 PLGA104,

poly(N-(2-aminoethyl)acrylamide)
75

Nanogels Chitosan/alginate 05 PNIPAM/dextran 106

Polymersomes Polystyrene/PEG71' 107

PBDEMA poly[(2-phenylboronic esters-1,3-dioxane-5-ethyl) methylacrylate]
PEO-b-PVA poly(ethylene oxide)-block-poly(vinyl alcohol)
PEO-b-PHOS poly(ethylene oxide)-b/ock-poly(4-hydroxystyrene)
PLGA poly(lactic-co-glycolic acid)
PMAPBA poly(3-methacrylamido phenylboronic acid)
PNAM poly(N-acryloylmorpholine)
poly(APBA-r-GAMA) poly(3-acrylamidophenyl boronic acid-random-D-gluCon Amidoethyl methacrylate)
poly(APBA-b-LAMA) poly(3-acrylamidophenyl boronic acid-block-2-lactobionamidoethy methacrylate)
poly(BG) poly(3- propionamidophenyl)boronic acid (N-(3-((2,3,4,5,6-

pentahydroxyhexyl)amino)propyl)propionamide)
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1.4 Glucose Oxidase

Glucose oxidase (GOx) is an enzyme found in certain species of insects and fungi.

It converts glucose into gluconolactone, which is rapidly hydrolyzed into gluconic acid

(Figure 1.5). This reaction consumes oxygen and produces hydrogen peroxide as a

byproduct. A second enzyme, catalase, is often coupled to this reaction for applications

in glucose-responsive insulin delivery to disproportionate the reactive oxidative species

and reproduce oxygen to enhance the kinetics of conversion. Many commercial

glucometers employ glucose oxidase as a sensor due to its stability, specificity for

glucose, and rapid turnover rate. 108-109 Several glucose-responsive insulin delivery

systems therefore also employ this enzyme as a sensor coupled with pH-, peroxide-, or

hypoxia-sensitive biomaterials.

OH OH OH

O GOx 0 H20 OH
HO 0 HO - 3 HO

HO OH HO HO OH

OH 02 H2 0 2  OH OH
P-D-glucose D-glucono-5-lactone D-gluconic acid o

H 2 0 + 1/2 02 H 20 2

catalase

Figure 1.5. Enzymatic action of glucose oxidase (GOx). GOx converts glucose to gluconolactone which is
then hydrolyzed into gluconic acid. Catalase can be added to disproportionate the hydrogen peroxide and
regenerate the oxygen required for the enzymatic conversion of glucose.

1.4.1 Decreased pH

The majority of glucose-responsive delivery systems that employ GOx are based

on pH-sensitive biomaterials. Early studies using GOx for glucose-responsive insulin

release involved the immobilization of the enzyme onto a charged polymeric membrane.
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Insulin permeation through the membrane can be increased due to the swelling of

polycationic polymers1 10-111 or the shrinking of polyanionic polymers1 12 causing the

opening of pores in response to protonation at lowered pH values. Implantable polymeric

matrices1 13 and hydrogels1 14-11 6 were then developed to release insulin with potential in

vivo applications.

Over the past decade, materials have been reported that degrade, disassemble,

solubilize, or swell under acidic conditions and have been formulated into films, hydrogels,

membranes, microparticles, and nanostructures (Table 1.3). One example using

membrane technology in an implantable device consists of an insulin reservoir made from

PEGylated silicone with a glucose-responsive plug. 117 The polymeric membrane plug

contains hydrogel nanoparticles that shrink in acidic conditions, resulting in the formation

of a porous network that enables the release of insulin. These devices were reported to

achieve normoglycemia for several days when implanted in STZ-induced diabetic rats.117

An injectable network comprised of surface-coated modified-dextran nanoparticles was

also reported to reduce blood sugar levels of STZ-induced diabetic mice for several

days.118 In this system, the acetal groups of the modified dextran are cleaved in response

to acid, producing the soluble polysaccharide which results in the release of encapsulated

insulin.1 18 In another report, chitosan microgels containing GOx and catalase

nanoparticles were shown to swell in response to glucose and sustain normoglycemia in

diabetic mice for up to 10 hours.1 19

More recently, biomimetic materials have been used in conjunction with GOx and

evaluated in vivo for glucose-mediated insulin delivery. For example, a pH-sensitive

peptide with p-sheet-rich structure was developed that reversibly self-assembles into a
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hydrogel under physiological conditions 120 In response to reduced pH, the hydrogel

disassembles due to electrostatic repulsions between omithine residues. This self-assembling

system shows reversibility in response to changing high and low glucose concentrations in

vitro and provides up to 8 days of glycemic control when subcutaneously administered to

diabetic rats 120 Another report of biomimicry involves the coating of GOx, catalase, and

insulin-encapsulated modified-dextran nanoparticles with RBC-denved lipid bilayers. 12 1 The

RBC-denved membranes contain glucose transporters to facilitate the internalization of

glucose and are shown to enhance the circulation time and efficacy of the nanoparticles upon

intravenous administration in diabetic mice 121 Thus, a diverse array of delivery routes in

addition to materials and formulations have been reported for glucose-responsive release

of insulin triggered by the enzymatic conversion of glucose to gluconic acid.

1 4.2 Generation of hydrogen peroxide

The generation of H202 may provide a fast-acting stimulus for glucose-responsive

insulin delivery Several formulations-including gated MSNs,122 polymeric vesicles,123

core-shell hydrogels, 124 and even red blood cells125-have shown glucose-mediated

insulin release from H202-sensitive materials (Table 1 3) In addition to their ability to bind

diols, phenylboronic acids are readily oxidized in the presence of H202 to form free

boronic acid This property has been exploited to create H202-sensitive MSNs through

surface modification with pendant PBAs. 122 The PBA modifications enable host-guest

interactions with a-cyclodextnn that stencally shield the pores When the PBA is cleaved

through H202-mediated hydrolysis, the host-guest interactions are disrupted, and the

pores are openedd to release the preloaded insulin 122 In another report, amphiphilic block

copolymers were synthesized from PEG and PBA-modified poly(senne) 123 Similar to the
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hydrophobicity switch of PBA-based micelles, the H202-mediated degradation of the PBA

moieties causes the polymers to become water soluble and the vesicles to dissociate 123

These glucose-responsive MSNs and vesicles have been integrated into microneedle

patches for transdermal insulin delivery in diabetic mice.122-123 To scavenge excess H202 that

does not react with the delivery matenals, core-shell microneedles have also been developed

with a H202-sensitive hydrogel core and a catalase-containing shell.124 The catalase shell was

reported to limit inflammation compared to a similar gel without the scavenging enzyme 124

In a different approach, RBCs were used as a H202-responsive drug delivery

vehicle 125 RBCs were isolated from rats and loaded with insulin using a hypotonic dialysis

method prior to membrane conjugation with biotinylated GOx. The glucose-dependence

of this system stems from the enzymatic generation of H202 near the surface of the RBCs

in response to elevated glucose concentrations As a result, the RBC membranes are

reported to rupture, forming pores in the lipid bilayers through which insulin can escape.

In vitro release occurred within minutes upon exposure to elevated glucose levels, and

the modified RBCs were able to maintain normoglycemia in diabetic rats for up to 9

days.1 25

1 4.3 Hypoxic conditions

The consumption of oxygen by the enzymatic conversion of glucose has also been

used as a trigger for glucose-responsive delivery by encapsulating GOx and insulin in

hypoxia-sensitive biomaterials For example, hyaluronic acid has been conjugated with

reduction-sensitive 2-nitroimidazole 126 Vesicles were then be self-assembled from the

modified hyaluronic acid with a hydrophobic core and hydrophilic shell Under hypoxic

conditions, hydrophobic 2-nitroimidazole is converted to hydrophilic 2-aminoimazole 126
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The conversion from amphiphilic to hydrophilic results in the dissociation of the vesicles

and release of insulin To eliminate the H202 byproduct, dual-responsive vesicles have

been developed employing a H202-sensitive thioether linkage to attach the 2-

nitroimidazole to a PEG-poly(serine) backbone 127 These vesicles can further be

formulated in microneedle array patches to facilitate their delivery 126-127
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Table 1.3. Recent Glucose-Responsive Insulin Formulations Based on Glucose Oxidase

Formulation type}Coacervates
Films

Hydrogels

Membranes

Acid

Hydrogen peroxide

Hypoxia

Metal-organic frameworks,
Micelles
Microgels
Miciogels and
nanoparticles
Microparticles
Nanonetwork

Nanoparticles

Polymersomes
Films
Hydrogels
Micelles
Microgels
Microneedles: hydrogels
Microneedles:
nanoparticles
Microneedles: vesicles
Microparticles
Nanogels
Red blood cells
Vesicles
Microneedles: vesicles

Trigger(s)

a-cyclodextrin/MSNs

PEG,1 56 PEG/polyserine 23

poly(allylamine) 57

PEG158

GOx-modified erythrocytes125

Pillar[5]arene' 5

Hyaluronic acid,126 PEG/polyserine127

PEG-b-PDPA: poly(ethylene glycol)-block-poly(2-diisopropylaminoethy methacrylate)
PEI: polyethyleneimine
PNIPAM-MAA: poly(N-isopropyl acrylamide-co-methacrylic acid)
poly(AM-co-APMA): poly(acrylamide-co-N-(3-aminopropyl)methacrylamide)
poly(MPC): poly(2-methacryloyloxyethyl phosphorylcholine)
PVDF: poly(vinylidene fluoride)
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Primary biomaterial component(s)
Peptides128

Star poly(DMAEMA) 29-130

Chitosan/PEG/poly(acylamide), 13-
cyclodextrin/PE, 132 peptidesno0 sa
Bovine serum albumin/MnO2
nanoparticles/PNIPAM-MAA, 117 ,134- 135

PVDF/poly(acrylic acid)136

Zeolitic imidazolate frarnework-8 137- 38

PEG-b-PDPA 1 39

poly(AM-co-APMA), 14 PNIPAM141
Chitosan," 9, 42 hyaluronic
acid/dextrani"
Mesoporous silica microparticles'"
Dextran/alginate/chitosan18

I-cyclodextrin/MSNs1 45 0 , dextran,14
dextran/erythrocyte vesicles,12 1 oleic
acid- @-cyclodextrin,4 8silica
vesicles/PEl 4

PEG/polyserine150
poly(amidoamine)1 51

Multi-arm PEG, 15 2 poly(MPC)153

PEG/poly(DMAEMA)1 54

Alginate/MSNs1 55

PVA
I A2



1.5 Summary and Perspective

The most common sensors used in glucose-responsive insulin delivery include

glucose-binding proteins, phenylboronic acid-functionalized polymers, and glucose

oxidase (Table 1.4). While delivering exogenous lectins may present immunogenicity, the

targeting of endogenous glucose-binding proteins reduces potential toxicity associated

with the delivery vehicle However, this approach may suffer in terms of specificity and

sensitivity PBA-functionalized polymers are perhaps the most stable delivery vehicle but

the least specific to glucose and are often not sensitive to small changes in blood glucose

concentration. GOx is the most specific sensor and can be sensitive to physiologically

relevant changes in blood glucose levels However, its potential immunogenicity and

toxicity present barriers for its translation into the clinic Further engineering of this

enzyme may potentially reduce these challenges in the future Moreover, novel glucose

sensors may be developed to surmount the issues associated with each of these sensors

Here, we focus on delivery systems involving GOx due to its high specificity and

sensitivity to glucose We use the chemical engineering concepts of kinetics, transport,

and thermodynamics to overcome some of the challenges associated with glucose-

responsive insulin delivery and provide a basis for future work in the field.
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Table 1.4 Comparison of Glucose Sensing Molecules for Glucose-Responsive Insulin Delivery

Phenylboronic acid-Glucose-binding functionalized Glucose oxidase
proteins polymers

Specificity Typically glucose 1,2-cis-diols Glucose
and mannose

Sensitivity Medium Low High

Potentially

Immunogenicity immunogenic if Dependent on polymer Potentially
delivered backbone immunogenic
exogenously

Depenent n poymer Potential toxicity
Toxicity Typically low bDependent on polymer fom H202

byproduct

Stability Medium High Medium
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1.6 Thesis Overview

This Thesis is divided into 4 additional chapters In Chapter 2, we describe a

nanoparticle-based glucose-responsive insulin delivery system comprised of modified

dextran, glucose oxidase, and catalase In Chapter 3, we discuss the potential of this

nanoparticle system to be encapsulated in porous microgels to allow for extended

glucose-responsive insulin delivery. In Chapter 4, we describe an alternative method to

achieve glucose-responsive insulin release based on the electrostatic complexation of

insulin to a polycation. Finally, in Chapter 5, we conclude the Thesis and offer

perspectives on future directions
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Chapter 2: Glucose-Responsive Nanoparticles for Rapid and

Extended Self-Regulated Insulin Delivery

The work presented in this chapter is published in

L R Volpatti, M A Matranga, A B Cortinas, D Delcassian, K B Daniel, R Langer, D G Anderson,
Glucose-Responsive Nanoparticles for Rapid and Extended Self-Regulated Insulin Delivery ACS Nano
2019, https //doi org/10 1021/acsnano 9b06395
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2.1 Introduction

The kinetics of insulin release remains a major hurdle in glucose-responsive insulin

delivery. To develop a system that responds on a therapeutically relevant timescale and

can afford sustained glucose-responsive insulin delivery in vivo, we co-formulate rapid-

release and prolonged-release acetalated dextran nanoparticles (Ac-dex NPs)

encapsulating GOx, catalase, and insulin. When the surrounding glucose concentration

is high, glucose diffuses into the NPs and is converted to gluconolactone by encapsulated

GOx. Gluconolactone is then rapidly hydrolyzed to gluconic acid which reduces the pH of

the microenvironment of the NPs. The acetal groups of the modified dextran are

subsequently cleaved, solubilizing the NPs and releasing the encapsulated insulin on-

demand (Figure 2.1). Thus, locally regulating the pH nearthe NPs allows forthe controlled

release of insulin.

