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Abstract

In the third year, the aim of this subproject is to develop a smart system which is responsible to
sense or detect the need of patients by monitoring and analyzing patient’s (through the use of
an animal model) abnormal discharge due to epilepsy and to translate a control signal to the
drug delivery device. For Sub-Project-1, (1) an on-line seizure detection method applicable to
multiple seizure types has been developed. To evaluate the usefulness of the proposed method,
it was applied to the continuous EEG of four Long-Evans rats with spontaneous absence
seizures and of four Wistar rats with epileptiform activities induced by pentylenetetrazol (PTZ).
For subject dependent evaluation, the average seizure detection rate, false detection rate, and
detection delay time were 98.2%, 8.9%, and 0.51 s for absence seizures, respectively, and were
97.3%, 6.6% and 0.53 s for PTZ induced seizures, respectively. (2) A wireless behavioral state
and physiological signal monitoring system. It demonstrates successful observation of kindle
process of temporal lobe epilepsy and discrimination vigilance states. To integrate with
subproject-1 and subproject-3, two major studies were focused in the third year for
Sub-Project-2. Firstly, electrically-responsive drug elution behavior of the hybrid hydrogel
based on an amphiphilic chitosan and inorganic silicawas characterized and evaluated
systematically in-vitro using an anticonvulsant drug, ethosuximide, as model molecule.
Secondly, further integrating the hybrid hydrogel, designed as a chip-like drug reservoir, with
an automatic self-detection and signal transmitter system, applying to a rat’s model, the
resulting seizure frequency was considerably reduced and has experimentally proved that such
a self-detection chip-like drug delivery device holds promising prospective in practical
epileptic treatment. Subproject-3 reported that when ESM injected into lateral cortical region
(AOLS), the number and total duration of SWDs were remarkably decreased and the onset of
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SWDs was prolonged. The data will be benefit for the nanoparticle construction of the
SubProject-2 and closed-loop design of the SubProject-1 being crucial for the test of a
close-loop seizure controller. In addition, comparison of effects of intracortical infusion of
saline or ESM into 3 brain sites (AOL5, and AOL2) in SWDs of Wistar rats induced by
pentylenetetrazol (PTZ) (20 mg/kg, i.p.). Therefore, the seizure detector developed in this
subproject 1 was also integrated with the drug delivery device developed in subproject 2
to perform a responsive drug delivery system and this system was evaluated by the rat
models developed in subproject 3. The drug delivery system consists of four units: (a)
signal acquisition and amplification unit, (b) 8051 micro-processor and wireless data
transmission unit, (c) electric field and drug delivery chip, (d) host system for data
storage and real-time display. It was demonstrated on the in vivo test and the
experimental results show that the spike and wave discharges of the rats reduced by
nearly 50% while ethosuximide (ESM) was released from the self-detection drug delivery
system.

Keywords: On-line seizure detection, Drug delivery system, Epilepsy, Electrically-responsive

I. Introduction

Up to now, there is no true control of release of drug after administrated into human body,
because the drug is released solely by a pre-design of the host matrix and its corresponding
environment. Therefore, it is more technically desirable and therapeutically effective to
develop the drug delivery system on the bio-compatible substrate to detect the need of patient
according to the disease state of patients in particular for chronic diseases such as epilepsy.

Based on the idea, this research project uses epilepsy, i.e., a model disease, as an in-vivo
platform for proper evaluation of drug delivery device. The drug delivery system with a
non-implantable prototype is expected to be investigated, including a controllable burst drug
delivery device designed specifically for epileptic syndrome, signaling and correlating the
biological wave with a mechanical micro-deformation of a novel smartgel membrane,
establishing a controlled burst release with precision dose analogue with natural secretion burst
behavior in human body, and establishing smart interface to convert and model the behavior
between pathological analog input into digitally readable data, etc. will be systematically

evaluated and characterized in the 3 sub-projects.
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(1) Sub-Project-2:

Development and characterization of smart responsive biomedical composite
structure for drug delivery system

P-1 Preparation of CHC Hydrogels

To prepare CHC hydrogels, the preparation procedure is separated into two stages, the first
stage is to prepare three suspensions; (1) 1.3% w/v CHC solution by suspending the
above-mentioned CHC samples in deionized water at 25 °C for 24 hours. (2) 1% w/v GP
(genipin, Challenge Bioproducts Co., Ltd., Taiwan) solution which is prepared by dissolving
GP powders in deionized water stirring for 2 hours at 50°C to ensure that GP was fully
dissolved, and (3) acid-hydrolyzed TEOS solution by mixing TEOS, together with ethanol and
H,O with different weight ratios ( [TEOS]:[H20O]:[Ethanol]=1:5:7, 2:5:7, and 1:10:14
separately ), and HCI, in order to give a final silica-containing CHC hybrid structure. After that,
the GP and TEOS solutions with different weight ratios were added to the CHC solution while
stirring for 30 minutes, followed by incubating at 50°C for 2 days. Thus, the
genipin-cross-linked CHC-TEOS hybrid hydrogels were formed and designated as GPXTEOSy,
where the symbol x and y represent the weight ratios (in percentage) in the dried hydrogel. The
synthetic parameters of hybrid hydrogels are listed in Table 1.

Table 1. The synthesis parameters of CHC-TEOS hydrogels designated as GPXTEOSY,
where the symbol X and y represent the weight ratio in the dried hydrogel.

CHC 13%whN 1% wlv
Hydrogel CH%OI)(g) GP(sol)(g) TEOS (@)

GPOTEOS54 2 0 0.03
GP0.5TEOS54 2 0.03 0.03
GP1TEOS54 2 0.06 0.03
GP1.5TEOS54 2 0.12 0.03
GP1.5TEOSO 2 0.12 0
GP1.5TEOS27 2 0.12 0.018
GP1.5TEOS54 2 0.12 0.03
GP1.5TEOS70 2 0.12 0.045

