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Abstract

METHODOLOGIES OF MINIMALLY-INVASIVE
DIAGNOSIS AND DRUG THERAPY FOR DIABETES
MELLITUS

BY

YONG CHAN CHO

INTERDISCIPLINARY PROGRAM IN BIOENGINEERING
THE GRADUATE SCHOOL

SEOUL NATIONAL UNIVERSITY

This dissertation is focused on design, fabrication and evaluation of a strip-type
tear glucose sensor and an implantable magnetic pump for minimally-invasive

diagnosis and drug therapy, respectively.

Management of diabetes mellitus have been painful procedures to many
patients, because the diagnosis included needled finger pricking with a lancet,
and the drug therapy were conducted with needled injections. There have been



research efforts to minimize the pain associated with the diabetes mellitus
management, but still there are unmet drawbacks. Therefore, methodologies of

minimally-invasive diagnosis and drug therapy are proposed in this study.

First, a strip-type tear glucose sensor was developed for concurrent tear
collection and measurement with a small tear volume. Current tear glucose
measurement has drawbacks such as large tear sample volume, long tear
collection time, discomfort to patients, and two-step procedure that require
sample transfer from tear collector to measuring instruments. To resolve these
issues, a highly-accurate strip-type electrochemical sensor was modified by
reducing the volume of reaction chamber to 0.4 pl. Then the modified sensor
and a 3D printed lid to ensure safety to the eye were assembled. The assembled
sensor, or the tear-glucose device, could collect tear fluid sample within 2
seconds, and simultaneously measure tear glucose concentration accurately
without sample transfer. Through animal experiments, a high correlation
between tear glucose concentration and the blood glucose concentration were
determined with the tear-glucose device. The Clarke error grid analysis
suggested that the blood glucose concentration estimated from the tear glucose
sensor showed acceptable accuracy compared to that measured with

commercially available blood glucometer.

In addition, an implantable magnetic pump enabled with on-demand bolus
delivery of exenatide was developed. The magnetic pump could deliver a bolus
of 11.4 £ 0.3 pg of exenatide for optimal exenatide delivery regimen. This
magnetic pump was designed to be actuated with a patterned magnetic field,
thus could prevent unintended actuations by a single household magnet. In

addition, a flexible polyurethane drug container in the magnetic pump could



resolve negative pressure issues that could occur in solid drug container. The
magnetic pump could deliver up to 300 times without a drug replenishment.
The absence of battery and the presence of refillable drug container enabled a
semi-permanent usage of the magnetic pump. The magnetic pump showed a
similar pharmacokinetic profile compared to the injection therapy. When
implanted in type 2 diabetic animal models, the magnetic pump showed
comparable efficacy to injection therapy, in terms of body weight change, food
intake, glycemic control, insulin secretion, insulin sensitivity, gastric emptying

rate, beta cell proliferation and adipocyte size reduction.

Through these studies, it is concluded that the strip-type tear glucose sensor and
the magnetically actuated pump developed herein could be suggested as

methodologies to replace invasive finger pricking and injection therapy.

Keywords : Minimally-invasive, Diabetes mellitus, Blood glucose
measurement, Tear glucose measurement, Strip-type tear glucose sensor,

Needled injection, Magnetically-actuated, Implantable drug delivery device

Student number: 2017-33892
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Chapter 1

Introduction

1.1 Current management methodologies for diabetes

mellitus

Diabetes mellitus is a chronic disease characterized by elevated plasma glucose
level (1, 2). There are two types of diabetes mellitus that require long-term
management. Type 1 diabetes mellitus (T1D) is characterized by insulin
deficiency caused by beta-cell destruction in pancreas. Type 2 diabetes mellitus
(T2D) is characterized by relatively insufficient insulin secretion due to insulin
resistance, affected by genetic and environment factors such as diets or
exercises. Both types of diabetes mellitus require frequent diagnosis and
adequate drug therapy to prevent progression of symptoms or complications
(3, 4). Because diabetes mellitus are ongoing chronic diseases, often these

management lasts from years to one’s lifetime.

Currently, diabetes mellitus is initially diagnosed through measuring fasting
1



glucose, random glucose, 2-hour glucose after oral glucose tolerance test, or
HbAI1C. For daily-life management of diabetes mellitus, usually the blood
glucose level is measured by patients themselves for multiple times a day. For
this, patients draw a drop of blood through finger pricking with a sterile lancet,

and use a glucometer to calculate blood glucose concentration (5).

The drug therapies are different between the two types of diabetes mellitus. As
patients with T1D do not produce sufficient amount of insulin, it is essential to
inject insulin to lower the glucose level after meal. For T2D, behavioral changes
and oral noninsulin medications are recommended first, and then injectable
medications are prescribed. Representative oral noninsulin medications include
metformin that reduces glucose formation from liver, sulfonylurea that

increases insulin production, and thiazolidinedione to reduce insulin resistance

(6).

Injectable medications include insulin or glucagon-like peptide-1 (GLP-1)
receptor agonists (RA). Insulin lowers blood glucose level by facilitating
storage of glucose into muscle cells, liver cells, and adipocytes. However, the
insulin injection always accompanies risks of hypoglycemia, and thus require
more frequent monitoring of blood glucose. On the other hand, GLP-1 RA is
relatively free from hypoglycemia. GLP-1 RA is reported to control blood
glucose level but not induce hypoglycemia by increasing insulin secretion with
elevated glucose level, decreasing glucagon secretion, and enhancing insulin
sensitivity. Furthermore, it reduces gastric emptying rate and appetite to helps

lowering glucose concentration in plasma.

However, many patients with either type of diabetes mellitus measure plasma

glucose level multiple times a day by drawing blood with a lancet, and

2



administer insulin or noninsulin medications through needled injection or
infusion. Both diagnosis and treatment cause discomfort and pain, also may
further cause trauma, callus formation, pruritus, or inflammation (7, 8). These
side effects associated with glucose measurement and drug administration
cause a significant portion of patients to intentionally omit the scheduled
diagnosis or drug therapy, hence suboptimal management and increased cost of
management (9-11). To resolve this issue, minimally-invasive alternative

methodologies are needed.

1.2 Tear-based methodologies of minimally-invasive

diagnosis for diabetes mellitus

Recently, many research approaches were made to replace needled diagnosis.
For this, bodily fluids other than blood (i.e. saliva, sweat, urea, tear and
interstitial fluid) were tested for indirect measurement of plasma glucose (12).
Among them, glucose measurement through tear fluid has drawn a great deal
of interest. The glucose level in tears is known to have a demonstrable
correlation with that in blood (13), and tears can be collected relatively easily
from the anterior space of the eye, which can be less invasive compared with
conventional blood withdrawal through skin punctures. Many studies utilized
powerful analytical tools or glucose oxidation to assess the correlation because
the glucose concentration in tear fluid is reported to be 30-50 times lower than

the blood glucose concentration (14).

A liquid chromatography and electrospray ionization mass spectrometry
(LC/ESI-MS) was used to determine the glucose concentration in tear. A

representative study was conducted by Baca et al. (15). They collected 1 pl of



tear fluids from fasting human subjects with a glass capillary tube under
monitoring with a slit lamp microscope, and analyzed the glucose concentration
with LC/ESI-MS. They observed that the fasting tear glucose concentrations
from nondiabetic subjects is lower than the generally reported normal tear
glucose concentration from nondiabetic subjects, thereby suggesting

correlation between the tear and the blood glucose level.

A diffuse reflectance polarization imaging system was developed to utilize the
spectroscopic properties of glucose molecules to determine the glucose
concentration in tear fluid samples. Cameron et al. developed a diffuse
reflectance polarization imaging system to assess the rotation of polarized light
according to the glucose concentration (16). Stuart et al. used near-infrared
surface-enhanced Raman spectroscopy and a gold nanosphere platform (17).
They measured the energy absorbed by glucose sample to determine the glucose

concentration.

Electrochemical sensors that catalyze glucose oxidation to generate current was
developed to measure tear glucose concentrations. There are enzymatic and
non-enzymatic electrochemical sensors. Enzymatic electrochemical sensors
use glucose oxidase or glucose dehydrogenase, along with electron transfer
cofactors (i.e. flavin adenine dinucleotide and pyrroloquinoline quinone,
respectively) to facilitate the oxidation reaction of a f-D-glucose molecule to
generate a D-glucono-1.5-lactone molecule and reduced electron transfer
cofactors. The electron in the electron transfer cofactor is then transferred to
electrodes via hydrogen peroxide, electron mediator or direct transfer (18).
Non-enzymatic electrochemical sensors are made of various materials, such as

platinum or gold (19). The electrodes provide electric potential sufficient to



oxidize glucose molecule on the electrode surface. One of the recent
electrochemical tear glucose sensor is introduced by Peng et al (20). They
developed a glucose oxidase-based electrochemical sensor in a shape of thin
wire, so that the sensor can be inserted into the glass capillary tube after tear

collection.

A glucose oxidase-coupled DNAzyme sensor was reported by Liu et al. (21).
The sensor is a dual enzyme sensor composed of glucose oxidase and pistol-
like DNAzyme. The glucose oxidase reacts with glucose to generate hydrogen
peroxide, which were then used by the pistol-like DNAzyme for self-cleavage
reaction. The cleaved fragment of DNAzyme is then detected by quantitative

gel analysis after DNA electrophoresis.

Another approach is made by Gabriel et al (22). They developed a paper-based
colorimetric tear glucose sensor with dimension of 24 mm x 10 mm. The sensor
contains glucose oxidase and 3,3',5,5'-tetramethylbenzydine, so that the
hydrogen peroxide generated by glucose oxidase could react with 3,3',5,5'-
tetramethylbenzydine to turn blue. The tear fluid is collected with glass
capillary tube and is transferred to the sensor paper. The sensor could detect as

low as 50 uM of glucose concentration.