We found that a combination of two types of materials is required to achieve the

desired kinetics of both rapid-onset and extended release of insulin. Analyses in both

healthy and diabetic mouse models show direct evidence of glucose-responsiveness in

vivo, rapid glycemic control, and prolonged normoglycemia for 16 hours with a single

subcutaneous injection in a diabetic mouse model.

pH 7.4 Glucose Gluconic Acid pH 4.0

S.. 

... 0 
..

Ac-Dex Nanoparticle Enzymes Insulin

Figure 2.1. Schematic of glucose-responsive insulin release from acid-degradable nanoparticles.
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2.2 Preparation and Characterization of Ac-dex Nanoparticles

Ac-dex is a pH-responsive polymer synthesized by reacting dextran with

methoxypropene (Figure 2.2).160-161 Acyclic acetal modifications are formed first which

then react with neighboring hydroxyl groups to form the more stable cyclic modifications.

The acetal groups are cleaved in the presence of acid to reform the native, soluble

polysaccharide.

6 0

HO O HO
OHH

0 x00

4 OH0

Figure 2.2. Acetalated-dextran (Ac-dex) synthesis.

Following acetal cleavage, the resultant degradation products are analyzed by 1H

NMR to determine the amount of each type of modification (Figure A.2-1). Polymers with

high acyclic acetal content degrade quickly while those with high cyclic acetal content

have longer half-lives. A combination of nanoparticles made from these polymers can

therefore provide both rapid and prolonged release kinetics (Figure 2.3).
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High Acyclic Z High Cyclic Acetal Content
Acetal Content Extended-release

a) Rapid-release '0e 0 °

4)

-ox

glucose Time

Figure 2.3. Schematic of release kinetics from rapid-release (high acyclic acetal content) and extended-
release (high cyclic acetal content) Ac-dex nanoparticles.

In order to develop a system with desired release kinetics, we synthesized several

derivatized dextran polymers with varying degrees of modification. For reaction times

between 10 and 60 min, the fraction of acyclic modifications decreases as more cyclic

modifications are formed. The percentage of residues containing a single cyclic

modification increases from 55% (C55) after 10 min of reaction to 83% (C83) after 60 min

while the percentage of acyclic modifications decreases from 94% to 83% (Figure 2.4a).

a b
Cyclic Modifications

inAcyclic Modifications i00.
0 80

8 a60
600 

pH 4.7

40 0.+ C83

25 1pH 7.4
20 20 4 --O C71

0 0

10 20 30 60 0 i 10 15 20 25

Reaction Time (min) Time (h)

Figure 2.4. Degradation rate can by tuned according to percentage of polymer modifications. a) Percentage
of total residues of the dextran polymer containing a cyclic or acyclic modification for various reaction times
determined by 1 H NMR of the degradation products. b) Rate of degradation of Ac-dex nanoparticles by
percent cyclic modification as determined by concentration of soluble dextran in the supernatant.
Nanoparticles were incubated in either acetate buffer (pH 4.7) or PBS (pH 7.4) at 37 °C with agitation.
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To probe the kinetics of acetal cleavage, nanoparticles (NPs) were synthesized from a

range of polymers using a sonication, solvent evaporation method. The NPs were then

incubated in either acetate buffer (pH 4.7) or phosphate buffered saline (PBS, pH 7.4) at

37 °C with agitation, and the amount of soluble dextran in the supernatant was measured

over time to represent polymer degradation. NPs synthesized from the least modified

polymer (C55NPs) were > 80% degraded within the first hour, while those from polymers

with increasing percentage of modifications were more stable in acidic solution (Figure

2.4b). Notably, NPs from the two least modified polymers showed minimal degradation

upon incubation at pH 7.4 for 24 hours (Figure 2.4b).

To better understand the process of degradation, C55NPs were exposed to acidic

solution, and their size was monitored by dynamic light scattering (DLS) overtime (Figure

2.5a). The NPs reduced in size over the first hour reaching 67% of their original diameter

before becoming undetectable by DLS (Figure 2.5b), suggesting that they degrade at

least partially by surface erosion.

a 25 0 min b
-- 15 min $ 100-

20. - 30 min
-45 min ! 90.
- 60 min

,,15-
180

-1 0 70.

5- 60

0. 501
200 400 600 0 15 30 45 60

Size (nm) Time (min)

Figure 2.5. The diameter of nanoparticles decreases as they degrade in acidic conditions. a) Dynamic light

scattering for C55NPs over time upon incubation in acetate buffer (pH 4.7) at 37 °C. b) Average relative

diameter of NPs showing reduction in size over time.
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The size of the NPs was further characterized by DLS and cryo-transmission electron

microscopy (TEM). The average mean diameter of Ac-dex NPs was 252 ± 25 nm, and

their sizes were consistent across varying polymer modifications (Figure 2.6a). NPs

encapsulating insulin, GOx, and catalase were then synthesized using a double emulsion,

solvent evaporation method. DLS measurements of protein-encapsulated NPs similarly

show a consistent diameter across polymer modification with a slightly larger average of

274 ± 22 nm (Figure 2.6b). Cryo-TEM micrographs show spherical NPs with diameters

that corroborate DLS measurements (Figure 2.6c,d). In both DLS and cryo-TEM

measurements, the C71NPs are slightly smaller than the C55NPs. Nonetheless, the

diameters remain fairly consistent across different formulations, allowing us to isolate the

variable of polymer modification and determine its effect on degradation and release.

a b
25 25

Ave. = 252 +/- 25 nm Ave. = 274 +/- 22 nm

2 -s-C55NPs . 20--C55NPs
-- C71NPs -- -- C71NPs

15 -d-C78NPs 15 A C78NPs
S C83NPs

10 10
C C

5 25

0 0A
10 100 1000 10000 1 10 100 1000 10000

Size (nm) Size (nm)
c d

Figure 2.6. Nanoparticle size is consistent across formulations. a) Dynamic light scattering of Ac-dex NPs
made from polymers with various degrees of modification. b) Dynamic light scattering of protein-
encapsulated NPs made from polymers with various degrees of modification. c) Cryo-transmission electron
micrograph of protein-encapsulated C55NPs. d) Cryo-transmission electron micrograph of protein-
encapsulated C71NPs.
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The insulin loading of C55NPs is 8.3% by mass, nearly double the amount in

C71NPs and over 6 times that in C78NPs, which suggests that the insulin loading capacity

decreases exponentially with acetalation reaction time (Figure 2.7a). The C55NPs contain

- 1 U GOx / mg NP, and the loading of GOx similarly decreases with percent modification

(Figure 2.7b). The increased hydrophobicity of highly modified dextran may limit the

amount of total protein loading. Thus, by varying the percent modification of the dextran,

we can systematically alter the material properties to tune both the release profile and the

protein loading efficiency.

b10 1400-

t 1200-

E 8000

4. '600

06400-
2- 0

Z)_220 0

Cc55N~ C71'NPs C78NPS C5eNPs C71'NPS

Formulation Formulation

Figure 2.7. Protein loading decreases with increasing polymer modifications. Loading efficiency of (a)
insulin and (b) glucose oxidase in nanoparticles synthesized from Ac-dex with varying extent of
modification.
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2.3 Insulin Release Kinetics from NPs

To determine the kinetics of insulin release, protein-encapsulated NPs were

incubated in either acetate buffer or PBS (20 mg/mL). The resultant release profiles

closely follow the degradation profiles for both the C55NPs and C71NPs (Figure 2.8a).

a b

-o-C71

C5PH 7 4

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (h)

-- pH 5.0
-U- pH 7.4

Acid added

0 8 16 24 32 40 48

Time (h)

120.

-100.

80.

060.

c40.

320.

0.

d
100-

80.

60.

40.

20.

0-

, I -- c71 400 mg/dL

100 mg/dt

'0 mgdL

0 1i 2 3 4 5 6 7

Time (h)

SGlucose
-4- 400 mg/dL
-O- 100 mg/dL

0-o- mg/dL

0 1 23 4 5
Time (h)

Figure 2.8. A co-formulation of 55% and 71% (% cyclic acetalation) Ac-dex NPs have fast-acting and long-
acting insulin release characteristics. a) Insulin release from C55NPs or C71NPs incubated in either acetate
buffer (pH 4.7) or phosphate buffered saline (PBS, pH 7.4) at 37 °C with agitation. b) Glucose-mediated
protein release from C55NPs or C71NPs (20 mg/mL) upon incubation in PBS, PBS + 100 mg/dL glucose,
or PBS + 400 mg/dL glucose at 37 °C with agitation. c) Two regimes of protein release resulting from the
addition of acid (HCI) to a mixture of C55NPs and C71NPs after 24 hours of incubation. d) Glucose-
mediated protein release from a mixture of C55NPs and C71NPs (20 mg/mL).

The release kinetics were then studied in response to elevated (400 mg/dL) or

physiological (100 mg/dL) glucose concentrations. The C55NPs show a rapid response

to elevated glucose levels with virtually all insulin released after 2 hours; however, they

are completely degraded under physiological glucose concentrations after 4 hours of

incubation (Figure 2.8b). The C71NPs, on the other hand, have a delayed onset of release

(after 2 hours) with a prolonged release of insulin under lower glucose conditions (up to
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6 hours, Figure 2.8b). Based on these results, we hypothesized that a mixture of NPs

could provide fast- and long-acting delivery options.

A co-formulation containing equal parts by mass of C55NPs (rapid-release) and

C71NPs (extended-release) shows two regimes of release in response to an acidic

environment (Figure 2.8c). The same formulation affords a rapid onset of release in

elevated glucose conditions with more prolonged release under physiological

concentrations of glucose (Figure 2.8d). The pH profiles are similar for the C55NPs alone,

the C71NPs alone, or a mixture of the two (Figure 2.9). In high glucose conditions, a

period of - 2 h is required to overcome the buffering effects of the solution and decrease

the pH below 5 accounting for the delayed onset of insulin release. In low glucose

conditions, the pH reaches 5 after ~ 4 h. Therefore, the differences in release kinetics

may be attributed to the prolonged degradation of the more highly modified polymeric

nanoparticles.

8 C55NPs 8 C71NPs C 8 C55NPs/C71NPs

7 Gcose7 7

-1-400 mg/dL
6' -m.-100mg/dL 6

5 -D-0 mg/dL 5 5

4. 4- 4

3< 3- 3.

Time (h) Time (h) Time (h)

Figure 2.9. pH curves are similar for different formulations. Effect of glucose concentration on pH over time
for (a) C55NPs, (b) C71NPs, or (c) a mixture of C55NPs and C71NPs incubated in phosphate buffered
saline (pH 7.4) at 37 °C with agitation.

At a lower concentration of NPs (10 mg/mL), there is a greater distinction in the

onset of insulin release across a range of glucose concentrations (Figure 2.10a).
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Furthermore, insulin is released in < 1 h when NPs are first preincubated in physiological

glucose conditions before being exposed to elevated glucose (Figure 2.1Ob).
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Figure 2.10. Protein release kinetics are altered by lowering concentration of NPs. Total protein release (a)
for a range of glucose concentrations and (b) upon increasing the concentration of glucose after a 2 hour
incubation (b) for a mixture of C55NPs and C71NPs at a concentration of 10 mg NP/mL.
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2.4 Activity and Biocompatibility

After analyzing the release kinetics in response to varying glucose concentrations,

we then confirmed that the released insulin retains its structure and function. Insulin-

encapsulated C55NPs were incubated at 37 0C with agitation in buffer containing trypsin

(0.025%) for 24 h. Circular dichroism (CD) spectra of the released insulin shows excellent

agreement with that of fresh insulin (Figure 2.11a), confirming its protection from

proteolytic degradation and retention of its characteristic alpha helix structure. To show

that insulin remains bioactive after formulation and release, a cell-based assay was

performed to quantify the amount of AKT phosphorylation caused by the activation of the

insulin receptor (see methods). The resultant dose-response curves (Figure A.2-2) were

used to calculate the EC5o of the sample. No significant differences in activity are

observed between fresh insulin and insulin that has been incubated in NPs up to 24 h

(Figure 2.11b). These results suggest that insulin is unaltered during NP processing,

incubation, and release. Furthermore, NP components show minimal toxicity to these

cells at the concentrations tested.
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Figure 2.11. Insulin structure and function are retained after formulation and release. a) Circular dichroism
of released insulin after incubating NPs with 0.025% trypsin-EDTA for 24 hours compared to unprocessed
fresh insulin confirming retention of secondary structure. b) ECso determined by AKT phosphorylation of
C2C12 cells exposed to fresh insulin or insulin released from nanoparticles after various incubation times.
Statistical significance is indicated by NS: p > 0.05.
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To further probe cytotoxicity of intact NPs, we performed a hemolysis assay for blood

compatibility (Figure 2.12). Hemolysis of erythrocytes is < 1% for relevant doses of NPs

when compared to PBS (negative control) and 1% Triton X-100 (positive control),

providing further evidence of their biocompatibility.

2.0.
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Zo 0

0

0.5.

0
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12.5 25 50
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Figure 2.12. Hemolysis of erythrocytes is < 1.5% for NP concentrations up to 50 pg/mL. Blood compatibility
of nanoparticles determined by the percent hemolysis upon incubation with nanoparticles at 37 °C for 1 h.
Data represent mean ± standard error of the mean (N = 6).