The swelling behaviors of the hybrid hydrogels with different degrees of cross-linking by
genipin and TEOS are illustrated in Figs. 1(a) and (b), respectively. The profiles of
GPOTEOS54 and GP1.5TEOSO showed some specificity that both swollen hybrid hydrogels
were hard to reach the swelling equilibrium but tended to collapse while immersing into water
over a short period of time. It has known from previous study that CHC exhibits an excellent

water affinity behavior at pH 7.4. In the absence of any crosslinking agents, the CHC was found
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to swell extensively till reaching a structural failure (collapse). Such structural failure is
probably resulting from dis-assembly of the CHC polymer chains as a result of dissolution to
form micelle entities in water. Similar structural dis-assembly was also observed from the
hybrid hydrogels using either 54% TEOS alone or 1.5% genipin, as given in Figs. 1(a) and 6(b),
respectively. It is then suggested that the hybrid hydrogels containing either TEOS or genipin
alone were still subjecting to collapse upon extensive water absorption. However, what is more
interesting is that the swelling behavior for the hybrid hydrogels with the use of both TEOS and
genipin such as samples of GP0.5STEOS54, GP1TEOS54, GP1.5TEOS54, GP1.5TEOS27,
GP1.5TEOS54, and GP1.5TEOS70, as given in Figs. 1(a) and (b), reaches equilibrium state for
a longer time period of 45 minutes before a final structural collapse occurred. That is to say, the
presence of both TEOS and genipin in the hybrids has more pronounced effect to strengthen the
structure of the hybrids from undesirable mechanical failure upon swelling than their individual
contribution. As such, the swelling equilibrium can be achieved over a prolonged duration
while structure integrity remained identical, rather than collapsed upon extensive swelling.

However, increase in the concentration of both genipin and TEOS decreased the swelling
ratio of the resulting hybrid hydrogels. The swelling behavior in Fig. 1(a) indicates that samples
of GP0.5TEOS54, GPITEOSS54, and GP1.5TEOS54 (i.e., hybrids with constant TEOS) have a
swelling ratio, decreased with genipin content, of 427%, 354%, and 269% respectively. For
samples with constant genipin, GP1.5TEOS27, GP1.5TEOS54, and GP1.5TEOS70 having a
swelling ratio, decreased with TEOS content, of 550%, 326%, and 300%, respectively. It is then
concluded that the higher content of the crosslinkers, the lower the swelling capability of the
CHC hybrids results. The mesh size of the swollen CHC chains should accordingly be reduced
proportionally.

o
9\_/400-
i)
< 3004
P —
2 200+
D —— GPOTEOS54
= 100 = GP0.5TEOS54
A | GP1TEOS54
0l ——GP1.5TEOS54
0 10 20 30 40 50 60
(b) Time (min)
700
o
3\1600-
.© 500+
—
S 400-
2 3004
T 200 ——GP1.5TEOSO
= ——GP1.5TEOS27
¢ 100+ GP1.5TEOS54
0. ——GP1.5TEOS70

0 10 20 30 40 50 60
Time (min)
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Fig. 1. Swelling behavior of the hybrid hydrogels with different contents of (a) genipin and (b)
TEOS, as a function of time.

P-2: Assembly of the Drug Delivery Device and Drug Release

The drug delivery device is designed by combination of hybrid hydrogels and a transparent,
plastic container. Fig. 2(a) is a schematic flowchart which demonstrates the procedures to
prepare the device. A transparent plastic container, made of poly (methyl methacrylic acid)
(PMMA, YEONG-SHIN Co., LTD, Taiwan) has dimensions of 2cm x 2cm x 0.2cm with a
single small opening of 0.2 mm in diameter on one side of the container, whilst the other three
sides were mechanically sealed the PMMA plates. The one with the small opening is designed
as the outlet for drug elution. Two rectangle-shaped platinum plate (Pt, YEONG-SHIN Co.,
LTD, Taiwan, 4cm x2cm x 0.Imm in dimension) were placed in a constant distance with two
parallel sides of the acrylic container as electrodes. After the hybrid hydrogels was inserted into
the container described above and sealed, a chip-like device was successfully produced (Figs.
2(a) and (b))

Fig. 2. (a) Schematic flowchart for chip-based hybrid device preparation (b) The setup of
hybrid device where an electrical field of different strengths can be generated between

the Pt electrodes in the sealed container.

Drug release test was carried out by first incorporating the hydrophilic anticonvulsant drug,

ethosuximide (ESM), of concentration 15mg/ml, into the CHC solutions. The drug was
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dissolved completely in the presence of CHC-containing solution with a concentration of 1.5
wt%. Then after vigorously stirring, the final ESM-containing solution was cast in a petri dish
and dried in oven at 50°C to form resulting membrane-like hydrogels according to the
preparative procedures aforementioned.

The ESM-loaded hybrid hydrogel with dimensions of 30 mm in diameter and 0.3 mm in
thickness, on a dried basis, was kept in space between two platinum electrodes. Then, together
with the final device, immersed into a glass beaker contained 50-ml distilled water. The device
was then exposed under an electric voltage generated by a dc power source over a range of 0V,
15V, 30V, and 60V. At appropriate time intervals, 2 ml solution was extracted from the beaker
and analyzed using a UV spectrophotometer (Evolution 300) at a specific wavelength A=254
nm.

ESM is water soluble and thermally stable drug, which is suitably employed for controlled
release study and was employed as model molecule in this work. The in-vitro release of ESM
from the CHC hybrids was measured over a 60-min period in deionized water, as shown in Figs.
3(a) and (b). CHC hybrids with either TEOS or genipin alone illustrated a burst-like profile
where the ESM was nearly completely eluted within 15 minutes. However, for hybrids such as
GP0.5TEOS54, GPITEOSS54, GP1.5TEOS54, GP1.5TEOS27, GP1.5TEOS54, and
GP1.5TEOS70 exhibited much slower release profile when both TEOS and genipin were
incorporated with a higher concentration in either genipin or TEOS into the hybrids. The slower
release profile for the hybrids with higher crosslink density can be resulting from a smaller
mesh size of the hybrid networks than those hybrids with lower or little crosslink. The evolution
of smaller mesh size in the network structure of high-crosslink hybrids may then be used to
explain a lower diffusion rate for the ESM molecules to eluting outward. Hence, manipulation
of the nanostructure of the hybrids has become a very important issue for designing a device

suitable for controlled release of ESM.
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Fig. 3. In-vitro release of ESM from the hybrid hydrogels with (a) different genipin contents
and (b) different TEOS contents.

P-3: Drug Release Behavior of the Device under Electric Field

1. Effect of genipin
Figure 4(a) shows the in-vitro release of ESM from GPOTEOS54 hybrid which was

integrated into a membrane-like configuration (hereinafter termed “chip”), under an applied
electric field of different DC voltages from 0V to 60 V. It can be observed that the ESM was
completely depleted over a time period of 120 minutes under zero voltage. Compared to Fig.
3(a), it indicates that when the hybrid hydrogels were inserted into the closed container, a
full-scale swelling of the hybrids was effectively inhibited due to a constrained space. Since the
swelling of the hybrids sandwiched in the container is heavily restricted, a subsequently
restriction of the drug diffusion out of the chip is expected as a result of smaller mesh size

developed within the hybrid hydrogel, resulting in a much slower release kinetics.

a b
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Fig. 4. (a) The ESM release profiles from GPOTEOS54 when applied DC electric field was
operated as 0V, 15V, 30V, and 60V. (b) The release profiles with different genipin

content under electrical operation of 60V.