1.3 Implantable drug delivery device for minimally-

invasive drug therapy for diabetes mellitus

For drug therapies, various attempts were made to reduce pain associated with
needled injections. There were studies conducted to identify the needle gauges
and lengths that patients feel the least injection pain and anxiety (10). Long-

acting formulations were developed to maintain glycemic control for a long



time with one injection (23, 24). However, these methods still could not resolve
the fundamental problem of frequent and repeated needled injection, and for
some medications, long-acting formulations could exhibit reduced drug
efficacy (25). For this, implantable drug delivery devices were developed to
replace needled injection drug therapy by delivering drugs from the internal

reservoir after one-time implantation.

Intarcia developed a matchstick-sized osmotic pump, ITCA 650, for sustained
delivery of exenatide, a short-acting GLP-1 RA (26). The pump contains
exenatide sufficient for 6 months of delivery. The pump is implanted through 5
mm incision, and can be removed and replaced when the drug is depleted.
Delpor has developed a titanium drug-eluting implant for sustained delivery of
exenatide (27). The device is also small, 4 mm in diameter and 40 mm in length,
and can be implanted between bicep and triceps muscle. The device is a hollow
titanium cylinder without any mechanical actuator. There are two diffusion
areas at two ends of the cylinder, where nano-pores are made to enable

diffusion-based zero-order delivery.

For drugs such as insulin, post-prandial bolus delivery is important. Medtronics
had developed a subcutaneously implanted insulin pump (Minimed 2007) that
delivers insulin to intraperitoneal cavity through a silicone catheter (28). The
pump is composed of a drug reservoir, an actuator, an antenna, a
microelectronics and a battery. The pump is activated by an external controller
through wireless communication. Lee et al.,, published a battery-less,
magnetically-driven implantable pump for on-demand subcutaneous release of
insulin (29). The pump could deliver a reproducible amount of insulin to

achieve similar in vivo efficacy with injectable insulin.



1.4 Current limitations and research aims

Realization of minimally-invasive diagnosis and drug therapy for diabetes
mellitus can be a huge benefit for diabetic patients who have to undergo
countless painful experiences during chronic management of the disease.
However, there are still unmet drawbacks of the aforementioned systems.
Therefore, in this study, a minimally-invasive diagnosis methodology and a

drug therapy methodology are developed to resolve the unmet drawbacks.

Tear glucose level exhibits high correlation to blood glucose level. In that sense,
tear-based diagnosis can be a promising methodology for minimally-invasive
diagnosis of diabetes mellitus. However, in current practices, the two-step
measurement procedure, where the tear fluid is collected separately and is then
transferred and loaded to the analytical instrument for measurement, can cause
evaporation of samples and inaccuracy in measurements. This method is also
inconvenient for patients: a relatively large volume of approximately 100 pl of
tear fluid is often collected, which requires a long time of tear collection, as
only approximately 6.5 pl of tear fluid is available at the preocular surface and
the average rate of tear production is very low (1 pl/min) (30, 31). Moreover,
tear fluid may be collected using a glass capillary tube or water-absorbing paper
while monitoring with a slit lamp microscope by an ophthalmologist; however,
this technique has not yet been fully proven to be appropriate due to its
invasiveness to the eye when used by the patients themselves. Therefore, these
conventional methodologies can still cause uncomfortable eye irritation or even
damage and this can also lead to inaccurate measurements due to reflex tear
production or an irrelevant increase in tear glucose due to the damaged tissue

in the anterior surface of the eye (32-36). For this, a tear glucose sensor enabled



with concurrent tear collection and measurement is proposed, which can collect
a small amount of tear fluid within 2 seconds and exert no damage to the eye.

This will be introduced in chapter 2.

Currently developed implantable drug delivery devices for sustained delivery
of drugs are advantageous in terms of small size and high patient acceptability.
However, these devices cannot be adjusted with doses, turned on and off, or
halted when needed. Therefore, these devices are not suitable for drug therapy
that require bolus delivery, e.g. post prandial insulin delivery. The sustained
delivery of GLP-1 RA with these devices is also suboptimal, because
continuous activation of GLP-1 receptor can cause tachyphylaxis and reduce

exenatide’s ability to delay gastric emptying rate.

The implantable drug delivery devices for on-demand bolus delivery of drugs
are capable of active interventions and multiple functionalities such as data
transfer through telecommunication, thus enable optimal regimen of drug
therapy. However, most of the devices contain batteries, circuit boards and
mechanical actuators, so they are inevitably large in size. In addition, due to
limited battery lifetime, patients have to undergo extraction surgery and re-
implantation surgery to continuously benefit from these devices (37-39). In
addition, the battery-less magnetic insulin pump possesses safety issue, as it
could be accidentally actuated by a single household magnet, and a negative
pressure built up in reservoir could reduce the amount of drug release. To
resolve these issues, a small implantable magnetic pump actuated by a patterned
magnetic field is developed, which could achieve minimally-invasive drug
therapy with optimal regimen, semi-permanent use, and enhanced device safety.

This will be discussed in chapter 3.



Chapter 2

Strip-type tear glucose sensor for concurrent

tear collection and glucose measurement

2.1 Device design

In this work, a device for glucose measurement in tears (i.e., a tear-glucose
device) is developed, meeting the following design criteria: for the convenience
of the patients, the tear-glucose device needs to be equipped with both a tear-
collector and a sensor as a single entity, thereby allowing for concurrent
collection and measurement of tear fluids. In this device, a tip needs to be
designed minimally-invasive as it must be in contact with the preocular surface
(i.e., an ocular tip). Tear collection should be conducted for a short time, hence
resulting in a small volume of collected tear fluid. The sensor also needs to be
sensitive enough to accurately measure glucose concentrations in a small
quantity of tears. At the same time, a concept of device design that could be

quick to apply to clinical applications and easy to manufacture is also proposed.



To prepare such a tear-glucose device, an assembled entity consisting of a lid
and a strip-type glucose sensor was designed. The lid was engineered to consist
of a minimally-invasive ocular tip and a hollow body with a slit, where the strip-
type glucose sensor could be inserted for tight assembly. In the ocular tip, a
micron-size inlet was prepared, where after its contact with the preocular
surface, a tear could be absorbed and delivered to reach the sensor inserted in
the lid. For the strip-type glucose sensor, a commercially-available test strip
(Accu-Chek Performa, Roche Diagnostics, Switzerland) was employed, which
is known to measure glucose levels via electrochemical means with high
accuracy and selectivity (40). However, in this work, this test strip was
modified to be suitable specifically for the collection and measurement of a
small quantity of tear fluid. Therefore, the lid herein possessing a simple
structure would not be difficult to manufacture. The glucose test strip has been
already widely used in clinical settings and thus, its manufacturing process is

already well developed for a large-scale production.

The tear-glucose device herein was first tested at the range of physiological
glucose concentrations present in tears under in vitro simulated environments.
To test in vivo usability, the device was placed in contact with the inferior
palpebral conjunctiva (IPC) of rabbit eyes to collect and measure tear fluids,
since the IPC can be considered less sensitive compared with other regions in
the preocular space (41). The correlation between glucose concentrations
measured in blood and tears were also validated. After application of the device,

the IPC tissue was also examined for the purpose of safety evaluation.

10



2.2 Methods

2.2.1 Lid

The lid was prepared to serve as an interface between the eye surface and
glucose sensor to safely collect and deliver tear fluids. To achieve this, the lid
was first designed to consist of two distinct parts: the ocular tip and the hollow
body using SolidWorks (Dassault Systeme SOLIDWORKS Corp., USA). As
shown in Fig. 2.1, the ocular tip was shaped to be circular (2 mm in diameter)
with rounded boundaries, which has been reported to not damage the IPC tissue
during contact according to a previous study (42). In the ocular tip, a small inlet
(1x0.5x0.4mm, W x Hx L) was prepared to be able to absorb tear fluids via
capillary action after contact with the IPC and to minimize the dead volume of
tear fluid trapped inside of the inlet. The hollow body was designed to possess
aslit (7.4 x 0.55 mm, W x H) for insertion of the strip-type glucose sensor used
herein. The opening (1 x 1 mm, W x H) was also made at the top of the hollow
body so that tear fluids could be smoothly absorbed and transferred to the
glucose sensor. Fig. 2.2 shows the lid fabricated with a 3D printer (ProJet 3500
HD, 3D Systems, USA), using the printing material Visijet M3 Crystal, certified
by USP (United States Pharmacopeia) Class VI.

11
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Figure 2.1 Schematic images of the lid for minimally-invasive tear

collection
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Figure 2.2 Optical images of the lid for minimally-invasive tear collection
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2.2.2 Strip-type glucose sensor

To prepare a strip-type sensor, the commercially available Accu-Chek test strip
was employed and modified for the purpose of glucose measurement in tears.
This test strip was equipped with an electrochemical sensor with a low limit of
quantification (< 45 uM) and high selectivity for glucose measurement (43). In
this sensor, collecting a fixed volume of fluid sample is important for accurate
measurement of glucose, as the electrical current that varies according to the
rate of glucose oxidation is also influenced by the volume of fluid in the
reaction chamber. The Accu-Chek test strip is originally designed to measure
glucose levels in the blood, and thus the reaction chamber with the electrodes

is shaped to hold 0.8 ul of fluid.