Before determining the efficacy of the NPs in vivo, we tested whether they remain

at the site of injection after subcutaneous (s.c.) administration in a mouse model. To study

particle migration, we formulated Ac-dex NPs without proteins encapsulating a

fluorescently labeled dextran (AF680). We then s.c. injected these NPs into

immunocompetent, hairless, albino SKH1E mice and quantified their fluorescence over

time using an in vivo imaging system (IVIS; Figure 2.13a). Since these NPs do not contain

the glucose-sensing enzyme, they are not expected to rapidly degrade and release their

cargo, and the decrease in fluorescence can largely be attributed to particle migration.

On Day 3, the total fluorescence is on average 76.5% that of Day 1, suggesting limited

particle migration away from the site of injection during the time of therapeutic effect

(Figure 2.13b).
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Figure 2.13. NPs experience limited migration away from the injection site over therapeutically relevant

timescales. a) In vivo fluorescent images of Ac-dex NPs (- Enzymes, - Insulin) containing AF680-dextran

(10 kDa) subcutaneously injected in mice at a total nanoparticle dose of 8 mg/kg. b) Quantification of total

flux of fluorescence in (a). Data is normalized to background fluorescence of control mouse and represents

mean ± standard deviation; N = 4.

To determine if the persistence of NPs causes an inflammatory response with long-

term effects, 5 mm sections of mouse skin were biopsied 1, 7, and 28 days following

injection of empty NPs or a saline control and processed for histological analysis (Figure

2.14). The presence of neutrophils in the resulting H&E stained histological images

indicated that 4/5 mice exhibited an inflammatory response 1 day after NP injection. After

1 week 2/5 mice had few macrophages present, and after 1 month there were no signs

of inflammation in any of the 5 mice. These results are consistent with previous reports

of in vivo biocompatibility of Ac-dex162 and suggest that Ac-dex NPs do not cause a severe

or prolonged inflammatory response when s.c. injected in mice.
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2.5 In Vivo Glycemic Control

To evaluate the ability of the nanoparticles to provide glucose-responsive glycemic

control in vivo, we employed both streptozotocin (STZ)-induced type 1 diabetic mouse

and healthy mouse models. Fasted diabetic mice were subcutaneously injected with a

dose of 3 lU/kg naked insulin, a co-formulation of C55NPs and C71NPs at an insulin dose

of 14.4 IU/kg (0.5 mg/kg), or a co-formulation of empty NPs, and their blood glucose (BG)

levels were monitored over time (Figure 2.15a).
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Figure 2.15. Doses between 5 and 14 lU/kg insulin in co-formulated Ac-dex NPs achieve effective glycemic
control in diabetic mice with limited risk of hypoglycemia in healthy mice. a) Blood glucose levels of
streptozotocin-induced type 1 diabetic mice following administration of empty NPs, 3 lU/kg naked insulin,
or 14.4 lU/kg insulin in Ac-dex NPs. Arrows represent intraperitoneal glucose tolerance tests (GTTs, 1.5
g/kg) every 3 h. b) Area under the curve for the first 9 hours of (a) in addition to doses of 3, 5, and 9 lU/kg
NPs. c) Blood glucose levels of healthy mice following administration of empty NPs, 3 lU/kg naked insulin,
or 14.4 lU/kg insulin in Ac-dex NPs. d) The hypoglycemic effect calculated as the area above the curve of
(c) for the first 2.5 h in addition to doses of 5, 9, and 25 lU/kg NPs. Data represent mean ± standard deviation
(a,c) or standard error of the mean (b,d). Statistical significance is indicated by **p < 0.01, ***p < 0.001,
****p < 0.0001.
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The BGs of the 14.4 IU/kg NPs group were reduced at virtually the same rate as those in

the naked insulin group, indicating a rapid onset of insulin release in elevated glucose

conditions in vivo. To test if this initial reduction in BG levels was due to nonspecific burst

release, NPs were incubated for an hour in vitro and transferred to fresh buffer prior to

injection (Figure A.2-3a). The resultant BG profile and area under the curve (AUC) of the

pre-incubated NPs was similar to that of directly injected NPs (Figure A.2-3b), suggesting

that this initial rapid release is specific to the in vivo environment.

Diabetic mice were administered an intraperitoneal glucose tolerance test (GTT,

1.5 g/kg) after 3 h to test the efficacy of the NPs in responding to a glucose challenge

(Figure 2.15a). The mice receiving 3 IU/kg naked insulin returned to their initial

hyperglycemic state directly following the GTT. In contrast, the NP group successfully

regained glycemic control after an initial spike in BG levels and maintained BGs in the

normoglycemic range (70 - 200 mg/dL) following 4 additional GTTs, thus providing 16 h

of glycemic control with a single dose. The mice returned hyperglycemic 2 d post-

injection, indicating the potential of NPs as a once-daily treatment (Figure A.2-4). The

AUCs following 9 h and 2 GTTs show that NP doses of 5, 9, or 14.4 IU/kg insulin provide

significantly enhanced glycemic control compared to 3 IU/kg naked insulin (Figure 2.15b,

A.2-5).

NPs were next s.c. administered to healthy mice to determine their in vivo

response to normoglycemic conditions (Figure 2.15c). While mice receiving 3 IU/kg naked

insulin experienced hypoglycemia, defined as having an average blood sugar

concentration less than 70 mg/dL, the NP group, receiving almost 5 times the dose of

insulin, remained in the normoglycemic range. The area above the curve (AAC) and
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below the initial BG value for the first 2.5 h is used to quantify the hypoglycemic effect.

With this metric, NP doses of 5, 9, or 14.4 IU/kg insulin provide significantly reduced risk

of a hypoglycemic event compared to 3 IU/kg naked insulin (Figure 2.15d, A.2-6). Thus,

doses between 5 and 14.4 IU/kg NPs enhance glycemic control in diabetic mice and

reduce the hypoglycemic effect in healthy mice compared to a single dose of 3 IU/kg

naked insulin.

Since healthy mice have lower fasting BG levels than diabetic mice, they may

initially experience hypoglycemia more rapidly. However, they may also respond to the

insulin more rapidly by secreting counterregulatory hormones such as glucagon.

Therefore, we also examined the potential for hypoglycemia in a diabetic mouse model.

Mice receiving 9 IU/kg NPs were divided into 3 groups and administered i) a 1.5 g/kg GTT

at 3 h and a 2 g/kg GTT at 6 h, ii) a 2 g/kg GTT at 6 h alone, or iii) no GTTs over the 8 h

study (Figure 2.16a). Different GTT doses were given to represent variability in glucose

intake throughout the day. AUCs for groups (ii) and (iii) were not significantly different

than that of group (i) (Figure 2.16b), and the average BGs of each group remained above

70 mg/dL for the duration of the study. These results indicate that a dose of 9 IU/kg NPs

is able to attain tight glycemic control despite small differences in glucose intake and

poses limited risk of hypoglycemia under these conditions in diabetic mice.
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Figure 2.16. NPs provide similar blood glucose profiles with 0, 1, or 2 glucose tolerance tests. a) Blood
glucose levels of diabetic mice following administration of 9 lU/kg NPs with 0, 1 (1.5 g/kg at 3 h), or 2 GTTs
(1.5 g/kg at 3 h, 2 g/kg at 6 h). b) Area under the curve for (a). Shaded regions and error bars represent
standard error of the mean. Statistical significance is indicated by NS: p > 0.05 in comparison to 0 GTT.

To distinguish between glucose-responsive and non-responsive insulin release,

fasted diabetic mice were administered nanoparticles containing enzymes and insulin

(NPs), nanoparticles without enzymes (NPs (- Enzymes)), or nanoparticles without

insulin (NPs (- Insulin)). While the in vitro data suggest NPs will be glucose-responsive

in vivo, NPs(- Enzymes) are expected to slowly release insulin over time, representing

basal insulin delivery. Following a 3 g/kg GTT 2 h post-injection, the average BG of all

groups rises above 400 mg/dL within 30 min. After 30 min at this elevated BG level, the

NP group reduces the BGs over the next 2 h and is the only group with an average BG in

the normoglycemic range at the end of the 5 h study (Figure 2.17a).

54



-41-NPS
-O- NPs (-Enzymues)
-O-NPs (Insulin)

0 1 2 3 4
lime (h)

0

21 I

a

"Ps W ay te 6. 1 nA

C
700-

-J 600

t500

0)400

300

d

X

0

VC

-40-NPs
-*-- Long-acting Insulin
-- *-Naked Insulin

01 2 3 i 6 i i9

Time(h)

20 NPs
1 8 Long-acting Insulin

1 Naked Insulin

14

1.2-

10 *

0.8-

0.6-

0 - 3 h 3-6h

Time Interval

Figure 2.17. Glucose-responsive NPs enhance glycemic control relative to constituent components and
free long-acting or native insulin. a) Response of diabetic mice to a GTT (3 g/kg) following injection of 9
IU/kg NPs, 9 IU/kg NPs(- Enzymes), or an equivalent dose of NPs(- Insulin). b) Area under the curve for
(a). c) Blood glucose levels of diabetic mice following administration of 5 IU/kg NPs, long-acting insulin, or
naked insulin with GTTs at 3 h and 6 h (1.5 g/kg). d) Area under the curve for (c) by 3 h time interval.
Shaded regions and error bars represent standard error of the mean. Statistical significance is indicated by
*p < 0.05, **p < 0.01, ***p < 0.001, ****p s 0.0001 in comparison to NPs (blue bar).

These kinetics are slightly delayed compared to the rapid initial BG reduction which may

have resulted from a larger release of insulin upon initial exposure to high glucose

concentrations. Nevertheless, the NPs begin to reduce the BG levels 1 h after bolus

glucose administration and are ultimately able to regain glycemic control. These results

suggest that all components of the nanoparticle are necessary to produce consistent

glycemic control with significantly reduced AUCs (Figure 2.17b).

To further probe the difference between basal and glucose-responsive insulin, we

next evaluated the BG levels of diabetic mice in response to equivalent doses (5 lU/kg)

of NPs, a long-acting acylated analog of insulin (commercially known as insulin
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detemir), 16 3-164 and naked insulin (Figure 2.17c). Compared to NPs, naked insulin initially

reduces BGs more rapidly at this dose, as shown by a significantly decreased AUC for

the first 3 h following administration (Figure 2.17d). However, the NP group is the only

group with average BGs < 200 mg/dL following either of the 1.5 g/kg GTTs at 3 h and 6

h (Figure 2.17c). Moreover, for the time interval between 6 - 9 h, the long-acting insulin

and naked insulin groups both have significantly higher AUCs than the NP group (Figure

2.17d). Therefore, for the same dose of insulin (5 lU/kg), glucose-responsive NPs provide

better extended glycemic control compared to long-acting basal or naked insulin

treatments.
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2.6 Glucose-Responsive Insulin Release in Vivo

To provide direct evidence of the translation of glucose-responsive delivery in vivo,

we conducted time course measurements of serum human insulin concentrations in

healthy and diabetic mice. Healthy mice receiving NPs (- Enzymes) or NPs experienced

similar low levels of serum insulin (< 20 plU/mL) after 1 h (Figure 2.18a). This result

corroborates our findings that the NPs do not experience a large glucose-independent

burst release of insulin.
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Figure 2.18. Co-formulated Ac-dex NPs show glucose-responsive insulin release in vivo. a) Human serum
insulin levels of healthy mice 1 h after administration or 2 h after administration with a GTT after 1 h (3
g/kg). b) Human serum insulin of diabetic mice following injection of NPs with a GTT at 6 hours (2 g/kg). c)
Human serum insulin of healthy mice (1 h post-GTT) or diabetic mice (1 h post-administration) receiving
NPs(- Enzymes) or NPs. Data represent mean ± standard error of the mean (a,c) or standard deviation (b).
Statistical significance is indicated by **p < 0.01.

At the 1 h time point, the mice were administered a GTT (3 g/kg), and the serum insulin

concentration was measured after an additional hour (2 h total). Mice injected with NPs

(- Enzymes) and mice that did not receive a GTT (NPs (- GTT)) had similar serum insulin

levels at the 1 and 2 h time points. Conversely, there was > 3-fold increase in the amount

of serum insulin in the NPs group after the GTT. These results indicate that there is limited

basal insulin release with a spike in release in response to glucose and both enzymes

and elevated glucose concentrations are required for enhanced insulin release in vivo.

Serum insulin of mice injected with NPs (- Insulin) were mostly below the range of
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detection both before and after the GTT, confirming that mouse insulin shows minimal

cross reactivity with the human insulin ELISA (ALPCO) used for analysis (Figure A.2-7).

Human insulin in diabetic mouse serum was monitored over time to quantify

glucose-responsive insulin release in a diseased state. Serum insulin levels reach a

maximum 1 h after injection, followed by low levels of basal serum insulin until the

concentrations modestly increase immediately after a GTT at 6 h (Figure 2.18b). The

relative heights of these peaks suggest that insulin release is greatest upon first exposure

of the NPs to glucose, consistent with the BG reduction rates from Figure 4. Mice

receiving NPs (- Enzymes) had low serum insulin concentrations for the duration of the

study with no significant increase after the GTT (Figure A.2-8a). Serum insulin

concentrations are comparable in diabetic mice and healthy mice following the initial

exposure of the NPs to elevated glucose levels, whether after administration or a glucose

injection (Figure 2.18c). In both cases, serum insulin concentrations are significantly

higher in the NPs group compared to the NPs (- Enzymes) group (Figure 2.18c, A.2-8b).