Under electrical stimulus at voltages of 15V, 30V, and 60V respectively, drug release was
restricted considerably with increased voltage, where only ~15% of ESM being eluted over a

period of 180 minutes under 60-V electrical stimulus. Such an electrical-field-modulated ESM
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release profile can be presumably considered as a result of both electrophoretic and

electroosmotic actions interplaying between the hybrid and ESM.

The chemical structure of ESM, with a molecular mass of 141.2 g/mole, has a chiral
framework containing a five-member ring, with two negatively charged carbonyl oxygen atoms
with a ring nitrogen between them and one asymmetric carbon atom, as shown in Figure 5.
Normally, it is more stable for ESM to perform with the structure of dehydrogenation. It means
that the electron resonance between two carbonyl oxygen atoms and dehydrogenated nitrogen
atom will give rise to a negatively charged ESM, which has been verified by ELS where its zeta
potential is given in Table 2. Hence, upon application of an electrical stimulus, the H' ion,
located at the nitrogen of ESM, preferred to escaping and being reduced at the cathode surface.
In the meantime, the ESM molecules, which lost proton, should display electrophoretic
movement to the anode because of strong negative charges. On the other hand, the immobile
negative charges on the CHC polymer chain are exposed to an attractive force to positively
charged H ions formed as a result of the electrolysis of water or dehydrogenation of ESM in
the presence of electric voltage. These H' ions forming a cloud of ions will enclose the
polymers. Upon the application of electrical voltage, the positive H' ions surrounding the
polymers will begin to move toward the anode with attractive force. Then the water molecules
together with the ESM will be dragged toward the cathode by ion flow according to the gradient
of ion and osmotic pressure, forming electroosmosis flow. Since the two forces, electrophoresis
and electroosmosis, drive ESM movement toward the opposite direction, the net release of the
drug from the hybrids is largely restricted (Fig. 5). Hence, electric current decreased the rate of
drug release. With the increase of the applied voltage, those aforementioned effects turned out
to be more pronounced, giving rise to a much slower rate of drug release. Therefore, it can be
concluded that the electric field provided a net constrained force for ESM to diffuse out of the
chip due to the interactive actions of both electrophoresis and electroosmosis.

Moreover, with an increase in genipin, the release profiles under electrical stimulation at
60V, in Fig. 4(b), show a faster release pattern. This observation is contrary to that in the
absence of electrical stimulus. This behavior can be explained that at acidic condition, genipin
reacted with primary amino groups on chitosan to form heterocyclic amines, the reaction will
reduce the positive charges on the polymer chains. It is reasonably to believe that the same
reaction scenario can be re-produced in the CHC chain. On this basis, higher crosslink density
of the CHC chains with genipin leads to a stronger negatively charged CHC polymeric network.
Thus, the effect of electroosmosis, which also facilitates gel shrinkage, should be enhanced, as
has been verified. Under such an action, the ESM is forced to move outward the hybrids, and

the chip as well, leading to a faster release profile as the genipin content increased.

Table 2. Zeta potential of Ethosuximide at different pH values.

pH values Zeta potential of
ESM (ImV)
4 -9.82

7 -21.2
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Fig. 5. The schematic drawing shows the influence of applied electrical voltage upon

interactive actions between the ESM and CHC chain.

I1. Effect of TEOS

Fig. 6(a) shows the elution of ESM from the GP1.5TEOSO-containing chip when the
electric field with different voltages was applied. The release profile shows a complete
depletion of the drug over a time period of 120 minutes, which is much slower than those
illustrated in Fig. 3(b), where increase in the TEOS in the hybrids causes a decrease in the
release profile. Such a change in ESM elution behavior as a function of TEOS content is also
similarly observed in the case aforementioned, where, for the former, the swelling of the
hybrids is largely restricted in the presence of TEOS and thus, reduced considerably the ESM
diffusion from the hybrids.

Under electrical stimulus at 15V, 30V, and 60V, drug release rate was getting slower with
the increase of voltage. This behavior can also be explained as an interplay between

electrophoretic and electroosmosis actions aforementioned. The electrophoretic flow of ESM
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moves toward the anode but the electroosmotic flow carrying ESM toward the cathode, the
opposite and competing actions restrict drug flow considerably out of the chip, resulting in a
decreased ESM elution profile.

However, there seems to have an upper limit for the TEOS content in terms of the ESM
elution behavior because from experimental observation, shown in Fig. 6(b), a continuous
increase of TEOS to a certain critical level, i.e., 54 wt%, in the hybrid, the ESM elution turned
faster, which is exactly contrary to what was detected for the hybrids without electrical stimulus.
Such a finding can be explained that a more negative charge imparted to the CHC polymeric
networks when more TEOS or silica was incorporated. The action of electroosmosis is then
enhanced, which further contracts the resulting hybrid hydrogel to a certain extent under

identical electric voltage, thus, resulting in a faster ESM elution rate.
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Fig. 6. (a) The ESM release profiles from GPOTEOS54 when applied DC electric field operated
at OV, 15V, 30V, and 60V. (b) The release profiles with different genipin content under

electrical operation of 60V.
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(2) Sub-project-1:
Detection of pathological signals, and output command processing for
drug-delivery system

P-1: Experiment 1. Effects of original ESM and ESM with nanoparticles in SWDs

Figure 7 depicts representative examples of SWDs in the administration of saline, ESM,
ESM_SAIO, and ESM_TSAIO. SWDs showed no obvious difference. In this part experiment,
we recorded 1-hour spontaneous brain activity before the treatment (baseline) and another
1-hour spontaneous brain activity 30 minutes after the treatment. The indexes were normalized
by average of the two 1-hour baselines. Thus, the normalized number of SWDs and total
duration of SWDs in 1-hour recording were calculated as indexes to assess the drug effect. In
the conditions of administering ESM_SAIO and ESM_TSAIO, rats were restrained in a plastic
box then put into the center of a coil that connects with an induction heat machine (EN-35,
Taiwan) to destroy the nanoparticle capsule then release ESM. In their control groups, rats were

restrained in plastic box then put into the center of a coil without turning on the heat machine.