In this work, it was attempted to minimize the volume of collected tear fluid,
so the test trip was modified to decrease the volume of the reaction chamber.
During this process, the major electrodes for glucose measurement needed to
be kept intact. In the reaction chamber of the Accu-Chek test strip, four different
electrodes were embedded; the counter, reference, working and fill-sufficiency
electrodes. For glucose measurement, the counter, reference and working
electrodes must be kept intact. However, the fill-sufficiency electrodes for
detection of the presence of liquid might not be necessary to test the prototype
device prepared in this work. Given these facts, as shown in Fig. 2.3, the frontal
end of the strip was cut out to the extent where the counter, reference and
working electrodes were not affected, to reduce the length of the reaction
chamber. the sharp edges in the frontal end were also rounded off to avoid
possible damage to the IPC tissue. Then, the other end of the reaction chamber

was punched out, removing the fill-sufficiency electrodes, to further reduce its

14



volume. Thus, after modification, the resulting strip-type glucose sensor
became equipped with a reaction chamber containing a volume reduced by half

t0 0.4 pl.
2.2.3 In vitro evaluation

A glucose solution was prepared by dissolving D-(+)-Glucose (Sigma-Aldrich,
USA) at the concentrations of 0, 0.01, 0.05, 0.1, 0.2, 0.4 and 0.8 mM in
phosphate-buffered saline (PBS) at pH 7.6, respectively. To collect 0.4 pl of the
glucose solution, the ocular tip of the device was placed in contact with the
glucose solution for 2 s. For measurement of the concentration of glucose, the
tear-glucose device was connected to a potentiostat (DY2113, Digi-Ivy, USA)
to apply 150 mV and the output current was obtained using the amperometric

i-t curve mode.
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Figure 2.3 Modification of strip-type glucose sensors. (A) Schematic
description of sensor modifications to reduce the volume of the reaction
chamber. (B) Optical images of the strip-type glucose sensors before and after

modification, showing the embedded electrodes and circuits.
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2.2.4 1In vivo evaluation

Approval for the in vivo experiments was granted by the Institutional Animal
Care and Use Committee (IACUC No. 15-0285) at the Biomedical Research
Institute of the Seoul National University Hospital. All experiments were
performed in accordance with relevant guidelines and regulations. Male New
Zealand white rabbits (2.5~3.0 kg) were raised in a controlled environment
(temperature: 21 £ 1 °C, humidity: 55 + 1 %, light/dark cycle: 12 hours, and
food and water ad libitum). Hyperglycemia was induced in animal models via
anesthetization, as reported in previous studies 13,14,28. To achieve this, the
rabbits were first anesthetized with a subcutaneous injection of a cocktail of 15
mg/kg ketamine (Ketamine: Yuhan, Korea) and 5 mg/kg xylazine (Rompun:
Bayer, Germany) and after 40 min, a booster shot of 7.5 mg/kg ketamine and
2.5 mg/kg xylazine was given. The glucose concentrations in both blood and
tears were measured at 15, 30, 45, and 60 min after the first shot of the
anesthetics. To measure blood glucose concentrations, blood was drawn from
the right ear vein of the rabbit using a lancet, and a glucometer was used (Accu-
Chek Performa, Roche Diagnostics, Switzerland). To measure the tear glucose
concentrations, the lid of the tear-glucose device connected to a potentiostat
was in contact with the IPC of the rabbit eyes for 2 s. At the specified endpoints
of the experiments, the presence of tissue damage on the IPC surface was
examined, following a previously reported protocol 31. Briefly, a 5-ul drop of
0.25 % w/v fluorescein sodium solution was instilled in the eye and after 5 min,
the eye was washed thoroughly with normal saline to remove excess fluorescein
solution. Then, a fluorescent image of the IPC surface was obtained, using a
camera (Galaxy S7, Samsung, Korea) equipped with excitation (475 nm) and

emission (542 nm) light filters (Thorlabs, USA).
17



2.2.5 Statistical analysis

Statistical analysis was performed with two-tailed Pearson’s correlations using
SPSS (SPSS version 23, IBM, USA). A Student’s t-test was performed to obtain

the P values. P < 0.05 was considered a statistically significant difference.

2.3 Results

2.3.1 Tear-glucose device

The tear-glucose device herein described was prepared by simple assembly of
the lid and the modified strip-type glucose sensor, as shown in Fig. 2.4. After
insertion in the slit, the strip-type sensor was tightly fit, and the reaction
chamber was properly aligned to the inlet prepared in the ocular tip of the lid.
After that, the counter, reference and working electrodes were each connected
to the counterpart connection in a potentiostat to apply 150 mV of DC voltage
and measure the electrical current. In this work, a two-electrode system was
used and thus, the counter and reference electrodes were connected as a single

cathode while the working electrode was connected separately as an anode.
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Cathode

Figure 2.4 Preparation of the tear-glucose device. The modified strip-type
glucose sensor and the lid are assembled and connected to the potentiostat. The
counter and reference electrodes were connected together as a single cathode

and the working electrode worked as an anode.
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2.3.2 In vitro performance evaluation

To test the feasibility of the tear-glucose device herein, in vitro calibration was
conducted with a glucose solution prepared in phosphate-buffered saline (PBS)
with varying concentrations of 0, 0.01, 0.05, 0.1, 0.2, 0.4 and 0.8 mM. As shown
in Fig. 2.5, a highly linear relationship was obtained between the glucose
concentration and electrical current (R* > 0.9864), indicating that the tear-
glucose device herein described was valid to measure the in vivo glucose

concentration in tear fluid, which was reported to range from 0 ~ 0.6 mM (44).
2.3.3 In vivo performance evaluation

To evaluate the feasibility of the tear-glucose device herein described, in vivo
experiments were conducted using rabbits, where the blood glucose
concentration was elevated through anesthetization (14, 20, 44). In this work,
the tear glucose concentrations were measured with the tear-glucose device and
the blood glucose concentrations were measured with a blood glucometer
approved for clinical use (Accu-Chek Performa, Roche Diagnostics,

Switzerland) at scheduled times of 15, 30, 45, and 60 min after anesthetization.

Fig. 2.6 shows the plot of the tear and blood glucose concentrations obtained
from all eight rabbits, showing a linear relation. However, the data points were
spread and hence the linear correlation appeared not to be very strong (R? =
0.7640, df = 30, P < 0.05). This discrepancy was observed in previous reports
and was ascribed to the inherent differences among tested animals (14, 20).
Therefore, when the data points averaged at each time of measurement (i.e., at
every 15 min) were plotted (14), as shown in Fig. 2.7, a strong linear correlation

with a statistical significance was obtained (R? = 0.9617, df =2, P < 0.05).
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Figure 2.5 Calibration curve for varying glucose concentrations obtained

with the tear-glucose device.
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Figure 2.6 Correlation between blood glucose concentrations and tear
glucose concentrations obtained with the tear-glucose device from all eight

rabbits (i.e., eight eyes) employed in this work.
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In this study, it was sought to show that the tear-glucose device herein described
can estimate the blood glucose concentration based on the glucose
concentration measured in tears. To evaluate this, the estimated and actual
blood glucose concentrations were plotted in a Clarke error grid (45, 46). The
estimated blood glucose concentrations were calculated from the tear glucose
concentrations using the equation obtained from the graph in Fig. 2.7. The
actual blood glucose concentrations were measured from the blood using a
glucometer approved for clinical use. As shown in Fig. 2.8, all data points are
in the zones A and B, suggesting that the blood glucose concentrations
estimated with the tear-glucose device herein are highly correlated and possibly
interchangeable with those conducted with the conventional blood glucose
measurement method. Approximately 65.6 % of the data points are in the zone
A, implying a relatively higher accuracy of blood glucose measurement with

the tear-glucose device described herein.
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Figure 2.8 Clarke error grid analysis on blood glucose concentrations
obtained with the tear-glucose device and a clinically approved glucometer.
All data were plotted within zones A and B, showing the reliability of the blood
glucose concentrations estimated with the tear-glucose device. The y-axis
represents the blood glucose concentration estimated from tear glucose
concentration measured with the tear-glucose device, and the x-axis represents
the blood glucose concentration measured with a reference method using a
commercially available glucometer. Region A indicates that the data are within
20% error from the reference method. Region B indicates that the values are
over the 20% error mark, but do not imply an inappropriate treatment. Region
C indicates that the data will lead to an unnecessary treatment. Region D
indicates that the data will fail to diagnose hyperglycemia or hypoglycemia.
Region E indicates that the data will lead to a treatment for hypoglycemia to a

patient with hyperglycemia, or vice versa.
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2.3.4 In vivo safety evaluation

To evaluate the safety of the tear-glucose device, the IPC tissues was examined
at the end point of the experiments, i.e., after each of the four times of contact
of the tear-glucose device on the IPC, where the eye surface was stained with a
fluorescein solution to assess possible tissue damage (47). As shown in Fig. 2.9,
after contact of the tear-glucose device, the IPC tissues were not observed to be
stained, as seen with the non-treated, negative control eye, indicating no
epithelial tissue damage. In contrast, when the IPC was in contact with a glass
capillary tube, conventionally used for tear collection, an apparent sign of

staining was observed due to damage of the IPC tissue.
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Negative control Tear-glucose device Positive control

Figure 2.9 Representative fluorescent images obtained from the IPCs of

fluorescein-stained rabbit eye. For the negative control group, no treatment
was applied to the IPC. For the tear-glucose device group, the tear-glucose
device was applied to the IPC four times at intervals of 15 min during 60 min.
For the positive control group, a glass capillary tube was placed in contact with

the IPC once.
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2.4 Discussions

Tear glucose measurement has been suggested as a potential methodology of
minimally-invasive blood glucose prediction (32, 48, 49). Most of the previous
studies focused on developing sensors with a higher accuracy since the glucose
concentration in tears is known to be lower than that in the blood (14, 15, 50).
However, the studies on devices for practical, self-diagnostic applications is
scarce. In this context, a device with a novelty of allowing concurrent tear
collection and glucose measurement could be useful and convenient for users.
Such a device would be more advantageous if the measurement could be
reliable even with a small quantity of tear fluid as this would allow for a short

time of tear collection, hence less invasiveness on the preocular tissues.