These results support the conclusion that both enzymes and hyperglycemia are required

for enhanced insulin release in vivo.
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2.7 Discussion and Conclusions

Insulin adherence of Type 2 diabetic patients is low, 165 -166 with at least 35% of

patients reporting dosing omission or irregularities.167-168 Inflexibility of scheduled insulin

doses as well as interference with daily activities are commonly cited as contributing

factors of non-adherence to prescribed insulin regimens. 168-1 70 A once-daily insulin

injection with some flexibility of timing and dose is expected to increase patient adherence

and improve quality of life of diabetic patients 14 Furthermore, glucose-responsive insulin

may have the additional therapeutic benefits of improved glycemic control by smoothing

out the peaks and valleys associated with multiple self-administered doses of insulin and

reduced risk of hypoglycemia corresponding to fewer visits to the emergency

department 171

In order for a glucose-responsive delivery system to be effective, the kinetics must

be rapid to quickly counteract a spike in blood sugar Here, we report an example of fine

tuning insulin release kinetics from polymeric NPs in response to glucose by controlling

the extent of polymer modification We expect this approach to aid in the development of

future glucose-responsive insulin delivery systems based on GOx Most commercial

implantable continuous glucose monitoring systems employ GOx as a sensor 172-173 A

limitation of using GOx and catalase in an injectable delivery system, however, is their

potential toxicity and immune response from repeated administrations Therefore, to

make steps toward the translation of GOx-based glucose-responsive insulin delivery,

methods of physically isolating the enzymes or chemically shielding them from the

immune system should be further investigated
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In summary, we have developed a co-formulation of rapid-release (55% cyclic

modifications) and prolonged-release (71% cyclic modifications) acetalated-dextran

nanoparticles encapsulating insulin and enzymes that enhances glucose-responsive

delivery Glucose-responsiveness is directly evidenced in vivo with an increase in serum

insulin following a glucose challenge in both healthy and diabetic mice (Figure 2 18) A

main advantage of these co-formulated NPs is their ability to reduce elevated blood

glucose levels in a diabetic mouse model on a timescale comparable to that of naked

insulin and provide sustained delivery to afford 16 h of glycemic control after 5 simulated

meals In addition to providing enhanced glycemic control relative to free insulin when

comparing the same dose of 5 lU/kg, co-formulated NPs also reduce the risk of

hypoglycemia Thus, the development and characterization of these co-formulated,

glucose-responsive nanoparticles marks an important step in the advancement of self-

regulated insulin delivery
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2.8 Materials and Methods

Materials/reagents. All chemicals were obtained from Sigma-Aldrich (St Louis,

MO) and cell culture reagents from Life Technologies (Carlsbad, CA) unless otherwise

noted. Recombinant human insulin (GibcoTM) was purchased from ThermoFisher

Scientific (Waltham, MA) AlphaLISA SureFire ULTRA kits were purchased from Perkin-

Elmer (Waltham, MA) to quantify AKT phosphorylation, and an insulin ELISA kit was

purchased from ALPCO (Salem, NH) to measure serum insulin

Synthesis of acetalated dextran Dextran (1 g, MW = 9 - 11 kDa) and pyridinium

p-toluenesulfonate (0.0617 mmol) were added to a round-bottom flask and purged with

nitrogen Anhydrous DMSO (10 mL) was subsequently added under nitrogen After

complete dissolution of the dextran, 2- methoxypropene (37 mmol) was added to start the

reaction The reaction was quenched with Et3N after various predetermined reaction

times (10, 20, 30, 60 min) The product was precipitated and washed with pH 8 water

three times and collected by centrifugation (10 min, 8000 rcf, Avanti JXN-26, Beckman

Coulter) The product (Ac-dex) then was lyophilized for two days to yield a white powder

NMR functionalization analysis. Ac-dex (5 mg/mL) was hydrolyzed in D20

containing DCI (10 mM) for 2 h The samples were analyzed with a 500 MHz 1H NMR

(Varian). Cyclic and acyclic acetal content was measured by quantifying the amount of

acetone and methanol produced by the hydrolysis of Ac-dex and normalizing by the

protons on the anameric carbon of the glucose ring

Nanoparticle synthesis Empty Ac-dex nanoparticles were prepared with a single-

emulsion, solvent evaporation technique. Briefly, Ac-dex was dissolved in

dichloromethane (DCM, 40 mg/mL) and added to a 3% poly(vinyl alcohol) (PVA) in PBS

61



solution This two-phase mixture was sonicated for 90 s (Q-500, QSonica, 65%

amplitude) with 1 s pulse and immediately poured into a 0 3% PVA solution. After stirring

for 2 h, the mixture was centrifuged (15 min, 8000 rcf, Avanti JXN-26, Beckman Coulter)

and washed twice with basic water (pH 8) before lyophilization. To form protein

encapsulated nanoparticles, insulin was dissolved in carbonate buffer (pH 9.5, 100

mg/mL) with or without GOx (168.1 units/mg, 15 mg/mL) and catalase (220,000 units/mg,

2 mg/mL) and added to DCM containing Ac-dex (40 mg/mL). The mixture was sonicated,

added to a 3% PVA solution, and sonicated a second time to form a double emulsion,

which was processed in the same manner as the single-emulsion nanoparticles

Acetalated-dextran degradation analysis Empty Ac-dex nanoparticles were

suspended in triplicate in acetate buffer (pH 4 7) or in PBS (pH 7.4) at 5 mg/mL and

incubated at 37 °C on a shaker plate. At indicated time points, aliquots were withdrawn

and centrifuged The supernatants were removed and analyzed with a microplate

bicinchoninic acid assay (BCA, Pierce) according to the manufacturer's protocol using a

dextran standard The absorbance was measured at 562 nm with a plate reader (Infinite

M200, Tecan)

Nanoparticle characterization. Nanoparticles were characterized by dynamic light

scattering (DLS, Zetasizer Nano ZS, Malvern Instruments) and cryo-transmission

electron microscopy (TEM, JEOL 2100F) Lyophilized nanoparticles were suspended in

ultrapure water and filtered through 0 8 pm membrane filters before analysis by DLS or

cryo-TEM To determine degradation kinetics, nanoparticles were suspended in acetate

buffer, incubated in a 37 0C shaker, and analyzed at various time points (0, 15, 30, 45, 60

min).
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Loading capacity. The loading capacities of protein were determined by degrading

a known mass of nanoparticles in a solution of PBS + acetic acid (pH 2) and measuring

protein content Insulin was quantified by high performance liquid chromatography

(HPLC, Agilent 1100 Series) with an Atlantis@ T3 column (5 pm, Waters) The activity of

GOx was measured using an Amplex@ Red Glucose/Glucose Oxidase Assay Kit (Life

Technologies)

In vitro insulin release Nanoparticles containing insulin (5 mg/mL) or insulin and

enzymes (10 mg/mL or 20 mg/mL) were suspended in triplicate in PBS alone or with the

addition of 100 mg/dL or 400 mg/dL glucose and incubated at 37 0C with agitation At

indicated time points, aliquots were withdrawn and centrifuged. The supernatants were

removed and protein content was analyzed with a Coomassie Plus protein assay (Pierce)

according to the manufacturer's protocol

Insulin structure. Secondary structural motifs were elucidated using high-

performance circular dichroism (CD) Nanoparticles containing insulin (2 5 mg/mL) were

incubated in a 1.10 solution of 0 25% Trypsin-EDTA-PBS at 37 °C with agitation After 24

h, the nanoparticles were washed thrice to remove the trypsin and degraded with HCI (pH

2) NaOH was used to return the pH to 7.4. This sample and fresh recombinant human

insulin (200 pg/mL) were analyzed with a high-performance CD spectrometer (J-1500,

JASCO Inc ) using a 0.1 cm pathlength cell.

In vitro activity. The in vitro activity of released insulin was determined with a

cellular AKT assay To prepare for the AKT assay, C2C12 cells (American Type Culture

Collection) were cultured in Dulbecco's modified Eagle medium (DMEM) containing L-
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glutamine, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate supplemented with 10%

fetal bovine serum and 1% penicillin-streptomycin Cells were seeded and incubated in

96-well plates at a density of 5,000 cells per well After 24 h, the cells were washed twice

with serum-free DMEM and incubated for 4 h. The media was then removed, and the

cells were stimulated with insulin samples or controls for 30 min. The cells were then

washed twice with cold Tris-buffered saline and lysed with cold Lysis Buffer (Perkin-

Elmer) for 10 min Concentrations of pAKT 1/2/3 (Ser473) and total AKT 1 in the cell

lysates were determined with AlphaLISA SureFire ULTRA kits (Perkin-Elmer) according

to the manufacturer's instructions Data were analyzed using GraphPad Prism 6.0 and fit

to four parameter dose-response curves to determine the EC5o of each insulin sample

Blood compatibility. All animal protocols were approved by the MIT Committee on

Animal Care, and animals were cared for under supervision of MIT's Division of

Comparative Medicine Blood was collected from healthy 8-week-old male C57BL/6 mice

(Jackson Labs) in EDTA-coated centrifugation tubes. The serum fraction was separated

and removed upon centrifugation (5 min, 500 rcf) and replaced with an equal volume of

PBS This step was repeated twice, and the final suspension was diluted 1 50 in PBS 10

pL of sample and 190 pL diluted red blood cells were added to a 96-well plate using PBS

as a negative control and 20%Triton X-100 as a positive control The plate was incubated

for 1 h at 37 C and then centrifuged for 5 min at 500 rcf The absorbance of the

supernatant was measured at 540 nm, and the % hemolysis was calculated by

normalizing the PBS samples to 0% and the Triton X-100 samples to 100% hemolysis

In vivo imaging studies. For in vivo imaging, 8-week-old male SKH1E mice were

fed an alfalfa-free diet (AIN-76A, Bio-Serv) for 1 week leading up to the study to limit
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background fluorescence Mice were anesthetized using inhaled isoflurane and imaged

with an IVIS Spectrum in vivo imaging system with a heated chamber containing inhaled

isoflurane Nanoparticles containing dextran (10 kDa) conjugated with AlexaFluor680

were prepared and injected subcutaneously into the lateral flank of mice at a total

nanoparticle dose of 8 mg/kg Images were acquired using filter sets of 640/760, medium

binning, an F-stop of 1, and an exposure time of 1 s Living Image software was used to

analyze the fluorescence efficiency and total flux of the images.

Histology. At 1, 7, and 28 days following administration, animals were euthanized,

and skin sections surrounding the injection site were biopsied with a 5 mm biopsy punch

The tissue was fixed in 10% formalin overnight at room temperature After fixation, the

tissue was washed with 70% ethanol and processed for histological analysis and H&E

staining A pathologist was consulted in analysis of the samples.

In vivo glycemic control studies. The safety and efficacy of Ac-dex nanoparticles

were evaluated using healthy and diabetic C57BL/6 mice (Jackson Labs) To induce

diabetes, adult male mice were injected with a single dose of 150 mg/kg streptozotocin

Groups of at least 4 mice were fasted for 12 h and subcutaneously injected with

nanoparticles, long-acting insulin, or naked insulin. Their blood glucose levels were

monitored every 30 min following injection with Clarity BG1000 Blood Glucose Meters

Glucose tolerance tests were performed by administering 1.5 - 3 g/kg glucose to the mice

intraperitoneally To measure serum insulin concentration, blood was collected by

terminal cardiac punctures into serum gel microtubes (BD SST TM Microtainer) After

centrifugation (5 min, 7000 rcf), serum was collected and analyzed immediately using an

insulin ELISA kit (ALPCO) according to the manufacturer's instructions
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Statistical analysis Data are expressed as mean ± standard deviation, unless

otherwise indicated, and N = 4 - 6 randomly assigned mice per time point and per group

These sample sizes where chosen based on statistical power analysis and previous

literature Data were analyzed for statistical significance by unpaired, two-tailed Student's

t-tests.
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Chapter 3: Microgel-Encapsulated Nanoparticles for Glucose-

Responsive Insulin Delivery

The work presented in this chapter is in preparation for publication

L R Volpatti, A L Facklam, A B Cortinas, M Hill, M A Matranga, R Langer, D G Anderson, Microgel
encapsulated nanoparticles for glucose-responsive insulin delivery In preparation
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3.1 Introduction

Microgels are a versatile class of biomaterials that have been used extensively in

applications of drug delivery, 174 tissue engineering, 175-176 and cell therapy. 177 They have

similar molecular properties as their bulk hydrogel counterparts in addition to being

injectable and modular with decreased diffusion distances for drug release or nutrient

exchange. Alginate is commonly used to form microgels for biomedical applications due

to its inherent biocompatibility and natural availability. Furthermore, alginate readily forms

porous hydrogels via crosslinking with divalent cations, including calcium and barium. 178

To extend the functional lifetime of glucose-responsive insulin delivery systems,

we can encapsulate nanoparticles into porous alginate microgels (Figure 3.1). The

microgels allow for the preconcentration of the Ac-dex nanoparticles discussed in Chapter

2 and serve as a long-term subcutaneous depot of glucose-responsive insulin in vivo. By

combining the large surface area of Ac-dex nanoparticles with the stable porous network

of microgels, we create a fast responding system that achieves prolonged normoglycemia

for over three weeks with two doses in diabetic mice. Additionally, these microgels further

limit the hypoglycemic effect associated with large doses of insulin needed for long-term

release.

insulin*[glucose] t •. •

[H+] t • . •

glucose oxidase

Figure 3.1. Schematic of microgel encapsulation and glucose-responsive insulin release from acid-
degradable Ac-dex nanoparticles.
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3.2 Encapsulation of NPs in Alginate Microgels

To encapsulate the NPs, we combine them with 1.4 wt% alginate in saline and use

a custom-designed electro-spray system to form microdroplets (see methods), which are

rapidly crosslinked in a divalent cation gelation bath. Due to the opacity of the NPs, the

nanoparticle-encapsulated microgels ("microgels") do not allow light to pass through and

appear dark in bright field microscopy images (Figure 3.2a). Upon the addition of glucose,

the NPs are degraded, leaving the translucent alginate microgel shell (Figure 3.2b).

Figure 3.2. Ac-dextran nanoparticles can be encapsulated and degraded in alginate microgels. a) Bright
field microscopy image of nanoparticle-encapsulated alginate microgels. b) Alginate microgels in (a) upon
exposure to 400 mg/dL glucose for 24 h, showing the degradation of the nanoparticles.