(A)

Saline
B)  Eesm
(C) I-sAIO
(D) TFSAIO




Fig. 7. Representative examples of spontaneous SWDs under intrapeneal administration of
saline (A), ethosuximide (ESM) (28 mg/kg, i.p.) (B), ESM with SAIO nanoparticles
(ESM_SAIO) (40 mg/kg, i.p.) (C), and ESM with temperature-sensitive SAIO
nanoparticles (ESM_TSAIO) (40 mg/kg, i.p.) (D).

ESM had significant effect in reducing the number and total duration of spontaneous SWDs
(Figure 8A). ESM_SAIO (Figure 8B) and ESM_TSAIO (Figure 2C) significantly decreased the
number of total duration of spontaneous SWDs. The data support that ESM with nanoparticle
synthetic process preserves its effect in SWD suppression. However, the dimension of the
magnetic machine which induces heat becomes a major problem to design a close-loop
small-size seizure controller. An electric inductor made of MEMS technique is now developed.
This infusion chamber had ability to push ESM_SAIO into the brain and obtained a
significant reduction of SWD number with a dose-dependent manner (Please refer
SubProject I1).
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Figure 8. Comparison of SWD number and total SWD duration with saline and 3 different
forms of ESM in Long-Evans rats with spontaneous SWDs (n = 8). (A) ESM (0.5 ml,
28 mg/kg, i.p.) significantly decreased SWD number and total SWD duration. (B)
ESM with SAIO nanoparticles (ESM_SAIO) (40 mg/kg, i.p.) significantly reduced
SWD number and total SWD duration. (C) ESM with temperature-sensitive SAIO

nanoparticles (ESM_TSAIO) (40 mg/kg, i.p.) significantly reduced SWD number
13



and total SWD duration. * P <0.01; ** P <0.001 by paired t test.

P-2. Effects of intracortical ESM infusion in spontaneous SWDs

Animal preparation was similar to experiment 1. Additionally, stainless steel canulae
were bilaterally inserted into lateral (LSC) or medial somatosensory cortices (MSC) (AOLS,
anterior 0 mm lateral 5 mm; AOL2, anterior 0 mm lateral 2 mm with regard to the bregma) to
delivery saline or ESM. One-hour spontaneous brain activity was recorded as baseline. Saline
or ESM of 2 ul was progressively infused in 5 minutes, and afterwards 1-hour recording was
made. Several aspects of SWD results about intracortical microinfusion of saline and ESM (200

nmole) into 3 brain sites were evaluated

Figure 9A show a barrage of representative SWDs of Long-Evans rats. The SWDs were
bilateral synchronization. Figure 4 depicts placements of infusion cannulas in the MSC and
LSC. Infusion of ESM into the LSC region produced an immediate and substantial increase in
SWD onset latency, decrease in SWD number and cumulative duration (Figure 10). Four out of
10 Long-Evans rats (40%) were free of SWDs 1 hour after ESM infusion into the LSC. In
contrast, infusion of ESM into the MSC regions had no obvious effect in all indexes (Figure 11).
In addition, bilateral infusion of saline into MSC or LSC regions of the Long-Evans rats
showed no effect on SWD onset latency, SWD number, cumulative SWD duration, and mean
SWD duration. The factor of cannula placement (LSC vs. MSC) was significant difference in
SWD onset latency (F, 15 = 6.476, P =0.02), cumulative SWD duration (F; ;3 = 5.48, P=0.031),
and mean SWD duration (F, ;5 = 6.221, P = 0.023). The treatment (ESM vs. saline) showed a
significant effect in SWD onset latency (F; 13 = 10.403, P = 0.005), SWD number (F; ;3 =4.973,
P =0.039), and cumulative SWD duration (F; ;3 = 4.421, P = 0.049). Interaction between the
cannula placement and treatment was significant in SWD onset latency (F;; = 5.225, P =0.035)
and SWD number (F;; = 8.034, P = 0.011). In this study, bilateral infusion of ESM into the
LSC significantly inhibited SWDs in terms of slowing onset latency of SWDs as well as
decreasing SWD number and cumulative SWD duration in Long-Evans rats with spontaneous
SWDs. The data will be very important and useful for the central theme of the Project in the

development of a real-time, close-loop seizure controller.
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Figure 9. Representative examples of spontaneous SWDs (A) and pentylenetetrazol
(PTZ)-induced SWDs (B). Temporal and spectral characteristics of spontaneous
SWDs and PTZ-induced SWDs were very similar.

Fig. 10. Coronal brain sections of Long-Evans rats taken at 0.0 mm relative to bregma adapted
from Paxinos and Watson 4th edition. Triangle symbols indicate infusion cannula
placement.
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Fig. 11. Effect of saline and ESM microinfusion into the lateral somatosensory cortex (AOLS)
and medial somatosensory cortex (AOL2) on SWD onset latency, SWD number,
cumulative SWD duration, and mean SWD duration in Long-Evans rats. * P <0.05 vs.
saline of AOLS; # P < 0.05 vs. ESM of AOL2.

(3) Sub-Project-3:
Development of epilepsy platform for a novel real-time system for seizure detection and
delivery of antiepileptic drug

In the present study, Long-Evans rats are used because they often display spontaneous
SWDs, which have been demonstrated to be associated with absence seizures in several aspects
of evidence. To confirm the cortical focus theory of SWDs, a pharmacological epileptic rat
model, i.e., low-dose pentylenetetrazol (PTZ) (20 mg/kg, i.p.) in Wistar rats, was also used.
Here, we performed three experiments: One was comparing effect of saline, ethosuximide
(ESM), ESM with SAIO nanoparticles (ESM-SAIO) and ESM with temperature-sensitive
SAIO nanoparticles (ESM_TSAIO) in spontaneous SWDs of Long-Evans rats. Second,
comparison of effects of intracortical injection of saline and ESM into 3 different brain sites in
spontaneous SWDs of Long-Evans rats. Third, effects of intracortical injection of saline and
ESM into 3 different brain sites in PTZ-induced SWDs of Wistar rats were compared.

P-1: On-line and Real-time Seizure Detector

The responsive drug delivery system requires a robust on-line seizure detector so that the
drug delivery device can be turned on as soon as possible when a seizure occurs. An on-line
seizure detection method for responsive antiepileptic devices should satisfy the following
requirements: 1) it should achieve a high seizure detection rate and low incidence of false
alarms, 2) it should be easily implemented on a portable or implantable device, and 3) it should

have high performance in on-line seizure detection of freely moving subjects.