Therefore, the tear-glucose device was proposed herein as a minimally-invasive
self-diagnostic tool for prediction of blood glucose levels. The lid in the device
was shown to not damage the eye tissues due to its design with a proper contact
area and rounded boundaries without sharp edges (Fig. 2.9) (42). Although the
lid herein was made of a slightly hydrophobic material (Visijet M3 Crystal, 3D
Systems, USA), the micron size inlet still allowed for a strong capillary pressure,
hence safe and efficient absorption of tear fluid, which could be rapidly
transferred to fill the reaction chamber with a reduced volume (0.4 pl) in the
strip-type glucose sensor (Fig. 2.3). With a lid made of a more hydrophilic
material, it is expected that a more amount of tear can be collected in a more
efficient manner (51). Since the lid for tear collection and the strip-type sensor
for measurement were assembled as a combined entity, the glucose
concentration could be measured almost instantaneously after tear collection

without its evaporation. Therefore, the whole process from tear collection to
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measurement took less than 2 seconds in this work. This short time of preocular
contact would minimize eye irritation and possible measurement errors caused
by reflex tear generation (14, 32, 36). For measurement, a 150 mV was applied
to induce an electric current at 300 nA. Considering the maximum preocular
contact time of 2 s, this would give at most 110 nJ, which is far less than that

known to be safe when applied to the ocular tissues (12 J) (52, 53).

The in vivo findings revealed that the glucose concentrations in tears measured
with the tear-glucose device were highly correlated with those in blood
measured with a glucometer in clinical use Fig. 2.6. This correlation was more
prominent when the relations were plotted using the average glucose
concentrations obtained at each measurement time Fig. 2.7. Those results
suggested that the tear-glucose device herein could have a similar level of
accuracy compared to a conventional glucometer (Fig. 2.8) and compared to
the methodologies reported in previous studies (14, 20). However, due to an
inherent variation among individuals, as well as the presence of temporal
correlation between the blood and tear glucose levels (Fig. 2.10), there could
be some limitations for treating accurate glycaemia events with the diabetic
patients. In this sense, the device could be better suited for healthcare purposes,
especially for measurement of fasting glucose concentration in the morning or
blood glucose at night, or early diagnosis of pre-diabetes mellitus. With ease of
use and minimal invasiveness, the device herein could be more favored by the
people with a high chance of getting diabetes mellitus, allowing for watching
the blood glucose level early without much of discomfort even under a healthy
condition. Considering actual applications in human clinical settings, a strip-
type electrochemical sensor with a higher sensitivity may need to be developed.

For humans, the tear glucose concentrations may vary according to the tear

29



collection methods, but are approximately 50 times lower than those in blood
(54, 55) and this dilution factor was lower than that reported in rabbits (25 times)
(44). However, the device herein was able to measure the glucose

concentrations at such lowered ranges expected in human tear fluids (Fig. 2.11).

However, the tear-glucose device is expected to have limitations in measuring
the tear glucose concentration in hypoglycemia. The blood glucose
concentration lower than 4 mM is considered hypoglycemic. According to Peng
et al., tear glucose corresponding to the blood glucose at 2~4 mM is reported to
be 0.01~0.03 mM (20). Although the tear-glucose device could measure the tear
glucose concentration at 0.01 mM in vitro, the limit of quantification (LOQ)
suggested by the glucose sensor was 0.045 mM, implying that the measurement
of tear glucose in range of 0.01~0.03 mM could be inappropriate. Therefore, a
sensor with lower LOQ should be implemented to the current design to measure

the tear glucose concentration at hypoglycemic blood glucose concentration.

Another consideration would be the influence of sensor lot number to the
calibration curve between the glucose concentration and the electric current.
The glucose sensor employed herein is designed to have different calibration
curve for difference lot number. Although the sensors used in this study shared
the same lot number (lot number: 475404), if a new lot of sensors are to be used,

a new calibration curve should be obtained.

30



20 1000

A Blood
® Tear
800

— 15
=
E o
3 g
2 600 @
(o] [
b 8
$ 10 ®

(=]
g 400 g
- o
a— ‘ ~+
s :
[=] 5 3..
2 ]
@ 200 =

0 0
0 50 100 150 200

Time (min)

Figure 2.10 Temporal correlation between blood and tear glucose
concentrations, which were measured by a glucometer and tear-glucose
device herein, respectively. To increase the blood glucose level, rabbits (n = 6)
were anesthetized with a single, subcutaneous injection of a cocktail of 15
mg/kg ketamine and 5 mg/kg xylazine and they were left without boosters to
decrease the blood glucose level afterwards. Both blood and tear glucose
concentrations were measured every fifteen minutes after anesthetization. The
results revealed that a lag time was indeed present between the profiles of blood
and tear glucose concentrations, as reported in previous studies (32, 44), which

implied an acceptable accuracy of the tear-glucose device prepared in this work.
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Figure 2.11 Device evaluation at the range of glucose concentration in
human tear fluids. Tear-glucose device developed herein was able to measure
the glucose concentrations at the ranges of 0.03 — 0.12 mM, 0.12 — 0.16 mM,
and 0.16 mM to higher, which were expected to be present in human tear fluids

under the normal, pre-diabetic and diabetic conditions, respectively.
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Chapter 3

Implantable magnetic pump for bolus delivery

of exenatide

3.1 Device design

For an optimal regimen of exenatide with better patient compliance, an
implantable pump capable of on-demand and bolus infusion would be
advantageous (37-39). For this, a battery-less, implantable pump enabled with
magnetic actuation (i.e., the magnetic pump) was proposed in a previous study
(29). After implantation, the prototype of the magnetic pump reproducibly
delivered an accurate amount of drug only when the magnet was applied outside
the skin noninvasively. With a refill port in the pump and without the need of a
battery for infusion, an implanted magnetic pump was envisioned for semi-

permanent use without replacement surgery.

In this work, a pump actuated via a magnetic force for exenatide delivery is

proposed to maintain the advantages of the pump designs in the previous work.
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Especially due to the relatively short half-life of exenatide, the regimen of on-
demand and bolus infusion could closely follow postprandial secretion of GLP-
1 in normal physiology. However, the magnetic pump proposed herein was
extensively improved compared to the previous design, considering safety,
reproducibility, and longevity. The magnets for actuation were embedded in a
specific pattern like a key and key-hole to prevent unintentional actuation
possibly caused by a general household magnet. The reservoir for exenatide
was composed of a flexible biomaterial to avoid negative pressure build-up by
drug consumption via multiple infusions, thereby prolonged longevity after
implantation and drug-dose reproducibility with less frequent refill procedures.
The pump was also equipped with two distinct check-valves to better prevent

any possible infiltration of bodily fluid into the pump.

First, the performance of the upgraded magnetic pump was assessed for
exenatide infusion under in vitro environments. For the evaluation of in vivo
efficacy, Goto-Kakizaki (GK) rats were employed, which are a non-obese T2D
animal model that spontaneously develop hyperglycemia due to progressive
pancreatic B-cell failure (56). Envisioning clinical applicability, the
pharmacokinetic and pharmacodynamic profiles of the implanted pump were
compared with those treated with conventional, subcutaneous (SC) injections
of exenatide of the same dose and administration schedule. For
pharmacodynamic evaluation, the body weight, food intake, glucose tolerance
and gastric emptying were investigated, as well as pancreatic B-cells and

adipocytes in the visceral fat (57-59).
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3.2 Methods

3.2.1 Materials

Exenatide (MW = 4187 Da) was purchased from Cosmogenetech (Korea).
Phosphate buffered saline (PBS) and formalin were purchased from Thermo
Fisher Scientific (USA). Acetonitrile (ACN) and methanol were purchased
from Daejung (Korea). D-glucose, fluorescein, trifluoroacetic acid (TFA) and
paracetamol were purchased from Sigma (USA). Betadine was purchased from
Firson (Korea). Accu-chek Performa glucometer, Accu-chek Performa blood
glucose test strips, and lancets were purchased from Roche Diagnostics
(Switzerland). Exenatide enzyme immunoassay (EIA) kit was purchased from
Phoenix Pharmaceuticals (USA). Rat insulin ELISA kits were purchased from
Crystal Chem (USA). Goat anti-rabbit [lgG-HRP antibody was purchased from
Santa Cruz Biotechnology (USA). Rabbit anti-rat insulin antibody was
purchased from Cell Signaling Technology (USA). Vector NovaRED

Peroxidase (HRP) Substrate kit was purchased from Vector Laboratories (USA).
3.2.2 Magnetic pump fabrication