Bright field images of a sample of > 2500 Ca2+-crosslinked microgels formed from

the electro-spray process were analyzed using lmageJ software (Figure 3.3a, A.3-1).

Automatic thresholding was used to convert the bright field images into 8-bit binary

images, and watershed was used to separate nearby microgels (Figure 3.3b, A.3-1). The

diameter of the particles was then estimated by averaging the major and minor axes

microgels with an approximate diameter under 200 or over 600 excluded due to errors in

the watershed process. The measured microgel diameters approximate a Gaussian

distribution with a mean of 415 pm and a standard deviation of 93 pm (Figure 3.3c).
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Figure 3.3. The average diameter of a sample of over 2500 microgels is 415 pm. a) Representative bright
field image of microgels. b) 8-bit, processed image from (a). c) Histogram of microgel diameter,
approximating a Gaussian distribution.

To determine the distribution of NPs within the microgels, NPs were synthesized

containing fluorescein isothiocyante (FITC)-labeled insulin and Alexa Fluor 647 (AF647)-

labeled GOx. We then encapsulated these NPs in microgels and imaged them using

confocal microscopy. A maximum intensity projection shows that the proteins are co-

localized and the NPs are evenly distributed throughout the microgels (Figure 3.4).

Additional confocal images of a single z-plane of the microgels show a dark core due to

the low transmittance of light through the densely packed nanoparticles (Figure A.3-2).

Insulin Enzymes Merged

Figure 3.4. NPs are co-localized and evenly distributed throughout microgels. Maximum intensity projection
of confocal microscopy images of microgels containing NPs encapsulated with FITC-insulin and AF647-
GOx; left: 495 nm channel, center: 647 nm channel, right: overlay.
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3.3 Insulin Release Kinetics from Microgels

Since Ba2+-crosslinked alginate microgels and Ca 2+-crosslinked alginate microgels

are known to have differing mechanical properties and porosity,178 both cations were

tested in this study to optimize microgel stability and insulin release kinetics. When Ba 2 +

is used as a crosslinker, there is an additional barrier to diffusion leading to a delay in

acid-mediated insulin release in comparison to free NPs (Figure 3.5a). However, when

the alginate is crosslinked with Ca2
+, the microgels exhibit insulin release kinetics similar

to those of free NPs, with over 80% of insulin released in the first hour (Figure 3.5a).

These results are consistent with previous studies which report a reduced permeability of

Ba2+-crosslinked microgels.17- 179 Both cations yield microgels that are stable under PBS

at pH 7.4 with physiological concentrations of Ca2 + (2 mM), resulting in less than 10% of

insulin being released over the first 11 h (Figure 3.5a).

a b c
-a- Free Nanoparticles

100- 100. 1 0 - irgl

~80.
80--80-

60 -- Free NPs, pH 5 C 6 M 60
0-o- Free NPs, pH 7.4 --

-4- Calcium, pH5 f 4 40
-- Calcium, pH 7.4 C C

20 -- +-Barium, pH5 -: i
S20-0-Barium, pH 7.4 20 -O- Microgels without low 20-

-w- Microgels wth low 0-
0 0. 0-

1246 10 12 0 1 3 ' i 7 i 4

Time (h) Time (h) Time (h)

Figure 3.5. Insulin release from Ca2+-crosslinked alginate microgels is similar to that from free NPs. a)

Insulin release from free NPs, NPs encapsulated in Ca2+-crosslinked microgels, or NPs encapsulated in
Ba2+-crosslinked microgels incubated in either acetate buffer (pH 5) or phosphate buffered saline (PBS, pH

7.4) at 37 0C with agitation. b) Acid-mediated insulin release from NP-encapsulated, Ca2+-crosslinked

microgels incubated in a centrifuge tube with acetate buffer at 37 °C with agitation (black open circles)

compared to microgels in a perifusion system chamber at 37 0C subjected to a flow rate of 10 pL/min

acetate buffer (green solid circles). c) Comparison of glucose-mediated insulin release from free NPs or

NP-encapsulated microgels. NPs (2 mg) or microgels (100 pL) were incubated in a total of 200 pL PBS with

400 mg/dL glucose at 37 0C with agitation.
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To further probe acid-mediated release kinetics from Ca 2+-crosslinked microgels,

we analyzed the release profiles when microgels were subjected to fluid flow. When

microgels are incubated in a perifusion chamber with a flow rate of 10 pL/min acetate

buffer, they exhibit comparable insulin release kinetics as those without any fluid flow

(Figure 3 5b) However, there is a slight delay in the onset of release, possibly due to the

low flow rate and limited mixing occurring in the chamber Next, we used similar release

conditions (10 mg/mL NPs, 50 pL buffer exchange every hour) to compare the glucose-

mediated protein release kinetics from microgels and free NPs Under these conditions

in response to 400 mg/dL glucose, the release profile from Ca 2+-crosslinked microgels

shows excellent agreement to that from free NPs (Figure 3 5c).

Next, FITC-insulin NPs were loaded into microgels, and fluorescent images were

taken at various time points following incubation in PBS with 400 mg/dL glucose to

visualize glucose-mediated insulin release (Figure 3.6a) Fluorescent image

quantification using ImageJ software shows that the fluorescence intensity decreases

over time with the largest decrease occurring after 2 h of incubation (Figure 3 6b) After

3 h, the fluorescence remains approximately constant over the subsequent 2 h until the

end of the study (Figure 3.6b). Microgels were then incubated in PBS alone, PBS

containing 100 mg/dL glucose (normal glucose conditions), or PBS containing 400 mg/dL

glucose (elevated glucose conditions) with complete buffer exchange every 2 h Under

these conditions, the largest increase in protein release in the 400 mg/dL glucose solution

occurs after 4 h of incubation (Figure 3 6c) Less than half of the total protein is released

over a 10 h period under physiological concentrations of glucose, and minimal protein is

released in PBS alone (Figure 3 6c)
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Figure 3.6. Insulin is released from NP-encapsulated microgels in response to elevated glucose
concentrations. a) Fluorescence microscopy images of microgels loaded with FITC-insulin nanoparticles.
At predetermined time points after incubation in PBS containing 400 mg/dL glucose, aliquots of microgels
were rinsed with PBS and imaged. b) Quantification of fluorescence intensity of images from (a) over time.
c) Total protein release from microgels incubated in PBS containing 400, 100, or 0 mg/dL glucose. Every 2
h, insulin content in the supernatant was analyzed and the buffer was replaced.
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3.4 Insulin and NP Stability in Microgels

After probing insulin release kinetics, we analyzed the structure and activity of the

released insulin in vitro. Naked insulin and microgels were incubated at 37 °C with

agitation for 0, 3, or 9 days. At these time points, insulin was released from the microgels

via acid-mediated Ac-dex degradation and analyzed in comparison to naked insulin.

Circular dichroism (CD) was performed to characterize the secondary structure of insulin.

As a protein high in a-helical content, insulin exhibits a CD spectrum with negative bands

at 222 nm and 208 nm. 180-1 81 Prior to incubation, the spectra of both the naked insulin and

the released insulin contain these characteristic bands. However, after 3 days of

incubation, the spectrum of naked insulin begins to lose the band at 222 nm, and by Day

9 it is completely absent (Figure 3.7a). These results are consistent with previous reports

of insulin aggregation or denaturation upon agitation at 37 °C in contact with hydrophobic

surfaces.182-183 The released insulin, on the other hand, retains both its characteristic

bands and its a-helical structure throughout the duration of the experiment (Figure 3.7b).

ab c
-. NS

* -7.0.

DayO 0 DayO0

*Day 3 D0y I~3

Day9 9 y
kji I

* -5.5
* Naked Insulin

Released tom Microgels

200 210 220 20 230 20 200 210 220 2020 250 50 3 9

Wavelength (nm) Wavelength (nm) Incubation Time (days)

Figure 3.7. Insulin in microgels remains stable and active after 9 days of incubation. a) Circular dichroism
spectra of insulin incubated in PBS at 37 °C with agitation for 0, 3, and 9 days, showing the loss of the
negative band at 222 nm. b) Circular dichroism of insulin that has been released from microgels incubated
in PBS at 37 °C with agitation for 0, 3, and 9 days, showing the retention of its secondary structure. c) ECso
determined by AKT phosphorylation of C2C12 cells exposed to naked insulin or insulin released from
microgels after 0, 3, or 9 days of incubation. Statistical significance is indicated by *p < 0.05, ****p < 0.0001;
NS: p > 0.05.
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To determine if the retention of its secondary structure results in enhanced insulin

activity, we performed a cell-based insulin receptor assay (see methods) By quantifying

the extent of AKT phosphorylation resulting from the dose-dependent binding of insulin

to its receptor, we can determine an EC5O of the protein After 3 and 9 days of incubation,

the released insulin is significantly more potent than naked insulin due to the ability of the

microgels to stabilize the protein and protect it from aggregation or denaturation (Figure

3 7c) These results also suggest that processing, encapsulating, and releasing insulin

do not adversely affect its structure or activity Moreover, the nanoparticles and microgels

stabilize the insulin for over a week in vitro, suggesting that they may have potential to

act as long-term depots of insulin in vivo

We next tested the ability of the microgels to stabilize the NPs and enhance their

retention at the site of injection for sustained release of insulin We encapsulated AF680-

dextran into NPs, loaded them into microgels, and injected microgels or free NPs

subcutaneously (s c) into immunocompetent, hairless, albino SKH1E mice (N = 4). The

fifth mouse in each group received an injection of either empty microgels or empty NPs

and was used to normalize the fluorescence values The mice were monitored over 4

weeks with an in vivo imaging system (IVIS) to track the fluorescence at the injection site

(Figure 3 8, A 3-3) The initial fluorescence of the microgels is significantly lower than that

of the free NPs, possibly due to the increased proximity of NPs and shielding of the

fluorophore (Figure 3.8a) Both microgels and NPs exhibit peak fluorescence one week

post-administration as the Ac-dex degrades and exposes the AF680-dextran (Figure

3 8b) Both groups subsequently experience a decrease in fluorescence when the AF680-

dextran diffuses away or is cleared from the site of injection At Days 21 and 28, the
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fluorescence of the NPs encapsulated in microgels is significantly higher than that of the

free NPs.
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Figure 3.8. Microgels remain at the site of injection in healthy mice longer than free NPs. a) In vivo
fluorescent images of NP-encapsulated microgels or free NPs containing AF680-dextran (10 kDa)
subcutaneously injected in mice at a dose of 35 mg NP/kg. b) Quantification of total flux of fluorescence in
(a). Data represent mean ± standard deviation, normalized to background fluorescence of a control mouse.
Statistical significance is indicated by *p < 0.05.
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3.5 In Vivo Glucose-Responsive Insulin Delivery

To determine whether the microgels offer enhanced protection from hypoglycemia

in vivo, we monitored the blood glucose (BG) levels of fasted, healthy C57BL/6 mice

following s.c. administration of microgels, free insulin, or an empty microgel control. Mice

receiving microgels at an insulin dose of 60 IU/kg remained normoglycemic (70 mg/dL <

BG < 200 mg/dL) for the 8.5 h period, suggesting there is minimal leakage of insulin at

this dose under normal glucose conditions (Figure 3.9a). Conversely, the 3 IU/kg dose of

free insulin causes the mice to experience hypoglycemia within the first hour with BG

levels below 70 mg/dL (Figure 3.9a).

a b c
200 -- Empty Microgels -220. *** ** * NS 200.

-a-60 IU/kg Microgels 0200.0 :
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Figure 3.9. Microgels reduce the hypoglycemic effect of insulin in healthy mice. a) Blood glucose levels of
healthy mice after administration of empty microgels, nanoparticle-encapsulated microgels at an insulin
dose of 60 IU/kg, or naked insulin at a dose of 3 IU/kg. b) Quantification of treatments in (a) in addition to
doses of 30, 115, and 225 lU/kg using the area above the curve (AAC) for the first 2.5 h to represent the
hypoglycemic effect. c) Fasted blood glucose levels of mice in (a) over two weeks. Data represent mean ±
standard deviation (a,c) or standard error of the mean (b). Statistical significance is indicated by *p < 0.05,
**p < 0.01, *** p < 0.001 in comparison to naked insulin group; NS: p > 0.05.