To achieve these goals, EEG data corresponding to various behavioral states was utilized
for model construction and evaluation in this study. Approximate entropy and power spectrum
of EEG signals with respect to various physiological states were integrated as the features. A
linear classifier called linear least square (LLS) method was utilized to detect the seizure events
and to reduce the computational cost for practical implementation on embedded or hardware
systems (Liang et al, 2009, 2010a). Thereafter, a temporal constraint and an adaptive
thresholding mechanism were also proposed to reduce the false detection rate during the
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grooming or wake-sleep states.

In our experiment, it was observed that most of the false detections occurred in the
grooming and the slow wave sleep (SWS) state for rats. To decrease the incidence of false
alarms, an adaptive thresholding rule is proposed to switch the threshold of the LLS. Because
the SWS of rats has a high-amplitude oscillation within delta frequency range (0.5-4 Hz) and
that high energy in low frequency band also appears in grooming. If the averaged power level
of the frequency band during the delta band was higher than a predefined constant value, the
threshold of the LLS was switched to a higher value to reduce the false detection rate. Figure 12

shows the block diagram of the proposed seizure detection method.

Algorithm Entropy feature

extraction
Subjects | EEG data ' F eatures F
acquisition

J Spectrum feature
extraction

Adaptive thresholding

Seizure detection LLS classifier
(Nc=3) ‘

Fig. 12. Block diagram of the proposed seizure detection method.

On-line seizure detection

' Performance evaluation

In order to develop a portable seizure detector, the developed method has been
implemented on an embedded system to perform on-line seizure detection (Young et al, 2010;
Liang et al, 2010b). The schematic diagram of the on-line seizure detection system is shown in
Fig 13. This system contains four units: (a) a signal acquisition and amplification unit, (b) a
signal processing unit, (¢) a wireless data transmission unit, and (d) a host system for on-line
monitoring, warning and storage. The signal acquisition and amplification unit is applied to
measure the EEG signal in the frontal cortex of the rat. The spontaneous EEG was amplified
1000 times and bandpass filtered between 0.8 Hz and 72 Hz. The Texas Instrument (TI)
CC2430 embedded analog-to-digital converter (ADC), a ZigBee transceiver, and an 8051
microcontroller unit (MCU) was utilized to perform sampling, signal processing and
transmission tasks. The resolution of the ADC was configured to 10 bits and the sampling rate
was 200 Hz. The developed seizure detection method was implemented on the MCU to perform
real-time operation. For the monitoring host, a TI SmartRF04 Evaluation Board with a CC 2430
module was used for receiving the EEG signals and the seizure detection sequence (0 or 1). A
graphic user interface (GUI) was developed and operated on a laptop for data display/storage

and auditory feedback for seizure warning.
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Fig. 13. Schematic diagrams of the developed portable seizure detector.

P-2. The Wireless Multi-Channel Behavioral State Monitoring System

In order to monitor the spontaneous convulsive epilepsy such as the Kindling rat model, it
is critical to set up a precise and feasible monitoring system. In this study, a behavioral state and
physiological signal monitoring system was also developed for the monitoring of the Kindling
process (Chang et al, 2010). Four EEG and three-axis accelerometer signals are acquired and
transmitted to a host computer for further automatic analysis or visual review. The wireless
communication based on IEEE 802.15.4/ZigBee frees the experimental subject from the hassle
of wires and reduces the wire artifact of EEG signal during convulsions. This system features
low cost, compact size, low power, and real time by eliminating video, EMG and EOG
installation and detection. It demonstrates successful discrimination of vigilance states, while a

long period of recording is also verified.

This monitoring system is composed of a data acquisition device carried by each
experimental subject for acquiring the EEG and accelerometer signals, and a near-by host
computer configured as a virtual instrument (VI) for remote real-time physiological signal and
behavioral state monitoring, while they communicate each other based on a 2.4 GHz wireless
IEEE 802.15.4/ZigBee protocol. The host computer, which is originally not capable of IEEE
802.15.4 communication, utilizes RS-232 to connect with a Texas Instrument SmartRF04
Evaluation Board with a CC2430 Evaluation Module for EEG and accelerometer data reception.
Table 1 shows dimension, weight and current consumption of the wireless multi-channel data
acquisition system.

The developed system has been mounted on the freely moving rats to perform various
behavioral state and physiological signal monitoring experiments for demonstration. Figure 14
demonstrates a rat being able to carry the data acquisition device without wire hassle and

motion constraint. The accelerometer board was mounted on the head of a rat while the other
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boards together with the battery were mounted on a jacket worn by the rat. The axis of the
accelerometer with respect to a rat’s head is illustrated in Fig. 15. The X, Y and Z axes direct to
the front-rear, up-down, and left-right directions, respectively. One to four EEG channels at
frontal cortex and/or amygdale were simultaneously recorded depends on different
experimental settings. The video recording was also performed during the experiments to
confirm the behavioral states of the rats.

Fig. 14. The developed wireless multi-channel behavioral state monitoring system installed on a
rat.

Fig. 15. Placement of the 3 axis accelerometer with respect to the rat’s head for the developed
multi-channel behavioral state monitoring system. The X, Y and Z axes direct to the

front-rear, up-down, and left-right directions, respectively

TABLE 3. DIMENSION, WEIGHT AND CURRENT CONSUMPTION OF THE DATA ACQUISITION

SYSTEM
Accelerometer EEG amplification Microcontroller
board board board
Dimension
25 x 17 x5 34x30x6 24 x 27 x 8
(mmxmmxmm)
Weight (g) 0.96 2.75 2.25
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Average Current
Consumption  19.6
(mA)

Battery Life

56 (3.7V, 1100 mAH)
(hour)

Battery weight
(9)

17.98

P-3: The Electrically-responsive Drug Delivery Device with the Automatic Seizure Detector

The developed seizure detector was also integrated with the drug delivery device
developed in subproject 2 to perform a responsive drug delivery system and this system was
evaluated by the rat models developed in subproject 3. In our preliminary in-vivo study, a
unique design by integrating the biological self-detection and response-induced features of the
chip on epileptic treatment was demonstrated. The architecture of the whole drug delivery
system is shown in Fig. 16. The drug delivery system consists of four units: (a) signal
acquisition and amplification unit, (b) 8051 micro-processor and wireless data transmission unit,

(c) electric field and drug delivery chip, (d) host system for data storage and real-time display.