The structure of the magnetic pump was drawn using a 3D modeling software
(SolidWorks, Dassault Systémes, France), and each of the constituent
components was manufactured with FullCure720 (Objet Geometries, Israel)
using a 3D printer (Eden 350 V, Objet Geometries, Israel). A plunger was
fabricated by embedding four Mp magnets (diameter: 5 mm; thickness: 1 mm)
with patterned polarities. In a barrel, four Mg magnets (diameter: 3 mm;
thickness: 1.5 mm) were embedded with a pattern reciprocal to those of Mp. A

refill septum made of polyurethane rubber and a 3D printed refill port (inner
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diameter: 2.2 mm; outer diameter: 3.4 mm) was inserted for connecting to a
drug container. To fabricate a fluid conduit, two check valves (Minivalve,
Netherland) were connected at the ends of the silicone tube (inner diameter: 1.6
mm; outer diameter: 1.8 mm). A flexible drug container was made in the shape
of a bag using a 100-um thick polyurethane membrane (Nihon Matai, Tokyo,
Japan). Top and bottom films were each made by pressing the polyurethane
membrane with the molds, which were then bonded with an adhesive (Vetbond,
3M, USA) to produce a hollow drug container. All constituent components were
assembled and bonded firmly with a medical adhesive (Vetbond, 3M, USA).
The final pump was coated with Parylene C by chemical vapor deposition for
better biocompatibility (60). The detailed fabrication procedure is depicted in
Fig 3.1. The total volume of the magnetic pump was approximately 7.82 ml
(36.0 mm x 20.7 mm x 10.5 mm, 1 x w x h) with 0.6 ml for the drug container.
To prepare an external device, a rotatable head was first prepared, which was
embedded with four magnets (diameter: 5 mm; thickness: 5 mm) with a distinct
polarity pattern. Then, the rotatable head was loosely assembled with a device
body, on top of which a cap was attached. Thus, when the external device is
approached to the implanted pump, the rotatable head can rotate to align the

patterned Mg and Mp and pull the plunger.
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3.2.3 Magnetic design principles

To find a proper design for actuation with the magnets in the pump, the
attraction forces between Mg and Mp, and Mp and Mg were measured with a
load cell (ULC-1N, Interface, USA). The distances between two magnets were
set at 1 and 4.5 mm for Mg and Mp, and Mp and M, respectively, considering
their location in the pump. The measurement was performed in triplicate. The
attraction force between Mp and Mg, was measured to be 0.62 = 0.02 N, which
was larger than the force between Mg and Mp (0.26 + 0.04 N). Therefore, the
external device with Mg can overcome the attraction between the plunger and

barrel, and lift the plunger in the pump.
3.2.4 High-performance liquid chromatography measurements

To evaluate the pump performance and stability of exenatide, the concentration
of exenatide in PBS was measured by high-performance liquid chromatography
(HPLC) (1260 series, Agilent Technologies, USA) equipped with a C18 column
(5 pm, 4.6 mm x 250 mm; Agilent Technology, USA) (61). The mobile phase
was made with a mixture of ACN with 0.1% TFA (ACN/TFA) and an aqueous
solution of 0.1% TFA (DI/TFA). The mobile phase was pumped at a flow rate
of 1 ml/min in gradient mode, in which the volume ratio of ACN/TFA:DI/TFA
was shifted from 40:60 to 50:50 for 25 min. The injection volume of the sample

was 10 ul and the exenatide concentration was measured at 215 nm.
3.2.5 In vitro performance test

The magnetic pumps used in in vitro performance tests were loaded with an
exenatide solution (6.28 mg/ml) and were fully immersed in pH 7.4 PBS at

37°C. To evaluate the drug release profile, the pumps were actuated with the
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external device with patterned magnets for thirty times (n = 3). The drug
concentration was measured every five times of actuation with HPLC. For
safety assessment, the pumps were actuated thirty times with a magnet (0.3 T)
with single polarity (n = 3). The long-term drug release profile was determined
by actuating the pumps and measuring drug concentration at day 1, 8, 15, 22,
29 (n = 5). To assess any possible leakage from the pump, pumps were left for
4 weeks in PBS without actuation (n = 5). To evaluate influences of drug
replenishment on drug release profile, the magnetic pump loaded with
exenatide (6.28 mg/ml) was actuated three times before and after a

replenishment procedure while being fully immersed in pH 7.4 PBS (n = 3).
3.2.6 Accelerated depletion test

For this test, the magnetic pump loaded with a 1 mg/ml fluorescein solution
was fully immersed in pH 7.4 PBS at 37°C and actuated consecutively up to
320 times until depletion. Right after the actuation of interest, the medium was
collected and measured with a UV-Vis spectrophotometer (UV-1,800,
Shimadzu, Japan) at a wavelength of 488 nm to obtain the cumulative amount

of fluorescein release.
3.2.7 Stability evaluation of exenatide

An exenatide solution (6.28 mg/ml) was loaded in the flexible drug container
used for the magnetic pump (n = 3) and stored in 37°C for 28 days, the stability
of which was analyzed by comparing that of a fresh solution of exenatide (day
0) by using HPLC and circular dichroism (CD) spectroscopy (Applied
Photophysics, UK). For CD spectroscopic analyses, an exenatide solution,

either from a fresh solution or after incubation in the pump herein, was placed
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in a quartz cuvette (Hellma Analytics, Germany) with a 0.2-mm path length and

the CD spectra were obtained by scanning at a range of 190-260 nm.
3.2.8 Animal study

For in vivo pharmacokinetics test, ten-week old, female Wistar rats (Orient Bio,
Korea) weighing 200 — 250 g were employed. Wistar rats were used instead of
Goto-kakizaki (GK) rats to avoid anti-exenatide antibody formation. The anti-
exenatide antibody was reported not to affect the efficacy of exenatide; however,
it was reported to influence quantification of exenatide using ELISA kit. The
animals were divided into two groups: Pump-Ex group (n = 5): animals
implanted and treated with the magnetic pump loaded with exenatide and Inj-

Ex group (n = 5): animals treated with the SC injection of exenatide.

For in vivo pharmacodynamics test, ten-week old, male GK rats (Japan SLC,
Japan) were employed, weighing 200 — 250 g. The animals were divided into
four groups: 1) Pump-Ex group (n =5) and 2) Inj-Ex group (n = 5). 3) Pump-
PBS group (n = 4), and 4) Inj-PBS group (n = 4). The pump implantation
procedure is depicted in Fig. 3.2. For all groups, the same volume of exenatide
solution or PBS without exenatide was administered twice per day for 7 weeks,
respectively and their pharmacokinetic and pharmacodynamic profiles were
compared (Fig. 3.3). No outliers were excluded from the data analysis. All
surgical and experimental procedures used in the present study were approved
by the Animal Care and Use Committee at Seoul National University (approval
#:17-0210-S1A0). The animals were housed in a specific pathogen-free facility
with controlled temperature, humidity, and 12:12 h light/dark cycle. Standard

chow diet and water were provided ad libitum during the experiments.
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Figure 3.2 Surgical procedure for the magnetic pump implantation and

exenatide replenishment. A GK rat was anesthetized via isoflurane inhalation
and the dorsal area was shaved. After sterilization with betadine, the dorsal skin
was incised at about 3 cm. The magnetic pump was implanted into the
subcutaneous pocket. The wound was closed using surgical clips (9 mm

Autoclips, MikRon Precision, USA) and disinfected with betadine.
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Figure 3.3 Timeline of the study events. For the Pump-Ex and Pump-PBS
groups, one week prior to the experiments, rats underwent a surgical procedure
to subcutaneously implant the magnetic pump. Over the experiments, the
animals received two administrations per day at 9:00—10:00 h and 17:00-18:00
h, respectively, every day for 7 weeks. Thus, for the Pump-Ex and Inj-Ex, the
same-dose exenatide (12.56 pg in 0.1 ml) was administered by pump actuation
and SC injection, respectively. For the Pump-PBS and Inj-PBS, an equivalent
volume of PBS (0.1 ml) was administered by pump actuation and SC injection,

respectively. Body weight and food intake were monitored three times a week.
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3.2.9 Glucose tolerance test

After 6 weeks of treatment, the oral glucose tolerance test (OGTT) was
performed with all animal groups. An oral gavage with D-glucose (2 g/kg) was
given to a rat after fasting overnight. The blood glucose level was measured at
0, 15, 30, 60, 120 and 180 min via a tail vein, using a glucometer. At the same
scheduled times, a blood sample was withdrawn to measure the insulin level

using a rat insulin ELISA kit.
3.2.10 Paracetamol absorption test

To evaluate effects on gastric emptying, a solution of paracetamol (100 mg/kg)
was given orally, and blood was collected from the tail vein at scheduled times
of 0, 15, 30, 60, 90, 120 and 180 min. The collected blood was centrifuged to
obtain the plasma, 10 pl of which was mixed with 90 pl methanol. Then, 50 pl
of the supernatant was collected and dried with a speedvac (Thermo Fisher
Scientific, USA) for 12 h. The resulting pellet was dissolved in a mixture of 45
pl of deionized water at pH 2.5 and 15 pl of ACN for measurement. The
paracetamol concentration was measured with a LC/MS system (6120 series,
Agilent Technologies, USA) with a C18 column (5 pm, 4.6 mm x 250 mm,
Agilent Technology, USA). The mobile phase was composed of deionized
water at pH 2.5 and ACN (v/v, 75:25). The flow rate was 2 ml/min and the

detection wavelength was 207 nm.
3.2.11 Histology and immunohistochemistry

At the end point of the experiments, the rats were fasted overnight and
sacrificed by cardiac puncture under isoflurane anesthesia. After PBS perfusion,

pancreas and adipose tissues were extracted immediately. The collected tissue
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was then fixed in a formalin solution and embedded in paraffin to prepare a
block, which was cut into 4-pm thick slices for staining. To assess the pancreas
tissue, B-cells were detected with immunohistochemistry (IHC); the samples
were treated with a rabbit anti-rat insulin antibody (1:300) followed by a goat
anti-rabbit IgG-HRP antibody (1:100). The whole slide was visualized with a
Vector NovaRED Peroxidase (HRP) Substrate kit and scanned with a SCN400
Slide Scanner (Leica Microsystems, Germany). In each scanned image, the
insulin-positive area was presented as percent based on the whole pancreas area.
To assess the adipose tissue, the slide was stained with haematoxylin and eosin
(H&E), which was imaged with an optical microscope (BX53, Olympus, Japan)
at a magnification of x200. To assess the cross-sectional area of adipocyte,
>100 cells randomly selected per image using Adiposoft (Imagel] software,

National Institute of Health, USA) were measured.