This hypoglycemic effect is quantified by calculating the area above the curve

(AAC) for the first 2.5 h, capturing the initial reduction in BG levels resulting from insulin

administration. Using this metric, doses of 30, 60, and 115 lU/kg microgels show

significantly lowered BG reduction in a dose escalation study compared to 3 lU/kg free

insulin (Figure 3.9b, A.3-4). A dose of 25 lU/kg free NP was previously reported to have
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a similar hypoglycemic effect to 3 lU/kg free insulin (Figure 2 15d), suggesting that the

microgels protect the NPs from prematurely releasing insulin at high doses The mice

were monitored over the following 2 weeks with average fasted BG levels remaining in

the normoglycemic range (Figure 3 9c)

We next determined the efficacy of microgels in a streptozotocin-induced type 1

diabetic mouse model Fasted mice were subcutaneously injected with microgels, naked

insulin, or an empty microgel control The microgels reduced BG levels at virtually the

same rate as naked insulin over the first hour (Figure 3 10a), suggesting they can serve

as a fast-acting system To test the ability of the microgels to combat an increase in blood

sugar, mice were intraperitoneally administered glucose tolerance tests (GTTs 1 5 g/kg)

every two hours after the first hour While the group receiving naked insulin reverted back

to hyperglycemic after the first GTT, the group with microgels maintained tight glycemic

control for the duration of the study following a total of 4 GTTs and 10 h (Figure 3.1Oa)

To provide more direct evidence of glucose-responsive insulin release in vivo, we

performed pharmacokinetic (PK) studies by quantifying the amount of human insulin in

diabetic mouse serum samples over time for mice receiving microgels with or without the

glucose sensing enzyme The PK profile of the group receiving enzymes exhibits a peak

in insulin release following administration with an additional spike directly after a GTT (3

g/kg, Figure 3.1Ob) The group without enzymes also shows a peak in insulin release after

the first hour, indicative of nonspecific burst release, however, this peak is significantly

reduced in comparison to the group receiving enzymes (Figure 3 1Ob) Furthermore, there

is no increase in insulin release following the GTT, suggesting that enzymes are needed

for glucose-responsiveness
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Figure 3.10. Microgels exhibit short-term glycemic control and glucose-responsive insulin release in
diabetic mice. a) Blood glucose levels of streptozotocin-induced type 1 diabetic mice following
subcutaneous administration of empty microgels, naked insulin, or NP-encapsulated microgels. Arrows
represent intraperitoneal glucose tolerance tests (GTTs, 1.5 g/kg). b) Concentration of human insulin in
diabetic mouse serum following the injection of microgels (with or without enzymes) with a GTT at 3 h (3
g/kg). Data represent mean ± standard deviation (N = 4+). Statistical significance is indicated by *p < 0.05,
**p < 0.01.
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3.6 Long-Term Glycemic Control in Diabetic Mice

To probe the efficacy of the microgels as a sustained insulin depot with prolonged

glycemic control, we administered a GTT (3 g/kg) to fasted mice 5 days following microgel

dosing. The BG response of the treated mice is consistent with that of healthy mice while

mice receiving empty microgels remain diabetic and fail to achieve normoglycemia over

the course of the study (Figure 3.11a). These results are quantified using the area under

the curve (AUC), which shows that there is no significant difference between treated and

healthy mice (Figure 3.11b). Both groups have significantly reduced AUCs compared to

those from the empty microgel group (Figure 3.11b).
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Figure 3.11. Mice receiving microgels respond to a glucose tolerance test similarly to healthy mice. a)
Response of diabetic mice to a GTT (3 g/kg) 5 days following injection of empty or nanoparticle-
encapsulated microgels compared to response of healthy mice. b) Area under the curve for (a). Data
represent mean ± standard deviation (a) or standard error of the mean (b). Statistical significance is
indicated by ****p < 0.0001, NS: p > 0.05.

Finally, we evaluated the long-term efficacy of the microgels by monitoring the BG

levels of the mice for a total of 4 weeks. On Day 2 and 4 post-administration, the BGs of

the microgel-treated group are in the normoglycemic range. On Day 6, the average BG

levels of mice receiving microgels increased to over 300 mg/dL (Figure A.3-5a). The BGs

of the mice receiving microgels without enzymes were significantly greater, with an

average of greater than 450 mg/dL (Figure A.3-5a). At this point, both groups were given
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a second dose of 60 IU/kg. The mice receiving microgels with enzymes remained cured,

with average BGs between 70 and 200 for over two additional weeks, a total of 22 days

with just 2 doses (Figure 3.12a). The group lacking enzymes experienced decreased

glycemic control over the course of the study (Figure A.3-5b), as evidenced by the

significantly elevated area under the BG curve for the first 20 days (Figure 3.12b).

Therefore, the glucose-sensing enzyme provides both enhanced glucose-

responsiveness (Figure 3.1Ob) and enhanced glycemic control (Figure 3.12b) in a diabetic

mouse model.
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Figure 3.12. Microgels provide long-term glycemic control in diabetic mice. a) Blood glucose levels of
diabetic mice following subcutaneous dosing of 60 lU/kg microgels at days 0 and 6 compared to a single
dose of empty microgels or 3 IU/kg naked insulin. b) Area under the curve for the first 20 days of blood
glucose levels comparing mice receiving two doses of microgels with or without enzymes. Data represent
mean ±standard deviation (a) or standard error of the mean (b). Statistical significance is indicated by ***p
<00.001.

83



3.7 Discussion and Conclusions

In summary, by encapsulating glucose-responsive Ac-dex nanoparticles (- 275

nm) into alginate microgels (- 415 pm), we are able to control the kinetics of glucose-

dependent insulin delivery. Nanoparticle release of insulin in response to enzyme-

mediated acid generation was rapid, occurring on the order of minutes in response to

elevated glucose levels The microgels provide protection and localization of the

nanoparticles in the subcutaneous space, affording extended durations of glycemic

control on the order of weeks

To further progress this approach, microgels may be fabricated from degradable

biomatenals, for example from an oxidized derivative of alginate which hydrolytically

degrades in vivo Furthermore, the exogenous enzymes glucose oxidase and catalase

may be altered to prevent potential immunogenicity resulting from their repeated

administration.

Using the model polysaccharide alginate and native enzymes, we show that this

strategy may enhance the safety and efficacy of insulin administrations in healthy and

diabetic mouse models The microgels limit the occurrence of hypoglycemia, retain the

rapid glucose-responsiveness of the nanoparticles as shown by pharmacokinetic studies

and glucose tolerance tests, and maintain glycemic control for over three weeks with two

doses This generalizable strategy of encapsulating stimuli-responsive nanoparticles in

porous microgels can be adapted for use in other systems to provide long-term, self-

regulated drug delivery
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3.8 Materials and Methods

Materials/reagents. All chemicals were obtained from Sigma-Aldrich (St Louis,

MO) and cell culture reagents from Life Technologies (Carlsbad, CA) unless otherwise

noted. Recombinant human insulin (GibcoTM) was purchased from ThermoFisher

Scientific (Waltham, MA) AlphaLISA SureFire ULTRA kits were purchased from Perkin-

Elmer (Waltham, MA) to quantify AKT phosphorylation, and an insulin ELISA kit was

purchased from ALPCO (Salem, NH) to measure serum insulin

Nanoparticle synthesis Ac-dextran nanoparticles were prepared with a double-

emulsion, solvent evaporation technique Briefly, 50 mg insulin was dissolved in 0.5 mL

carbonate buffer (pH 9 5) with or without 11 mg GOx (168 1 units/mg) and 1 5 mg catalase

( 20,000 units/mg) and added to 6 mL dichloromethane containing 240 mg Ac-Dex This

two-phase mixture was sonicated for 90 s (Q-500, QSonica, 65% amplitude) with 1 s

pulse and immediately added to 25 mL 3% poly(vinyl alcohol) (PVA) in PBS solution After

a second round of sonication, the emulsion was added to 150 mL of a 0 3% PVA solution

The mixture was stirred at room temperature for 2 h, centrifuged (15 min, 8000 rcf; Avanti

JXN-26, Beckman Coulter) and washed twice with basic water (pH 8) The resultant

nanoparticles were lyophilized and stored at -20 °C until use.

Microgel synthesis Alginate microgels were fabricated with a custom-designed,

electro-spray system comprised of a vertically mounted syringe pump, a voltage

generator, and a grounded metal collecting dish containing CaC2 (50 mM) or BaCI2 (20

mM) gelling solution Microgels were formed from a 1.4% solution of PRONOVA SLG20

(NovaMatrix, Sandvika, Norway) dissolved in a 20 mg/mL suspension of nanoparticles in

0 9% saline A 25 G 1 5 in blunt needle with a voltage of 7.5 kV and a flow rate of 180
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pL/min were used to generate microgels with an average diameter of 415 pm After

crosslinking, the microgels were washed with saline with 2 mM CaCI2 and stored at 4 0C

until use

Bnght field and fluorescence microscopy Microgels were imaged immediately

prior to and following incubation (400 mg/dL glucose, 37 °C, 24 h) using an EVOS XI

bright field microscope (Advanced Microscopy Group) ImageJ software was used to

measure the diameter of > 2500 microgels from bright field images At predetermined

time points after incubation in PBS containing 2 mM CaCl2 and 400 mg/dL glucose,

aliquots of microgels loaded with insulin conjugated with fluorescein isothiocyanate

(FITC) were rinsed with PBS containing 2 mM CaCl2 and imaged with an EVOS X

fluorescent microscope (Advanced Microscopy Group) ImageJ was used to quantify the

decrease in fluorescence intensity.

Confocal microscopy Microgels were fabricated with nanoparticles containing

FITC-insulin and glucose oxidase and catalase conjugated with Alexa Fluor 647. After

washing the microgels with saline (+2 mM CaCI2) several times, they were transferred to

a black, glass bottom plate and imaged with a confocal microscope (Olympus FV1200)

ImageJ was used to recolor the images and create a maximum intensity projection by

stacking 45 images taken at ~ 10 pm increments

In vitro insuin release. Acid-mediated insulin release from free nanoparticles was

determined by incubating 5 mg/mL nanoparticles without enzymes in PBS (pH 7 4) or

acetate buffer (pH 5) at 37 0C with agitation At indicated time points, aliquots were

withdrawn and centrifuged The supernatants were removed and insulin content was

analyzed with a Coomassie Plus protein assay (Pierce) according to the manufacturer's
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protocol To determine insulin release from microgels, 100 pL of microgels and 400 pL

buffer (PBS or acetate) were incubated at 37 °C with agitation At indicated time points,

100 pL of buffer was exchanged and analyzed with a Coomassie Plus protein assay for

total protein content For glucose-mediated release, 120 pL of suspended microgels with

enzymes and 170 pL of buffer (PBS, 100 mg/dL glucose in PBS, or 400 mg/dL glucose

in PBS) were added to 200 pL centrifuge tubes The tubes were incubated in a 37 °C

shaker, and the buffer was completely exchanged every two hours. The total protein

content of these samples was determined with a Coomassie Plus protein assay

Penfusion insulin release. To determine insulin release under flow conditions,

microgels were inserted into a temperature-controlled (37 °C) perifusion system chamber

(Biorep) Acetate buffer (+ 2 mM CaCl2) was pumped through the chambers at a rate of

10 pL/min, collected into a 96-well plate every 15 min, and analyzed for protein content

Insuhn structure Secondary structure motifs were elucidated using high-

performance circular dichroism (CD). Naked recombinant human insulin and

nanoparticle-encapsulated microgels were incubated in PBS at 37 °C over a period of 9

days At indicated time points, aliquots of naked insulin and microgels were withdrawn

Insulin was released from the microgels following the addition of acid and both naked and

released insulin (200 pg/mL) were analyzed with a high-performance CD spectrometer

(J-1500, JASCO Inc ) over a wavelength range of 200-250 nm using a 0 1 cm pathlength

cell

In vitro activity. The in vitro activity of released insulin was determined with a

cellular AKT assay To prepare for the AKT assay, C2C12 cells (American Type Culture

Collection) were cultured in Dulbecco's modified Eagle medium (DMEM) containing L-
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glutamine, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate supplemented with 10%

fetal bovine serum and 1% penicillin-streptomycin Cells were seeded and incubated in

96-well plates at a density of 5,000 cells per well After 24 h, the cells were washed twice

with serum-free DMEM and incubated for 4 h The media was then removed, and the

cells were stimulated with insulin samples or controls for 30 min The cells were then

washed twice with cold Tris-buffered saline and lysed with cold Lysis Buffer (Perkin-

Elmer) for 10 min. Concentrations of pAKT 1/2/3 (Ser473) and total AKT 1 in the cell

lysates were determined with AlphaLISA SureFire ULTRA kits (Perkin-Elmer) according

to the manufacturer's instructions Data were analyzed using GraphPad Prism 6 0 and fit

to four parameter dose-response curves to determine the EC50 of each insulin sample.

In vivo imaging studies. All animal protocols were approved by the MIT Committee

on Animal Care, and animals were cared for under supervision of MIT's Division of

Comparative Medicine For in vivo imaging, 8-week-old male SKH1E mice (hairless,

immunocompetent) were fed an alfalfa-free diet (AIN-76A, Bio-Serv) for 1 week leading

up to the study to limit background fluorescence Mice were anesthetized using inhaled

isoflurane and imaged with an IVIS Spectrum in vivo imaging system with a heated

chamber containing inhaled isoflurane Alginate microgels were prepared with

nanoparticles containing dextran (10 kDa) conjugated with AlexaFluor 680 Mice were

injected subcutaneously on the lateral flank with microgels or nanoparticles at a dose of

35 mg NP/kg and imaged at several time points using filter sets of 640/760, medium

binning, an F-stop of 1, and an exposure time of 0 5 s Living Image software was used

to analyze the fluorescence efficiency and total flux of the images
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In vivo blood glucose studies. The safety and efficacy of nanoparticle-

encapsulated microgels were evaluated using healthy and diabetic C57BL/6 mice

(Jackson Labs) To induce diabetes, 8-week-old male mice were injected with a single

dose of 150 mg/kg streptozotocin Blood glucose levels were monitored for the following

week, and only mice with blood glucose levels consistently over 400 mg/dL were

considered diabetic. Groups of 5 mice were fasted for 10 h and subcutaneously injected

with microgels, nanoparticles, or naked insulin A ~ 5 pL drop of blood from the tall vain

was used to monitor blood glucose levels every 30 min with Clarity BG1000 Blood

Glucose Meters For long term studies, mice were fasted 10 h prior to measuring their

blood glucose Glucose tolerance tests were performed by administering 1.5 - 3 g/kg

glucose in saline solution to the mice intrapentoneally.