It can be observed in Fig. 16(a) that electroencephalogram (EEG) signal of the rat’s frontal
cortex is amplified and band-pass filtered (1000x, 0.3-80 Hz) by the op-amp, and then the
amplified EEG is positive-biased to the input voltage range of an analog-to-digital converter
(ADC) (Texas Instrument CC2430 chip). Thus, several tasks were implemented on the
microcontroller board (MCU) (refer to Fig. 16(b)), including analog-to-digital conversion of
EEG signals, execution of seizure detection, generation of trigger to the drug releasing chip,
and EEG data wireless transmission. The MCU was programmed to control the sampling period
of the ADC and the generation of trigger, retrieved the direct memory access (DMA) data, and
started a series of feature extraction and seizure detection. The system detected epileptic
seizures and immediately feedbacks to stimulate electric at the drug releasing chip (refer to Fig.
5(c)) to induce drug elution. Electric filed activated the structural change of the hybrid hydrogel
in the chip to release drugs accordingly. Therefore, the controlled release system is regarded as
a closed-loop drug delivery system on epilepsy control, as shown in Fig. 16(a)-(c). Furthermore,
in order to achieve real-time monitoring, the real-time on-line seizure monitoring was
developed using National Instrument LabVIEW to create a graphical user interface (GUI) VI to
monitor and store the EEG data(refer to Fig. 16(d)).
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Fig. 16. Schematic illustration of the electrically-responsive drug delivery system. (a) signal
acquisition and amplification unit, (b) 8051 micro-processor and wireless data

transmission unit, (c) drug releasing chip, (d) host system for data storage and

real-time display.

A complete view of the backpack and of its placement on a rat is given in Fig. 17(a). There
are two batteries in the backpack. In order to minimize the weight of head mounted devices for
a rat, the backpack was mounted on the rat’s jacket which was connected to the neural interface
by short soft wires. Generally, the shorter the wires, the lower the noise picked from the
environment. The detailed caption was given in Fig. 17(b), the neural interface consists of
op-amplifier and constant voltage circuits. On the other hand, the microcontroller board used
Texas Instrument CC2430 chip to compute detection epileptic seizure. When the MCU detects
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epileptic seizures, it would feedback immediately to trigger chip to release drug into the rat
during eight minutes. The funnel chip can be demonstrated in the inset of Fig. 16(c).

Neural interface
board

Microcontroller
board (T1 CC2430)

Chip Connect device and constant
current power

Fig. 17. Experimental setup of the animal study and the illustration of the drug release system,
where the “chip” indicates the drug delivery device.

A 40-minutes spontaneous brain activity during released process and 20-minutes spontaneous
brain activity after treatment was analyzed. Figure 18 demonstrates that the SWD of the rats
reached ~120 times without drug administration while the SWD of the rats reduced by nearly
50% while ESM was released from the self-detection drug delivery system. Although it is hard
to quantify the exact amount of the ESM release into the rats during the in-vivo operation, it is
truly indicated that certain effective dose of ESM was released into the rats from the chip-based
drug delivery system, which, for the first time, proved the concept of the integrated system
designed based on the electrical-responsive hybrid hydrogel. Although this in vivo study has far
from being optimized in terms of operation parameters among different parts of the integral
system, drug dose, and time of dosing, the preliminary in-vivo outcomes do provide promising
perspective toward further investigation. It is highly expected by combing photolithography
technology frequently employed in semi-conductor industry, the implantation of the chip-based
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system would be expected to offer self-detection and effective therapeutic treatment for

epileptic patients, and those who suffers from chronic diseases, in the future.

[ IWithout drug released process
160 4 | ZZ2 drug released process

140
120 [
100 1 J

80 4

60

SWD number

40

204

Drug Released

Fig. 18. Comparison of SWD number of the rats (n=6) with and without (as control group) drug
elution from the chip-based drug delivery system.
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Abstract

This study reports the development of a biocompatable Nano-structured hybrid hydrogel based
on an amphiphilic chitosan and inorganic silica, where the chemical composition, thermal
stability and structural integrity of the resulting hybrid were characterized and optimized.
Electrically-responsive drug elution behavior of the hybrid hydrogel was evaluated
systematically in-vitro using an anticonvulsant drug, ethosuximide, as model molecule. The
release behavior was explained using a combined mechanism of electrophoretic and
electro-osmotic actions between drug molecule and electron mobility of the hybrid hydrogel
under a given DC electric field. Further integrating the hybrid hydrogel, designed as a chip-like
drug reservoir, with an automatic self-detection and signal transmitter system, applying to a rat’s
model, the resulting seizure frequency was considerably reduced and has experimentally proved
that such a self-detection chip-like drug delivery device holds promising prospective in practical
epileptic treatment.

Keywords: Electrically-responsive, Nanostructured Hybrid hydrogel, Controlled drug release,
Drug delivery device, Self-detection and Feed-back, Epilepsy
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The average life span of human has been prolonged considerably due to the explosive
development of medical science and technology over recent decades, where advanced therapeutic
strategies have been extensively explored and collectively employed to various disease
treatments. Up to date, efforts to efficiently deliver therapeutic drugs to patients with minimal
side effects, enhanced efficacy and improved compliance have received greatest attention
worldwide in recent decade. Among the development of drug delivery systems, demands for
biological self-detection and response-induced features of drug delivery system has been most
interesting and is foreseeing its future market development due to increased amount of aged
population . Therefore, combination with an intelligent rapid response drug delivery system is
the trend for biotechnology and medical technology. A multi-functionalized drug delivery
nanosystem would be required and designed, including targeted mechanism, diagnosis and
real-time controlled drug release.

Drug delivery systems can be controlled by applying an external stimulus included electrical
field, magnetic field and ultrasonic waves, etc, upon which drug is eluted with a pre-designed
pattern from the system to diseased host to minimize life-threatened occurrence ). However,
each part of the therapeutic treatment is operated discretely, with no relevant signal intimately
connected separate parts and this renders possible lose of best time of medication. Therefore, it
needs to develop a drug delivery system by combination of wireless detector, close-loop
automatic detection system and response-induced drug release system '),

Under ideal operation, it is expected that through amplifier and wireless signal transition, the
systems can simultaneously diagnose whether the symptom has occurred. Then, the drug-content
device elutes drug with therapeutically effective dose based on detection and translation of the
corresponding intensity of abnormal signal by the system. Through such an operation, it would
reduce the side effects on the patients. Epilepsy, for example, can be detected by analyzing the
electroencephalogram (EEG) data, and can be employed as a disease model for study and was
used in this work ', To design a system for analyzing EEG data, the signal induced by the
system can feedback to manipulate drug release with a signal-dose dependent manner. Thus a
system, consists of signal amplifier, wireless transmitter, and drug delivery device, can be a very
useful clinical tool for epilepsy treatment. The former two components have been successfully
developed and tested in a number of earlier studies '*'*!, and it turns to be more critical to
develop a drug delivery system which can be smartly responding to the signal translated from the
system, giving a timely and effective medical treatment and this is one of the major research
objective of this work, where a smart and mechanically reliable hybrid hydrogel is designed and
developed for the purpose.