To examine the biocompatibility of the implanted pump, the tissue surrounding
the magnetic pump was extracted and divided into four distinct groups
according to the locations. Each of the tissue samples was then prepared into
slides, which were stained on H&E and Masson’s trichrome (MT) to assess the
degree of inflammation, based on the number of polymorphonuclear cells, and
measure the thickness of the fibrous capsule around the implanted magnetic
pump, respectively. The tissue slide was imaged with an optical microscope at

a magnification of X200, and analyzed by a professional pathologist.
3.2.12 Statistical analysis

Data are presented as means + standard error of the mean, and differences
between groups were determined by one-way analysis of variance (ANOVA)

followed by the post hoc Tukey's test for multiple comparisons. Effects of
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OGTT and paracetamol absorption were assessed by repeated-measures
ANOVA. Statistical analysis was performed with GraphPad Prism 7 (GraphPad
Software, USA). Differences were considered to be statistically significant

when P < 0.05.

3.3 Results

3.3.1 Pump design and working principles

The overall design and primary working principle of the magnetic pump for
exenatide delivery herein was based on that of the prototype pump depicted in
a previous work (29). The pump was composed mainly of an actuator and
reservoir, which were sealed with the top and bottom covers. The actuator
consisted of a plunger and barrel, each of which was equipped with the magnets
for actuation. Thus, when the magnet from the outside body was applied, the
plunger moved to infuse a drug solution in the reservoir towards the outside of
the pump. However, considering the applicability in exenatide delivery, the

magnetic pump was extensively upgraded, as described below.

To avoid an unwanted, accidental actuation, the plunger and barrel were each
embedded with multiple magnets of patterned polarity, like a key and key hole
(Fig. 3.4). The patterns of the magnets in the plunger (Mp) possessed polarity
opposite to the magnets in the barrel (Mg) and thus, the plunger was attracted
to the barrel to prevent movement. Only when the magnets with the same
pattern and opposite polarity approached and overcame the attraction forces
between the Mp and Mg, the plunger was able to move for actuation. For such
application of the magnetic force from outside the body, a pen-type external

device was prepared, which was also embedded with multiple magnets in a
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pattern (Mg). The end of the external device with the Mg was designed to be
freely rotatable to allow for easy alignment of the Mg and Mp regardless of the

orientation of the external device held by the users.

The reservoir was composed of a drug container and fluid conduit that were
connected in series (Fig. 3.4). The drug container was made of a flexible
biomaterial, polyurethane, to avoid negative pressure build-up due to drug
consumption after multiple actuations. The fluid conduit was assembled with
an inlet valve, silicone tube and outlet valve in series. The silicone tube served
as an intermediate container of a drug solution during actuation, where those
two valves were purposed to prevent any possible backflow of the drug solution
already in the silicone tube and bodily fluid outside the pump, respectively.
Unlike the previous pump, the drug solution in the reservoir could be
completely isolated from the actuator, and thus, it was mostly in contact with
the constituent material of the drug container only, hence better maintaining the
drug stability. The drug container was also equipped with a refill port for
replenishment via needle injections even after implantation considering semi-
permanent use of the pump. The refill port was shaped to be slightly protruded
for ease of localization when the pump was still inside the body (Fig. 3.5). Fig.

3.6 shows an optical image of the magnetic pump and external device.
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Figure 3.4 3D schematic of the pump.
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Figure 3.5 Refill port after implantation. The refill port is slightly protruded

in the skin, which can be easily visualized during the replenishment procedure.
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magnets. The scale bar is 1 cm.
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Fig. 3.7 shows the actuation principle of the magnetic pump. During no
actuation, the patterned Mp and Mg with an opposite polarity fixes the plunger
to tightly press the silicone tube (Fig. 3.7 (D), thereby a minimal amount of
residual drug solution and no drug leakage as both inlet and outlet valves are
closed (Fig. 3.7 (). When the external device is applied to the magnetic pump
from the outside body, the end of the external device rotates to align Mg with
Mp (Fig. 3.7 ). As their attraction force is designed to be stronger than that
between Mp and Mg, the plunger is lifted (Fig. 3.7 @) to expand the silicone
tube and create a negative pressure, which opens the inlet valve while the outlet
valve is still closed, allowing for infiltration of the drug solution in the container
into the silicone tube (Fig. 3.7 (®). During this process, the drug container
shrinks; however, due to flexibility, a negative pressure build-up can be
minimized (Fig. 3.7 ®). When the external device is removed (Fig. 3.7 @),
the plunger moves downward due to the attraction between Mp and Mg (Fig.
3.7 ), which compresses the silicone tube (Fig. 3.7 (9). An increase in
pressure inside the silicone tube closes the inlet valve (Fig. 3.7 10) and opens

the outlet valve (Fig. 3.7 @D) to infuse the drug solution through the outlet (Fig.

3.7 ©@).
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Figure 3.7 Actuation principle of the pump.
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3.3.2 In vitro performance test

To test the performance, the magnetic pump herein was first tested under in
vitro environments. For this, the pump was fully immersed in pH 7.4 PBS and
the external device was applied on top of the pump at a gap of 1 mm to simulate
the presence of skin after pump implantation (62). As shown in Fig. 3.8A, the
drug was infused reproducibly at a bolus exenatide dose of 11.4 + 0.3 pg per
actuation (equivalent to 1.82 + 0.05 pl of liquid infusion per actuation) using
the silicone tube as an intermediate container. Meanwhile, the pump did not
release any exenatide when a strong magnet with a single polarity (i.e., a
magnet without patterns) was applied (Fig. 3.8A). While the pump was
immersed in PBS for a long time over 28 days, the dose per actuation was still
reproducible and the drug leak was not observed during no actuation periods
due to the presence of the check valves (Fig. 3.8B). Immediately after the
removal of the external device, the compression force over the silicone tube
was governed mainly by the attraction force between Mp and Mg and thus, the
infusion volume could be reproducible, leading to a reproducible drug dose per
actuation. With the use of a flexible drug container, the magnetic pump
exhibited a reproducible infusion per actuation with up to 300 consecutive
actuations until consuming about 94% of the total volume of the solution in the
container (Fig. 3.8C). The reproducible infusion profile per actuation was not
influenced by the replenishment procedure employed in this work (Fig. 3.8D).
Exenatide in the pump was stable without apparent denaturation when stored in

the device at 37°C for 4 weeks (Fig. 3.8E and F).
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Figure 3.8 In vitro performance test of the magnetic pump. (A) The
magnetic pump loaded with exenatide was actuated three times before and after
a replenishment procedure (n = 3). The infused dose per actuation did not vary
significantly, indicating that the replenishment procedure did not affect the
performance of the magnetic pump. (B) The pump was either actuated at
predetermined times of 1, 8, 15, 22 and 29 days or left unactuated while being
fully immersed in PBS (n = 5). Given the LOQ (limit of quantification of the
measurement, 5 pg/ml) in this work, the leak, if any, would be < 0.625 pg per
day. (C) Accelerated depletion test. The pump was loaded with a solution of a
model compound, fluorescein (1 mg/ml) instead and actuated consecutively up
to 320 times until depletion. The magnetic pump exhibited a reproducible
infusion per actuation (2.02 = 0.05 pg fluorescein per actuation equivalent to
2.02 £ 0.05 pl of liquid infusion per actuation) with up to 300 consecutive
actuations. (D) Thirty consecutive actuations were applied with external device
with patterned magnets or a strong magnet with a single polarity (0.3 T). The
amount of drug newly released from the pump was measured after every five
consecutive actuations (n = 3). Stability evaluation of exenatide assessed with
(E) HPLC (n = 3) and (F) CD spectroscopy after storing in the pump at 37°C

for 28 days. Error bars are & standard error of the mean.
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3.3.3 In vivo pharmacokinetic tests

To evaluate the in vivo performance, the pharmacokinetic profiles of exenatide
were compared between the two different animal groups: Pump-Ex and Inj-Ex
group. For both groups, the same dose of exenatide was administered. As shown
in Fig. 3.9, the pharmacokinetic profiles of exenatide from the Pump-Ex and
Inj-Ex groups were superimposable with a similar maximum plasma
concentration (Cmax) of 7.94 + 0.74 ng/ml and 6.69 + 0.37 ng/ml, respectively.
The time taken to reach the Cmax (Tmax) Was 15 min in both groups. The areas
under the drug concentration curve (AUC) were nearly identical as 20.3 = 1.5
and 20.1 £ 0.9 ng/ml min for the Pump-Ex and Inj-Ex groups, respectively. The
pharmacokinetic profile shown above remained unaltered even after a

replenishment procedure with the implanted magnetic pump (Fig. 3.10).
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Figure 3.9 In vivo pharmacokinetic profiles of exenatide. (A) The exenatide
concentration in blood plasma was measured using an exenatide enzyme
immunoassay (EIA) kit (n = 4). (B) AUC was calculated using the trapezoidal
rule, which was not statistically significantly different between the Inj-Ex and
Pump-Ex groups (P > 0.05; Student’s t-test). Error bars are + standard error of

the mean.
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Figure 3.10 Reproducibility assessment of the magnetic pump after a
replenishment in vive. The magnetic pump loaded with exenatide was
implanted in Wistar rats (n = 1) and actuated before and after a replenishment
procedure. A replenishment procedure was performed when the magnetic pump
was implanted in rats. After each actuation, the blood was withdrawn at
scheduled times and the plasma concentration of exenatide was measured, as
depicted in the Materials and Methods Section. The pharmacokinetic profiles
of exenatide in blood plasma did not vary significantly, indicating that the
replenishment procedure herein still did not affect the in vivo performance of

the magnetic pump.
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3.3.4 In vivo pharmacodynamic tests

To evaluate the in vivo pharmacodynamics of exenatide, two more animal
groups were added for a total of four different animal groups: (i) Inj-PBS, (ii)
Pump-PBS, (iii) Inj-Ex, and (iv) Pump-Ex groups. For all groups, the same
volume of exenatide solution or PBS without exenatide was administered twice

per day for 7 weeks, respectively.