In vivo serum insulin studies To measure serum insulin concentration, blood was

collected by terminal cardiac punctures into serum gel microtubes (BD SST TM

Microtainer) After centrifugation (5 min, 7000 rcf), serum was collected and analyzed

immediately using a human insulin enzyme-linked immunosorbent assay kit (ALPCO)

according to the manufacturer's instructions

Statistical analysis Data are expressed as mean ± standard deviation, and N = 4

- 5 randomly assigned mice per time point and per group These sample sizes where

chosen based on statistical power analysis and previous literature. Data were analyzed

for statistical significance by unpaired, two-tailed Student's t-tests
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Chapter 4: Electrostatic Complexation of Insulin and Polycations as a

Glucose-Responsive Delivery System

The work presented in this chapter is in preparation for publication

L R Volpatti, D M Burns, A Basu, M Hill, M A Matranga, R Langer, D G Anderson, Electrostatic
Complexation of Insulin and Polycations as a Glucose-Responsive Delivery System In preparation
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4.1 Introduction

In addition to the physical encapsulation of drugs inside polymeric nanoparticles,

the therapeutic agent can be covalently attached or electrostatically complexed to the

delivery vehicle to enhance the loading capacity The insulin loading capacity of Ac-Dex

NPs is ~ 5 - 8 wt%, and this percentage further decreases upon encapsulation in alginate

microgels To increase the loading capacity of insulin and reduce the volume of material

required for a single dose, we hypothesized that insulin could be electrostatically

complexed to a polycation Insulin has a pKa around neutral pH it is slightly negatively

charged at pH 7.4 and positively charged in acidic conditions Therefore, we hypothesized

that electrostatic complexes (ECs) of insulin and a polycation would be stable under

physiological pH When the pH of the microenvironment is reduced, for example through

the enzymatic conversion of glucose to gluconic acid, the electrostatic interactions would

be disrupted and insulin would become available to bind to the insulin receptor for blood

sugar reduction (Figure 4 1) As a model polycation, we employ polyethylenimine (PEI)

to determine the potential efficacy of insulin ECs.

An additional benefit of this delivery system is its enhanced stability in response to

normoglycemic conditions due to the buffering capacity of the polycation In normal

glucose concentrations, the polycation acts as a buffer and becomes more highly

protonated to prevent drastic reductions in pH In elevated glucose concentrations, the

generation of gluconic acid can overcome this buffering effect and reduce the pH of the

surrounding environment. This enhanced stability also has the potential to extend the

functional lifetime of the ECs compared to the Ac-Dex NPs.
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pH 7.4

insulin (-)

PEI (+)

insulin (+)

GOx

PEI (+)

Figure 4.1. Schematic of insulin complexation with polyethyleneimine (PEI) and glucose-responsive
release from the resulting electrostatic complex (EC).
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4.2 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were employed to determine the potential of

insulin to electrostatically complex with a polycation. Schrodinger software was used to

perform simulations on the X-ray crystal structure of human insulin (Figure 4.2a) and 6

repeat units of branched PEI (Figure 4.2b). Insulin is comprised of 2 peptide chains, the

21-residue A chain and the 30-residue B chain, which are linked by 2 disulfide bridges

(Figure A.4-1). It has 4 negatively charged glutamic acid residues and a net charge of -2

at physiological pH. Due to interactions with neighboring positively charged residues, 3

of the 4 glutamic acid residues are relatively inaccessible to complex with a polycation.

The free glutamic acid is residue 21 on the B chain (B:GLU 21). Under physiological

conditions, the PEI oligomer used in simulations has a net charge of +6.

a

20

b2
NH2M Na'

N NH

N

H

-"-'-N f NN~tI Na-

N; f

Figure 4.2. Depictions of insulin and polyethyleneimine oligomer. a) Ribbon diagram of insulin secondary
structure. Glutamic acid residues are explicitly shown with neighboring positively charged residues. The
single free glutamic acid (B:GLU 21) is circled. b) 6-mer of branched polyethyleneimine used for molecular
dynamics simulations.
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Within the first several ns of running the simulation, insulin and PEI begin

interacting, and these interactions are maintained through the entire 500 ns simulation

(Figure 4.3). Several of the amines on the PEI backbone interact with insulin for more

than 30% of the simulation time (Figure A.4-2).

Ons 50ns 250ns 500ns

Figure 4.3. Visualization of insulin-PEI interactions over time.

The primary interactions that occur between the protein and polycation are

hydrogen bonding and ionic, with hydrogen bonding accounting for the vast majority of

interactions. Most interactions involve the free glutamic acid B:GLU 21 (Figure 4.4a).

While other residues transiently interact with PEI, B:GLU 21 consistently experiences at

least one contact with the polycation over the course of the simulation (Figure 4.4a).

Additionally, a B chain tyrosine (B:TYR 16, Figure 4.4a) and an A chain glutamic acid

(A:GLU 17, Figure 4.4b) participate in a small number of ionic interactions. The total

number of contacts between insulin and PEI throughout the simulation is typically

between 1 and 5 (Figure 4.4c). The root mean square deviation (RMSD), which measures

conformational changes in the protein that occur over the course of the simulation,

remains within a ~ 3 A range throughout the simulation, indicative of small fluctuations

around a thermal average structure and simulation convergence (Figure 4.4d). Taken

together, these results suggest that the complexation of insulin with PEI is
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thermodynamically favorable under physiological conditions and provides a theoretical

basis for the formation of electrostatic complexes.
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Figure 4.4. The free glutamic acid of insulin continuously interacts with PEI for the duration of the
simulation. Number of interactions (contacts) between PEI and each residue of insulin in the a) B chain and
the b) A chain over the course of the simulation. Residues with more than one contact are represented by
a darker shade of blue, according to the scale at the right. c) Total number of contacts between PEI and
insulin over the course of the simulation. d) Root mean square deviation (RMSD) measuring conformational
changes in the protein over the course of the simulation.
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4.3 Characterization of Electrostatic Complexes

After completing the MD simulations, we synthesized electrostatic complexes

(ECs) through a double emulsion, solvent evaporation method. ECs were formulated with

a 1:1 weight ratio of insulin to PEI and varying initial amounts of GOx (0.63:1, 0.31:1, or

0.16:1 mg GOx:mg PEI). The ECs were then characterized according to their

composition, size, and charge. The concentration of GOx in -the EC was measured

according to an activity assay, which suggests that only a small fraction of the initial GOx

is entrapped in the EC. The final amount of GOx correlates with the starting concentration

with values ranging from ~ 0.2 to ~ 0.9 U/mg EC (Figure 4.5a). The concentration of

insulin in the EC was then measured by high performance liquid chromatography (HPLC).

For all formulations, the amount of insulin in the EC is similar and comprises over 50% of

the mass of the complex (Figure 4.5a).

a b c
16 PonUN 35

500 14 30

zL W 25,

E E ~20.
3Z 400 8C

300 615

00

C0 1~ 0 -
0631 0.31:1 0.16:1 1000 0.9 0.4 0.2 0.0

Weight Ratio of GOx to PEI Size (nm) Formulation (U GOx/mg)

Figure 4.5. Varying the amount of glucose oxidase (GOx) in ECs does not significantly affect insulin
loading, size, or surface charge. a) GOx and insulin content of different formulations of EC according to the
initial GOx concentration. b) Dynamic light scattering of different formulations of EC according to the final
GOx concentration. c) Zeta potential of different formulations of EC according to the final GOx
concentration.

The size of the ECs was then determined by dynamic light scattering (DLS)

intensity measurements. The mean diameters of formulations containing 0.9, 0.4, 0.2,

and 0.0 U GOx/mg EC average to 248.5 nm ± 19.5 nm, and the average polydispersity
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index is 0.26 (Figure 4.5b). Due to the high charge density of the PEI, the ECs have a

corresponding highly positive surface charge. The average zeta potential of the different

EC formulations ranges from +25 to +30 mV, with the lowest average charge

corresponding to the formulation with no GOx (Figure 4.5c). Since the different

formulations have similar insulin content, size, and surface charge, we can attribute

differences in release kinetics to the amount of GOx present in the ECs.
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4.4 Insulin Release Kinetics from Electrostatic Complexes

Next we studied the kinetics of insulin release in response to normal (100 mg/dL)

and elevated (400 mg/dL) glucose concentrations. ECs were incubated in 37 °C with

agitation, and the amount of insulin released at each time point was quantified by HPLC.

After 2 h, there is significantly more insulin release in the high glucose conditions

compared to the low glucose conditions for each of the formulations (Figure 4.6).
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Figure 4.6. Increasing the amount of GOx in the EC results in faster insulin release and corresponding pH
reduction. Insulin release kinetics (a-c) and pH curves (d-f) for EC formulations with varying amounts of
GOx. ECs were incubated at 37 °C with agitation in PBS containing 0, 100, or 400 mg/dL glucose.
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At this point, the formulation with 0.9 U GOx/mg EC has released over 2 and 4 times the

amount of insulin as compared to the 0.4 U and 0.2 U formulations, respectively. The time

it takes for 50% of insulin to be released from each formulation is then linearly interpolated

from the plots as a single measure of release kinetics. The 0.9 U formulation releases

50% of insulin in ~ 2 h while the 0.4 U and 0.2 U release 50% of insulin in ~ 3 and ~ 4 h,

respectively (Figure 4.7a).

To more directly evidence the effect of GOx concentration on insulin release, the

pH of the solution was also measured at each time point. The pH curves support the

insulin release kinetics, with a pH of around 5 resulting in enhanced insulin release (Figure

4.6). The area under the pH curve (AUC) was then calculated as a single measure of pH

reduction. The AUC of the 0.9 U formulation is about 20% reduced compared to the 0.2

U formulation in 400 mg/dL glucose but is comparable for 100 and 0 mg/dL (Figure 4.7b).

Therefore, the 0.9 U formulation allows for faster pH reduction at elevated glucose

concentrations with pH values remaining above 5.5 throughout the study in response to

normoglycemic conditions.

a b
5 50. 0.9 U GOx/mg EC
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Figure 4.7. The time of 50% insulin release and area under the pH curve in elevated glucose conditions is
significantly reduced with 0.9 U GOx/mg EC. a) The time of 50% insulin release in 400 mg/dL glucose for
each formulation. Values are linearly interpolated from the data in Figure 4.6. b) Area under the pH curves
in Figure 4.6 for each formulation and glucose concentration.
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The 0.9 U GOx/mg formulation was then used to probe the potential for changes

in release following changes in glucose concentration. First, we repeatedly alternated

between hyperglycemic and normal glucose levels every hour for 4 cycles, beginning with

an incubation in the high glucose condition (Figure 4.8a). The first two incubations in high

glucose release approximately 3.5 times the amount of insulin that is released in response

to the lower glucose condition. This pulsatile behavior continues, though is slightly

diminished, over the course of the 8 h experiment.
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Figure 4.8. Insulin release rates and pH values repeatedly alternate between high and low according to
glucose concentration. a) The amount of insulin released at each time point for alternating glucose
concentrations starting with 400 mg/mL. b) The pH curves corresponding to (a). c) The amount of insulin
released at each time point for alternating glucose concentrations starting with 100 mg/mL. d) The pH
curves corresponding to (c).

The corresponding changes in pH similarly show a pulsatile pattern that trends downward

over time (Figure 4.8b). The diminished responsiveness is likely caused by the

dissociation of the EC and release of enzyme over time. Importantly, similar pulsatile
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release patterns are also observed when the ECs are first incubated in low glucose

conditions, suggesting that the release is glucose-mediated with limited non-specific burst

release of insulin at early time points (Figure 4.8c,d).

Next, the rate of insulin release was assessed in response to increasing

concentrations of glucose over time. The ECs were first incubated in PBS alone. After 2

hours, glucose was added to the solution at a concentration of 100 mg/dL. Every

subsequent 2 h period, the glucose concentration was doubled. The resulting rates of

insulin release correspondingly increased with increasing glucose concentration (Figure

4.9a). The rate of change in solution pH also increased over time with higher glucose

concentrations (Figure 4.9b). Collectively, the in vitro experiments suggest that the pH

change and subsequent insulin release from ECs is mediated by the concentration of

glucose in the surrounding environment.

a b
S00 3m/dL 4.0 MgML
350 100 mg2dL 3.5 100 mgMLE200 mg/dL _ 200 mML300. 400 mg/dL 3. 400 mgML

250. C 2.

W 200 02.0
150 1.5

100 - 1.0

5E 0.5

E 0.00.0.

S 2 4 6 8 2 4 6 8
Time (h) Time (h)

Figure 4.9. Increasing the concentration of glucose over time results in enhanced insulin release and
changes in pH. a) Cumulative amount of insulin released over time for increasing glucose concentrations.
b) Cumulative changes in pH corresponding to (a).
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4.5 Insulin Stability and In Vivo Activity

Finally, we wanted to confirm that the released insulin retains its structure and

function. To probe the secondary structural motifs, we used circular dichroism (CD).

Insulin released from the ECs on Day 0 and Day 9 retains the negative bands at 208 nm

and 222 nm characteristic of a-helical proteins (Figure 4.10a). These data suggest that

the complexation and de-complexation of insulin do not alter its secondary structure,

supporting the MD simulations. Furthermore, the ECs can stabilize the insulin and prevent

aggregation or denaturation for up to 9 days in vitro, suggesting that they may extend the

shelf-life of insulin.
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Figure 4.10. Insulin retains its structure and bioactivity after release from ECs. a) Circular dichroism of
insulin upon formulation and after 9 days of incubation at 37 °C. b) Blood glucose correction of type 1
diabetic mice receiving a dose of 15 IU/kg insulin in ECs compared to PEI only and healthy mice. Arrows
represent intraperitoneal glucose tolerance tests (1.5 g/kg). Data represent mean ± standard deviation, and
N=5 mice for each group.

To assess the bioactivity of the released insulin, we performed an in vivo study

using streptozotocin-induced Type 1 diabetic mice. After overnight fasting, we injected

the mice subcutaneously with ECs at a dose of 15 lU/kg insulin or PEI alone. The ECs

successfully reduced the blood glucose (BG) levels of the diabetic mice from

hyperglycemic to normoglycemic regimes (Figure 4.10b). Intraperitoneal glucose

tolerance tests (GTTs, 1.5 g/kg) were administered at the 3 and 6 h time points. The
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response of the treated mice to the GTTs was comparable to that of healthy mice. After

a modest rise in BG level, the mice treated with ECs were able to recover and remain in

the normoglycemic range throughout the duration of the study.