Use of an environmentally responsive hydrogel as reservoir to deliver therapeutic substances
has received widest attention for recent decade [>'*). However, mechanical fatigue and weakness
of polymeric hydrogels renders a long-term application more challenged, for instance, structural
collapse or degradation of a given hydrogel under cyclically environmentally-induced (mostly,
electric field) mechanical deformation may occur. Relaxation of the deformed hydrogel when
removed the induced field may also retard the efficiency of the subsequent release of the drug,
reducing therapeutic efficacy to a certain extent, this is especially critical for acute symptom such
as epileptic seizure. Increasing addition of chemical cross-linker may achieve better performance,
however, deteriorating biocompatibility of the resulting hydrogels. Therefore, to reinforce the
conventional hydrogels with improved responsiveness and cyclic service performance to the
external stimulus, an attempt of incorporating higher inorganic component together with a
minimal concentration of organic cross-linker was made in order to ascertain the
biocompatibility of resulting hydrogels and improved stimulus-induced responsiveness. In this
work, a modified chitosan was employed, which was characterized with biocompatibility,
biodegradability, non-toxic, non-irritable, and moisturized as described in our previous



publications!"'®). This modified chitosan was further hybridized with inorganic silica and a
cross-linking agent. The resulting hybrid hydrogels were characterized and employed as a drug
reservoir for electrically-response drug delivery system in vitro. Further integration to form a
biological self-detection and signal conversion system to deliver anti-epileptic drug in vivo was
demonstrated where the instantaneous epileptic discharge can be detected through the signal
conversion into electric, and these signals will activate the structural change of the hybrid
hydrogel to trigger drug elution through wireless transmission.

2. Experimental Procedures

2-1 Synthesis of CHC

The synthesis of carboxymethyl-hexanoyl chitosan (CHC) has been detailed in our previous
report!' ], Briefly, 5 g of chitosan was suspended in 2-propanol (50 mL) at room temperature
while being stirred for 30 min. The resulting suspension was gently mixed with 12.5 mL NaOH
solution. The mixture containing NaOH of 13.3M was mixed with 25 g of chloroacetic acid to
prepare carboxymethyl chitosan sample with a high degree of carboxymethyl substitution.
Obtained and dried sample (2g) was dissolved in distilled water (50 mL) while being stirred for
24 h. These resulting solutions were mixed with methanol (50 mL), followed by the addition of
hexanoyl anhydride at a concentration of 0.5M for the CHC samples with the degree of
carboxymethyl and hexanoyl substitution of 0.50 and 0.48, respectively. After 12-h reaction, the
resulting solutions were collected by dialysis membrane (Sigma Chemical Company, USA) using
ethanol solution (25% v/v) for 24 h. The chemical structure of the CHC is shown in Fig. 1 where

the sites and degrees of substitution were quantitatively confirmed by 'H NMR analysis '),
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Fig. 1. Chemical structure of CHC

2-2 Preparation of CHC Hydrogels

To prepare CHC hydrogels, the preparation procedure is separated into two stages, the first
stage is to prepare three suspensions; (1) 1.3% w/v CHC solution by suspending the
above-mentioned CHC samples in deionized water at 25 °C for 24 hours. (2) 1% w/v GP (genipin,
Challenge Bioproducts Co., Ltd., Taiwan) solution which is prepared by dissolving GP powders
in deionized water stirring for 2 hours at 50°C to ensure that GP was fully dissolved, and (3)
acid-hydrolyzed TEOS solution by mixing TEOS, together with ethanol and H,O with different
weight ratios ([TEOS]:[H2O]:[Ethanol]=1:5:7, 2:5:7, and 1:10:14 separately ), and HCI, in order
to give a final silica-containing CHC hybrid structure. After that, the GP and TEOS solutions
with different weight ratios were added to the CHC solution while stirring for 30 minutes,
followed by incubating at 50°C for 2 days. Thus, the genipin-cross-linked CHC-TEOS hybrid
hydrogels were formed and designated as GPXTEOSyY, where the symbol X and y represent the
weight ratios (in percentage) in the dried hydrogel. The synthetic parameters of hybrid hydrogels
are listed in Table 1.



Table 1. The synthesis parameters of CHC-TEOS hydrogels designated as GPXTEOSYy,
where the symbol X and Yy represent the weight ratio in the dried hydrogel.

CHC 1.3 % wlv o
Hydrogel  CHG,(g) G1P{::)Ig) TEOS (9)

~ GPOTEOS54 2 0 0.03
GP0.5TEOS54 2 0.03 0.03
GP1TEOS54 2 0.06 0.03
GP1.5TEOS54 2 0.12 0.03

GP1.5TEOSO 2 0.12 0
GP1.5TEOS27 2 0.12 0.018
GP1.5TEOS54 2 0.12 0.03
GP1.5TEOS70 2 0.12 0.045

2-3 Characterization

The hybrid hydrogel membrane was obtained via casting and drying the final solution
mixture at 50°C in a petri-dish with a size of 3.0 cm in diameter. The average thickness and the
average weight of the obtained dried membrane were about 0.10 mm and 0.3 g, respectively.

The appearance and morphology of the hybrid hydrogels were examined by using optical
microscopy and scanning electron microscopy (S6700, JEOL, Japan) respectively. Samples,
named as GPOTEOS54, GP0.5TEOS54, GPITEOS54, and GP1.5TEOS54, were characterized
by UV spectroscopy (Evolution 300, UV-Vis), where the resulting spectra show different
absorption wavelength representing a variation in cross-linked density. Moreover, the dynamic
weight loss test for those samples, i.e., GP1.5TEOS0, GP1.5TEOS27, GP1.5TEOS54, and
GP1.5TEOS70, was conducted through a DuPont 2050 thermogravimetric analyzer which in the
meantime is able to investigate the degree of interweaving of the silica phase against CHC phase.
All tests were conducted in a flowing N, atmosphere (25 ml/min) using sample of 3~5 mg in
weight over a temperature range 30°C to 500°C at a scan rate of 10°C/min.