For the parameters of pharmacodynamics, the profiles of body weight and food
intake were measured (63, 64). As shown in Fig. 3.11A, the GK rats treated
with exenatide (both the Inj-Ex and Pump-Ex groups) exhibited a significantly
lower body weight gain than those treated with PBS only (both the Inj-PBS and
Pump-PBS groups) (P < 0.05). In accordance with this, the total food intakes in
both exenatide groups were significantly lower than those of both PBS groups
(P <0.05; Fig. 3.11B). During the OGTT performed after 6 weeks of treatment,
there were no significant differences in pharmacodynamic parameters related
to postprandial glucose metabolism between the Inj-Ex and Pump-Ex groups.
The blood glucose levels after a glucose load were lower with both exenatide
groups compared with both PBS counterparts (Fig. 3.11C). The area under the
plasma glucose concentration-time curve (AUCucose) Of both exenatide groups
was significantly lower than those of the PBS-treated groups (Fig. 3.11D). The
plasma insulin levels during the OGTT in both exenatide groups were lower
than those with both PBS-treated groups (Fig. 3.11E). The AUCiqsuin Was
significantly lower in both exenatide-treated groups than those in the respective
PBS-treated groups (Fig. 3.11F). Insulin sensitivity during the OGTT, which
was measured by the Matsuda Index (65), was significantly higher in both

exenatide groups compared with both PBS groups (Fig. 3.11G).
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To examine the gastric emptying rate, the paracetamol absorption rate after 6
weeks of treatment was measured (58). The plasma paracetamol levels were
lower in the both exenatide groups than both PBS groups (Fig. 3.11H), and the
corresponding AUCparacetamol Was significantly lower in the exenatide groups
than in the respective PBS groups (P < 0.05, Fig. 3.111). This lower systemic
absorption of orally-administered paracetamol suggested more delayed gastric
emptying by exenatide administrations, which could explain a lower food
intake and body weight gain (Fig. 3.11A and B), as well as improved glucose
tolerance (Fig. 3.11C-G). Most importantly, there was no significant difference
in the above-mentioned pharmacodynamic parameters between the Inj-Ex and
Pump-Ex groups, suggesting that the efficacy of the exenatide delivered with

the pump herein was nearly identical to that administered via SC injections.
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Figure 3.11 Pharmacodynamic profiles of exenatide. Profiles of (A) body
weight change and (B) total food intake after the 7-week treatment of GK rats.
Data are shown as means =+ standard error (n > 4). Profiles of (C), (D) blood
glucose concentrations and (E), (F) plasma insulin concentrations, where the
AUC of each parameter was calculated using the trapezoidal rule. (G) The
Matsuda index was obtained to estimate insulin sensitivity. Data are shown as
means * standard error (n > 4). Profiles of (H) plasma paracetamol excursions
and (I) AUC, which was calculated by the trapezoidal rule. Data are shown as
means + standard error of the mean (n > 4). Black * indicates Inj-Ex versus Inj-
PBS and Red * indicates Pump-Ex versus Inj-PBS, where *P < 0.05, **P < 0.01
and ***P < 0.001. Black # indicates Inj-Ex versus Pump-PBS and Red #
indicates Pump-Ex versus Pump-PBS, where #P < 0.05, ##P < (0.01 and ###P <
0.001.
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3.3.5 Effects on the pancreatic islets and adipose tissues

GK rats are an animal model characterized by pancreatic 3-cell loss and islet
fibrosis leading to their bizarre-looking shape (66), which was clearly observed
with the PBS-treated groups (Fig. 3.12A). Alternatively, the pancreatic islet
structure was relatively well preserved in both exenatide-treated GK rats. The
[-cell areas measured by insulin staining were significantly greater in both

exenatide-treated groups than in the PBS-treated groups (Fig. 3.12B).

Although the GK rat is a non-obese diabetic animal model, the H&E-stained
tissues revealed that the size of adipocytes in the epididymal fat pad was smaller
in both the exenatide-treated groups than in the PBS-treated groups (Fig. 3.13).
In addition, inflammation appeared to decrease in visceral adipose tissues,
which was assessed by the number of crown-like structures, in the both
exenatide-treated groups compared to the corresponding PBS-treated groups
(Fig. 3.14). However, in the subcutaneous and brown adipose tissues, there was
no apparent morphological difference among the tested animal groups (Fig.
3.15). These results suggest a similar effect of exenatide on the protection of
pancreatic B-cells, as well as on the reduction of visceral fat, between the Inj-

Ex and Pump-Ex groups.
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Figure 3.12 Profiles of pancreatic islet structure. (A) Representative IHC-
stained images, showing brown colors as insulin positive in the pancreas tissue
sections. The scale bars are 50 um. (B) Histomorphometric quantification of
the B-cell area was calibrated as percent based on the whole area of pancreatic
tissues (n > 4). At least three images randomly selected per rat were examined
for statistics. Data are shown as means + standard error. Black * indicates Inj-
Ex versus Inj-PBS and Red * indicates Pump-Ex versus Inj-PBS, where ***P
<0.001. Black # indicates Inj-Ex versus Pump-PBS and Red # indicates Pump-
Ex versus Pump-PBS, where #P < 0.05, ##P < 0.01 and ###P < 0.001.
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Figure 3.13 Profiles of adipocytes in the epididymal fat pad in GK rats. (A)
Representative H&E-stained images of the epididymal adipose tissue sections.
The scale bars are 50 um. (B) Mean cross-sectional areas of adipocytes (n > 4).
At least four images per rat were analyzed for statistics. Data are shown as
means + standard error. Black * indicates Inj-Ex versus Inj-PBS and Red *
indicates Pump-Ex versus Inj-PBS, where ***P < 0.001. Black # indicates Inj-
Ex versus Pump-PBS and Red # indicates Pump-Ex versus Pump-PBS, where
#P < 0.05, ##P < 0.01 and ##P < 0.001.
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Figure 3.14 Number of crown-like structures in epididymal adipose tissues.
Data are shown as means + standard error of the mean (n > 4). At least four
slides per rat were randomly selected and assessed for statistics. * statistically
significantly different from the Inj-PBS (P < 0.05). # statistically significantly
different from the Pump-PBS (P < 0.05).
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Figure 3.15 Representative H&E-stained images of (A) subcutaneous and
(B) brown adipose tissues. The images were obtained at X200 magnification.

The scale bars are 50 pm.
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3.3.6 Biocompatibility assessment

To assess the biocompatibility of the magnetic pump, tissues from the four
different locations around the magnetic pump were analyzed. The tissues were
adjacent to 1) the outlet, 2) the area above the magnet for actuation (i.e., the
actuation), 3) an area not used for actuation (i.e., the wall) and 4) the refill port
(i.e., the refill) (Fig. 3.16A). The biopsied tissues were treated on H&E and
Masson’s trichrome (MT) staining, respectively. As shown in Fig. 3.16B,
regardless of the tissue locations, mild inflammation with an insignificant
number of polymorphonuclear cells was observed around the implanted pump.
The MT-stained tissues exhibited the formation of a fibrotic capsule around the
implanted pump, the thickness of which was measured as 115.5 +30.3 pm (Fig.
3.16C). Such capsule formation was also observed with the implanted devices
in other previous studies (22, 29, 67). Fibrotic tissues did not appear to occlude
the outlet valve as the outlet valve was seamlessly closed during no actuation
periods, and was opened for a very short time (< 1 second) only at the moment
the plunger compressed the silicone tube to build up a positive pressure (29).
The capsule tissues showed minimal proliferation of benign-looking fibroblasts
and rich collagenous stroma, as well as some lymphoplasmacytic, histiocytic
and eosinophilic infiltration. The outlet was not blocked when observed at the
end point of the experiments (i.e., 52 days after implantation). Inflammation
markers in the blood, such as interleukin (IL)-1f, IL-6 and tumor necrosis
factor (TNF)-a, did not vary or increase significantly with the animals

implanted with the pump for 52 days (Table 3.1).
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Figure 3.16 Histological images of the tissues around the implanted
magnetic pump. (A) Tissue locations around the magnetic pump. (B) H&E-
stained tissue images for evaluation of polymorphonuclear cells. (C) H&E- and
MT-stained tissue images for evaluation of fibrotic capsule formation, where

the arrows indicate the capsule thickness. The scale bars are 100 pm.
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Table 3.1 Assessment of inflammatory markers in plasma. Inflammatory
markers in plasma, such as IL-1b, IL-6 and TNF-a, were measured at 0 and 52
days after implantation of the magnetic pump (n > 4). For all animals in the
Pump-Ex group, no significant elevation of inflammatory markers was
observed compared with the control group, that is, the intact animals without

pump implantation. Data are shown as means + standard error of the mean.