104



4.6 Discussion and Conclusions

In summary, we have developed a novel, nanoscale electrostatic complex between

insulin and a polycation that encapsulates GOx These complexes have a high loading

efficiency and are comprised of over 50% insulin by weight, thus limiting the total amount

of material injected in each dose In elevated glucose concentrations, approximately 50%

of encapsulated insulin is released within the first 2 h In normoglycemic conditions, on

the other hand, the polycation buffers the reduction of the environmental pH, allowing for

enhanced stability with less than 30% of insulin released after 18 h of incubation.

Furthermore, the complexation of insulin does not alter its secondary structure or activity

and extends the therapeutic effect of insulin for at least 9 h with one dose

Since PEI and GOx have the potential for toxic side effects, alternate strategies

should be pursued in the future to increase the biocompatibility of this approach For

example, highly positively charged poly(P-amino esters) could be used as a more

biocompatible and biodegradable alternative to PEI Additionally, the PEI-insulin ECs

could be embedded in microneedles made out of a porous hydrogel Since the molecular

weight of insulin is an order of magnitude smaller than either PEI or GOx, the insulin could

diffuse out the matrix, with the polycation and enzymes remaining in the microneedle

when it is removed from the skin Nevertheless, these initial studies demonstrate the

potential for electrostatically-complexed insulin nanoparticles as promising candidates in

glucose-responsive insulin delivery.
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4.7 Materials and Methods

Materials/reagents. All chemicals were obtained from Sigma-Aldrich (St Louis,

MO) and cell culture reagents from Life Technologies (Carlsbad, CA) unless otherwise

noted. Recombinant human insulin (Gibco T M) was purchased from ThermoFisher

Scientific (Waltham, MA)

Molecular modeling. We have chosen 6 repeat units of the polyethyleneimine for

representing the atomistic interactions mimicking the insulin and polymer interaction. All

molecules were drawn, and their three dimensional structures were built using the

Maestro Interface of Schrodinger Suite 2018-1 The constructed polymer was then

subjected to ligprep to assign appropriate ionization states at pH 7.0 Thereafter, the initial

geometries were relaxed by energy minimization of 50,000 steps of steepest descent at

converging gradient of 0.01 kcal/mol, using OPLS2003e force field Simulations were

performed on the X-ray crystal structure of human Insulin (PDB ID 41NS) All the water

molecules in the crystal structure three-dimensional, bond orders were assigned,

hydrogens were added, and insulin was then further subjected to restrained energy

minimization with relatively higher convergence criteria of 0 30 A using Schrodinger's

Protein preparation wizard, using OPLS-2003e force field

Molecular dynamics studies. The optimized structures of Insulin and polymer were

placed at a random position ~ 10 A apart from each other. Each- system was then

subjected to molecular dynamics simulations as follows. MD simulations were carried out

using the Desmond program, an explicit solvent MD package (version 3.1, Desmond

Molecular Dynamics System, D E Shaw Research, New York, NY, USA and version 3 1,

Maestro-Desmond Interoperability Tools, Schrodinger) with inbuilt optimized potentials
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for liquid simulation (OPLS 2005) force field The system was set up for simulation using

a predefined water model (simple point charge, SPC) as a solvent in a cubic box with

periodic boundary conditions specifying the shape and size of the box as 10 A x 10 A x

10 Adistance The desirable electrically neutral system for simulation was built with 0.15

M NaCl (physiological concentration of monovalent ions) in 10 A buffer using the system-

built option. All the MD simulations were performed on a local EXXACT Corp workstation

equipped with K40-NVIDIA GPU The system was allowed to minimize at 50,000 steps

using steepest descent. This was followed by 100 ps of constant volume (NVT)

simulation, and finally by two 12 ns followed by 24 ns of constant pressure (NPT)

simulation Once the system was relaxed, a short 5 ns MD simulation (NPT) was

performed, followed by a relatively long-range 500 ns NPT MD simulation. The data

obtained were plotted as a function of a number of contacts (characterized by hydrogen

bonding interactions and ionic salt bridge formation between insulin and the polymer) vs

simulation time

Electrostatic complex synthesis. Electrostatic complexes were prepared using a

double-emulsion, solvent evaporation technique. Briefly, insulin was dissolved in

carbonate buffer (pH 9 5, 100 mg/mL) with or without GOx (168 1 units/mg) and added to

PEI in dichloromethane (DCM, 100 mg/mL) prior to sonication for 90 s (Q-500, QSonica,

65% amplitude) with 1 s pulse This mixture was added to a 3% poly(vinyl alcohol) (PVA)

in PBS solution and sonicated for a second time After stirring for 2 h, the resultant

electrostatic complexes were centrifuged (15 min, 8000 rcf, Avanti JXN-26, Beckman

Coulter) and washed once with basic water (pH 8) before lyophilization
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Loading capacity The loading capacities of protein were determined by degrading

a known mass of ECs in a solution of PBS + acetic acid (pH 2) and measuring protein

content. Insulin was quantified by high performance liquid chromatography (HPLC,

Agilent 1100 Series) with an Atlantis@ T3 column (5 pm, Waters) The activity of GOx was

measured using an Amplex@ Red Glucose/Glucose Oxidase Assay Kit (Life

Technologies)

Electrostatic complex characterization The size and surface charge of ECs were

characterized by dynamic light scattering (DLS) and zeta potential (Zetasizer Nano ZS,

Malvern Instruments), respectively Lyophilized ECs were suspended in ultrapure water

and filtered through 0 8 pm membrane filters before analysis by DLS or zeta potential.

In vitro insulin release. ECs (2 mg/mL) were suspended in triplicate in PBS alone

or with the addition of 100 mg/dL, 200 mg/dL or 400 mg/dL glucose and incubated at 37

°C with agitation At indicated time points, aliquots were withdrawn and centrifuged. The

supernatants were removed, and protein content was analyzed by HPLC

Insulin structure Secondary structural motifs were elucidated using high-

performance circular dichroism (CD). ECs (500 pg/mL) were incubated in a PBS at 37 °C

with agitation for 0 or 9 days. At indicated time points, the ECs were washed once and

degraded with HCI (pH 2) NaOH was used to return the pH to 7.4 before analysis with a

high-performance CD spectrometer (J-1500, JASCO Inc.) using a 0.1 cm pathlength cell

In vivo glycemic control studies. The activity of ECs was evaluated using diabetic

C57BL/6 mice (Jackson Labs). To induce diabetes, adult male mice were injected with a

single dose of 150 mg/kg streptozotocin Groups of 5 mice were fasted for 12 h and
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subcutaneously injected with ECs or PEI alone Their blood glucose levels were

monitored every 30 min following injection with Clarity BG1000 Blood Glucose Meters

Glucose tolerance tests were performed by administering 1 5 g/kg glucose to the mice

intraperitoneally

Statistical analysis Data are expressed as mean ± standard deviation, unless

otherwise indicated, and N = 5 randomly assigned mice per time point and per group

These sample sizes where chosen based on statistical power analysis and previous

literature Data were analyzed for statistical significance by unpaired, two-tailed Student's

t-tests

109



4.8 Acknowledgments

This work was supported in part by project funding provided by Sanofi, the

Helmsley Charitable Trust, and the Koch Institute Support (core) Grant P30-CA14051

from the National Cancer Institute. L V was supported by a NSF Graduate Research

Fellowship We thank the Koch Institute Swanson Biotechnology Center for technical

support, specifically the Animal Imaging & Preclinical Testing Core. The authors declare

no competing financial interest.

110



Chapter 5: Conclusions
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5.1 Thesis Summary

In summary, this Thesis described three projects that have made progress toward

achieving the goal of glucose-responsive insulin delivery The first project focused on a

nanoparticle-based insulin delivery system comprised of a pH-sensitive modified dextran,

glucose oxidase, and catalase These nanoparticles afford rapid insulin release with up

to 16 h of glycemic control in diabetic mice The second project detailed the potential of

this nanoparticle system to be encapsulated in porous microgels to allow for extended

glucose-responsive insulin delivery. This system is able to achieve over 3 weeks of

glycemic control with just two doses Finally, the third project discussed an alternative

method to achieve glucose-responsive insulin release based on the electrostatic

complexation of insulin to polycations These nanoparticles demonstrated enhanced

stability with less than 30% of insulin being released in vitro after 18 h of incubation in

normoglycemic conditions
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5.2 Future Perspectives

Further optimization of these systems may enhance their potential for translation

into the clinic. For example, in the second project, the weekly injection of non-degradable

polymers may cause unintended side effects and potential immunogenicity in patients

The development of a degradable system, such as an oxidized form of alginate, would

greatly enhance the potential for translation of this project. For the third project,

polycations tend to be toxic in vivo Additionally, daily dosing of exogeneous enzymes

could also pose a concern of immunogenicity Therefore, future work, such as developing

a microneedle delivery system, may enhance the potential impact of this work

Another important feature of a translatable glucose-responsive insulin delivery

system is the existence of a "shut-off' valve in the event of hypoglycemia. One way this

could be achieved is through the addition of glucose-responsive glucagon delivery, which

releases the counter-regulatory hormone when glucose levels are too low. Such a dual-

hormonal system has already been commercialized in insulin pumps and may be an

exciting new direction in the field of chemically glucose-responsive insulin delivery
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Figure A.2-1. 1H NMR of Ac-dex degradation products. Example 1H NMR spectrum upon incubation in
deuterium chloride showing the methanol and acetone peaks used to determine percent cyclic and acyclic
modifications.
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Figure A.2-2. Dose response curves of cellular receptor assay. The ratio of phosphorylated AKT to total
AKT as a function of insulin concentration for naked insulin and encapsulated insulin released after various
incubation times. Lines represent a four parameter fit using GraphPad Prism 6.0.
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Figure A.2-3. Comparison of standard and pre-incubated NPs in reducing the blood glucose (BG) levels of
diabetic mice. a) BG levels of nanoparticles or nanoparticles that were first incubated for 1 h in vitro and
resuspended in fresh buffer prior to injection. b) Area under the curve for NPs in (a). Shaded regions and
error bars represent standard error of the mean. Statistical significance is indicated by NS: p > 0.05.
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Figure A.2-4. BG levels of diabetic mice receiving empty NPs, 3 lU/kg naked insulin, or NPs at insulin
doses of 9 and 14.4 lU/kg 2 and 3 days post injection. Statistical significance is indicated by NS: p > 0.05.
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Figure A.2-5. BG levels of diabetic mice receiving NPs at insulin doses of 3, 9, and 14.4 IU/kg. a) BG levels
of diabetic mice upon injection of empty NPs, 3 lU/kg naked insulin, or NPs containing 9 lU/kg insulin.
Arrows represent intraperitoneal glucose tolerance tests (GTTs) at 3 h (1.5 g/kg), 6 h (2 g/kg), and 9 h (1.5
g/kg). b) BG levels of diabetic mice upon injection of 3 or 14 lU/kg NPs. Arrows represent 1.5 g/kg GTTs.
Statistical significance is indicated by ****p < 0.0001.
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Figure A.2-6. BG levels of healthy mice receiving NPs at insulin doses of 5,14.4, and 25 IU/kg. BG levels
of healthy mice upon injection of a) NPs at an insulin dose of 5 lU/kg, b) NPs at an insulin dose of 14.4
IU/kg, c) NPs at an insulin dose of 25 IU/kg, and d) 5 IU/kg naked insulin. Severely hypoglycemic mice in
(d) were administered glucose after 1 h.
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Figure A.2-7. Supplemental serum human insulin levels of healthy mice. Serum insulin levels of healthy
mice 1 h after administration of NP(- Insulin) or 2 h after administration with a GTT at 1 h (3 g/kg). Values
below the standard curve are reported as less than or equal to 3 plU/mL, the limit of detection of the ELISA.
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Figure A.2-8. Supplemental serum human insulin levels of diabetic mice. a) Serum insulin levels of diabetic
mice upon injection of NP(- Enzymes) at an insulin dose of 9 lU/kg with a GTT at 6 hours (2 g/kg). b) Serum
insulin levels of diabetic mice receiving NP(- Enzymes) or NPs at an insulin dose of 9 lU/kg 1 h and 6.5 h
after administration. Data represent mean ± standard deviation (a) or standard error of the mean (b).
Statistical significance is indicated by *p < 0.05, ***p < 0.001.
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Figure A.3-1. Additional bright field and 8-bit images processed using ImageJ software.
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Figure A.3-2. Single z-plane confocal images. Microgels containing NPs encapsulated with FITC-insulin
and AF647-GOx; left: 495 nm channel, center: 647 nm channel, right: overlay.
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Figure A.3-3. Additional in vivo fluorescent images. NP-encapsulated microgels or free NPs containing
AF680-dextran (10 kDa) subcutaneously injected in mice at a dose of 35 mg NP/kg.
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Figure A.3-4. BG levels of healthy mice receiving microgels at insulin doses of 30, 60,115, and 225 lU/kg.
Data represent mean ± standard deviation.
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Figure A.3-5. Supplemental BG levels of diabetic mice. a) BG levels of diabetic mice 6 days after receiving
a dose of 60 lU/kg microgels with or without enzymes, prior to administration of a second dose.b) BG levels
of diabetic mice following subcutaneous dosing of 60 lU/kg microgels without enzymes at days 0 and 6.
Data represent mean ± standard deviation. Statistical significance is indicated by **p < 0.01.
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Figure A.4-1. Primary structure of insulin. Alpha helicies are represented beneath their contributing
residues.
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Figure A.4-2. PEI interactions in molecular dynamics simulations. Interactions that occur for more than
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positively charged amines of PEI and the free glutamic acid residue of insulin.
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