IL-1B IL-6 TNF-«
Control 17813 76%06 82+ 04
Pump-Ex (Day 0) 208+25 72+04 9.8+ 05
Pump-Ex (Day 52)  12.4+0.3 7.1+04 7.1+0.9

(unit: pg/ml)
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3.4 Discussions

Recent developments of GLP-1 RAs have focused on reducing dosing
frequencies to increase patients’ adherence to the injection therapy (68).
However, these long-acting GLP-1 RAs are not physiologic because they do
not recapitulate the postprandial GLP-1 secretion, thus requiring frequent
needled injections of a short-acting GLP-1 RA typically before each meal (25).
In this regard, the methodology of exploiting on-demand administrations of a
short-acting GLP-1 RA with minimized needled injections could be considered

advantageous to address unmet clinical needs.

Therefore, to fill the treatment gap, an implantable, battery-less pump was
proposed for on-demand and bolus administration of exenatide. As reported
with the pump for insulin delivery in the previous work (29), the pump herein
with single implantation was also operable without a battery based on magnetic
actuation to allow for on-demand and bolus administration of exenatide without
needles only when a noninvasive magnet was applied from outside the body
(Fig. 3.7). A refill septum was also featured considering a semi-permanent use

after implantation.

In addition to these advantages, the pump in this work was extensively
improved considering its translational application for exenatide delivery.
Regarding safety, the magnets in the pump and external device were patterned
with specific polarities to avoid accidental, unwanted exenatide exposure (Fig.
3.8A). To allow for smooth alignment of the magnets between the plunger and
external device, the end of the external device with a specific magnet pattern
was designed to be easily rotatable. In addition, a flexible fluid conduit was

integrated in the pump, two ends of which were assembled with check valves
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and connected to the drug container and outlet port, respectively (Fig. 3.4). In
this way, the drug container was better isolated from the bodily fluid, hence
better protection of exenatide loaded in the pump. Additionally, the fluid
conduit contained the same volume of an exenatide solution, which would be
pushed for its bolus release during actuation, thereby a reproducible dose of

exenatide (Fig. 3.8A and B).

From the perspective of patients’ convenience, it was also aimed to minimize
the number of refilling procedures and thus, the drug container was made of a
flexible material to prevent negative pressure until nearly all exenatide was
consumed by multiple actuations (Fig. 3.8C). The findings revealed that the
improved pump exhibited a similar in vivo pharmacokinetic profile of
exenatide compared with the conventional SC injection (Fig. 3.9). The
pharmacodynamic effects in GK rats were nearly identical to those with the SC
injections (Fig. 3.11,3.12, 3.13 and 3.14). Notably, the results in this work were
comparable to those from many previous reports that tested the effects of
exenatide on rodent models of T2D (57, 59, 63, 64, 69). Combined, the
upgraded pump in this work could be a viable and minimally-invasive

alternative of a current needled-injection therapy of exenatide for T2D.

The stability of exenatide was monitored for 28 days in this study, and therefore
the drug was replenished at day 28 after implantation. However, the exenatide
was reported to be delivered for longer than a year in ITCA650 osmotic pump
in vivo. Also, the magnetic pump could deliver 300 times of drug before a drug
replenishment. Therefore, in further studies, the extended stability of exenatide
could be evaluated to determine the feasibility of less frequent drug

replenishments.
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To bring the pump closer to clinical applications for exenatide therapy, more
considerations may be needed with respect safety and patient convenience. The
exterior of the pump may need to be made of a material with a higher
mechanical strength, that is, biocompatible metals, such as titanium or stainless
steel (70, 71). A stronger package would better prevent possible rupture of
exenatide caused by accidental mechanical impact; however, exenatide does
not cause a fatal risk even with a significant overdose (72, 73). The human dose
of exenatide is known to be 5 or 10 pg twice a day (74), which is different from
the dose per actuation with the pump herein (11.4 pg per actuation). However,
this could be easily adapted by changing the exenatide concentration in the
container as the pump herein basically infuses a reproducible volume of liquid.
In addition, with regard to the administration frequencies of exenatide for
humans, the volume of the drug container may need to be increased to
approximately 1.5 ml considering replenishment once per year. As the volume
of the driving unit for magnetic actuation could be maintained without an
increase, the total volume of the pump is expected to be 8.7 ml, which is still
approximately 13 times smaller than the implantable drug-delivery pumps
already in clinical use (75). If more frequent replenishment is allowed, the
volume of the pump could be further decreased. The approximate cost for
fabrication of the magnetic pump herein was expected to be not very high (c.a.,
20 USD per pump when estimated only with the depreciation of the 3D printer
and the consumption of relevant materials). This implies that the magnetic
pump herein would not be a significant financial burden to the patients. Instead
of a manual application, an external device with electronics could be envisioned
to be able to operate the implanted pump and confirm the drug release (76). In

this way, a mobile app could be designed to control exenatide administrations

84



and monitor its regimen history for better safety and usability for patients.

GLP-1 is an incretin hormone that potentiates insulin secretion in a glucose-
dependent manner (71). The results revealed that the blood glucose levels after
a glucose load during the OGTT markedly decreased with exenatide treatment
regardless of the administration methods (Fig. 3.11C and D). Interestingly,
however, the plasma insulin levels during OGTT was also lower in both
exenatide-treated GK rats than in the PBS-treated counterparts (Fig. 3.11E and
F). The paradoxical relationship between the glucose and insulin levels in this
study is in accordance with a previous study (57). Thus, the results might be
explained by decelerated gastric emptying and improved insulin sensitivity, as
assessed by paracetamol absorption and Matsuda index, respectively (Fig.
3.11G-I). GLP-1 slows gastric emptying by mechanisms including relaxation
of gastric smooth muscle, reduction of antral and duodenal motility, and an
increase in gastric pyloric tone, which are likely to be mediated by vagal
pathways (77). GLP-1 can also influence insulin sensitivity in several ways (78).
GLP-1 decreases hepatic glucose production possibly through suppression of
glucagon secretion by pancreatic a-cell and neural pathways. Weight loss
induced by GLP-1 RA can contribute to improving peripheral insulin sensitivity.
Collectively, these effects with regard to delayed gastric emptying and
enhanced insulin sensitivity could explain the reduced postprandial glucose
excursion with lower postprandial insulin levels in this study. Importantly, this
was often observed with short-acting GLP-1 RA but not with a long-acting
GLP-1 RA that showed nearly no effect on gastric emptying due to

tachyphylaxis (25).
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Chapter 4

Conclusion and perspective

Minimally-invasive diagnosis and drug therapy are surely the future of diabetes
mellitus management. It will free patients from repetitive painful procedures
and side effects, and thus enhance patients’ compliances and therapeutic effects.
However, current methodologies for minimally-invasive diagnosis and drug
therapy have drawbacks, so are yet to be considered as practical solutions. For
this, a strip-type tear glucose sensor was developed as a methodology of
minimally-invasive diagnosis, and an implantable magnetic pump as a

methodology of minimally-invasive drug therapy.

In chapter 2, a minimally-invasive self-diagnostic tear-glucose device that can
perform rapid and concurrent tear collection and glucose measurement was
proposed. The tear-glucose device was composed of a strip-type
electrochemical sensor modified to collect 0.4 pl of tear fluid, a 3D printed lid
to safely protect eye surface from irritation or damage. The tear-glucose device

could collect tear fluid within 2 seconds and simultaneously measure the tear
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concentration, and thus could avoid sample transfer from tear collector to the
reader. The tear-glucose device detected glucose concentration as low as 0.01
mM, and thus could sufficiently measure tear glucose concentration in vivo,
which was reported to be in range of 0 ~ 0.6 mM. Using the tear-glucose device
in vivo, the tear glucose concentration was observed to have high correlation to
the blood glucose concentration, with 15 to 30 minutes of lag time. The
response of tear glucose concentration according to the change of blood glucose
was found to be different among the tested animals, and this was considered to
be inherent. However, the correlation between the blood glucose and the tear
glucose in an individual animal was found to be linear. Therefore, it could be
envisioned that the tear glucose sensor could be applied for practical diagnosis
of diabetes mellitus after obtaining the personalized correlation of the patient.
Also, future researches could focus on finding a more accurate general

correlation with a larger number of animals or human subjects.

In chapter 3, an implantable magnetic pump was developed to release
reproducible amount of exenatide upon actuation by external magnetic field.
The pump was actuated only by the patterned external magnetic field, so that it
could prevent unintended actuations caused by any single magnet that can be
found in our daily lives. In addition, the pump could be used semi-permanently
because it does not need batteries to be powered, and the drug in the drug
container can be refilled. From the animal experiment, it was found that the
pharmacokinetics and the pharmacodynamics in Pump-Ex group were
insignificantly different from Inj-Ex group. The magnetic pump did not induce
significant immune reaction or fibrosis. Therefore, the results indicated that the

magnetic pump could be used to replace needled injections.

87



There can be concerns about possible interaction with magnetic resonance (MR)
imaging as the plunger and the barrel are made of patterned magnets. For MR
compatibility, a rotatable patterned magnet can be adopted in the future, like
the magnetic part embedded in MR-compatible cochlear implants. For further
safety, mechanical locking system can also be included to prevent movement

of plunger in MR imaging system.

The methodologies of minimally-invasive diagnosis and drug therapy proposed
in this study showed comparable accuracy and efficacies to conventionally used
invasive methodologies. Therefore, it could be envisioned that the
methodologies suggested herein could be a patient-friendly alternative. In the
future, enhanced patient acceptability would be demanded in addition to
minimal invasiveness. Thus, there should be continuous effort to improve
patient acceptability, such as combining the tear glucose sensor with contact
lenses, which are already accepted in daily life. In the same sense, the
implantable drug delivery devices could be fabricated in small sizes so that

implantation would be easier, and the device would be less visible from outside.
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