In order to measure the swelling ratio, each sample was weighed before and after immersion
in phosphate buffer solution. After the excessive surface water was removed with filter paper, the
weight of swollen samples was measured at a 5-min interval. The procedure was repeated five
times, until no further weight gain was detected. The swelling ratio was determined according to
the following equation:

Swelling Ratio (%) = [(W-W4)/W4] x 100
where W, and W4 represent the weight of swollen and dried samples, respectively. All results are
obtained by averaging of five measurements. The measurement error is estimated to be <3%.

2-4 Assembly of the Drug Delivery Device

The drug delivery device is designed by combination of hybrid hydrogels and a transparent,
plastic container. Fig. 2(a) is a schematic flowchart which demonstrates the procedures to prepare
the device. A transparent plastic container, made of poly (methyl methacrylic acid) (PMMA,
YEONG-SHIN Co., LTD, Taiwan) has dimensions of 2cm x 2cm x 0.2cm with a single small
opening of 0.2 mm in diameter on one side of the container, whilst the other three sides were
mechanically sealed the PMMA plates. The one with the small opening is designed as the outlet
for drug elution. Two rectangle-shaped platinum plate (Pt, YEONG-SHIN Co., LTD, Taiwan,
4cm x2cm x 0.1mm in dimension) were placed in a constant distance with two parallel sides of
the acrylic container as electrodes. After the hybrid hydrogels was inserted into the container
described above and sealed, a chip-like device was successfully produced (Figs. 2(a) and (b))



Fig. 2. (a) Schematic flowchart for chip-based hybrid device preparation (b) The setup of hybrid
device where an electrical field of different strengths can be generated between the Pt
electrodes in the sealed container.

2-5 Drug Release under Electrical Stimulation

Drug release test was carried out by first incorporating the hydrophilic anticonvulsant drug,
ethosuximide (ESM), of concentration 15mg/ml, into the CHC solutions. The drug was dissolved
completely in the presence of CHC-containing solution with a concentration of 1.5 wt%. Then
after vigorously stirring, the final ESM-containing solution was cast in a petri dish and dried in
oven at 50°C to form resulting membrane-like hydrogels according to the preparative procedures
aforementioned.

The ESM-loaded hybrid hydrogel with dimensions of 30 mm in diameter and 0.3 mm in
thickness, on a dried basis, was kept in space between two platinum electrodes. Then, together
with the final device, immersed into a glass beaker contained 50-ml distilled water. The device
was then exposed under an electric voltage generated by a dc power source over a range of 0V,
15V, 30V, and 60V. At appropriate time intervals, 2 ml solution was extracted from the beaker
and analyzed using a UV spectrophotometer (Evolution 300) at a specific wavelength A=254 nm.

2.6 In-Vivo study

Adult Wistar rats were used in the study. Animals were kept in a room with a 12:12-h
light-dark cycle with food and water provided ad libitum. All surgical and experimental
procedures were reviewed and approved by the Institutional Animal Care and Use Committee of
National Cheng Kung University. EEG was recorded over the area of the frontal barrel cortex (A
+2.0, L 2.0 with reference to the bregma!'*®’.

A proconvulsant, PTZ (20 mg/kg, i.p.), was injected into Wistar rats to provoke convulsive
spike-wave discharges (SWDs). These behaviors were followed by intensive head nodding and
facial twitching behaviors accompanied by SWDs sustaining for three hours after PTZ injection.
Detailed experimental and recording procedures were described previously?!!. The dosage of
ethosuximide (ESM) has been demonstrated to effectively and significantly reduce spontaneous



SWD incidence in absence-like seizure rats **). The two drug delivery devices were implanted
over the left and right brain area of the primary somatosensory cortex (SI) (A 0.0, L £5.0).

2.7 Hardware

We have successfully integrated electrical circuit and SOC (system-on-a-chip) technology,
brain signal and real-time computing to develop the biological self-detection and
response-induced features of drug delivery system on epilepsy. The drug delivery system is
carried by each experimental subject, and the brain activity is buffered then fed into two
operational amplifiers (AD8538, Analog Devices, Inc.) for appropriate amplification and
band-pass filtering. A host computer stationed near-by is configured as a virtual instrument (VI)
for remote real-time monitoring of spontaneous brain activities, while they are communicated
based on a 2.4 GHz wireless IEEE 802.15.4/ZigBee protocol. The host computer, which is
originally not capable of IEEE 802.15.4 communication, utilizes RS-232 to connect with a Texas
Instrument SmartRF04 Evaluation Board with a CC2430 Evaluation Module for EEG data
reception”**. The core component on a microcontroller board is a CC2430 system-on-chip RF
IC. The CC2430 integrates the CC2420 RF transceiver with an enhanced 8051 microcontroller
unit (MCU), 128 KB flash memory, 8 KB RAM, and other peripherals **.

3. Results and Discussion

3-1 Microstructural Analysis

Fig. 3(a) shows the hybrid hydrogels containing 54 wt % TEOS which were cross-linked by
genipin with various weight ratios. After the CHC solution was incubated at 50°C in oven for 24
hours, the appearance of the hydrogels changed from transparent to light-green or dark-green.
The UV spectra in Fig. 3(b) also demonstrate a corresponding variation in the color of the hybrid
hydrogels. These results suggested that the CHC reacted chemically with genipin of a variety of
concentrations displaying different color appearances and morphologies: the darker the color of
the resulting hydrogels, the higher of cross-linked density of the hydrogels evolves.

(a)

GPOTEOS54 . GP1TEOS54
GPO0O.5TEOS54 GP1.5TEOS54
Low Crosslinking density High
(b) o4
Blue light

400 ' 450 ' 5(I)0 ' 5%0 ' 660 ' 6!';0 ' 700
Wavelength (nm)
Fig. 3. (a) Optical photos of the hybrid hydrogels with different genipin cross-linked densities (b)
UV spectroscopy analysis of different cross-linked hybrid hydrogels.



TEOS was hydrolyzed and condensed to form a network structure, which according to Liu et
al. ) may develop an interweaving network with CHC. The CHC hydrogels were crosslinked
with various quantities of TEOS as shown in Fig. 4(a) where visual observation demonstrates that
the resulting hybrid hydrogels, with constant concentration of genipin, showed similar
appearance in color. Mechanical enhancement to the hybrid hydrogels can then be expected with
higher TEOS content. In the meantime, the degree of cross-linking was increased, whilst the
mesh size of the resulting hybrid network reduced, making the hybrids more compact. However,
higher TEOS content deteriorated desired mechanical performance by imparting brittleness to the
resulting hydrogels because of the formation of a continuous rigid silicate network. The
thermogravimetric analysis (TGA), Fig. 4(b), of GP1.5TEOS0, GP1.5TEOS27, GP1.5TEOS54,
and GP1.5TEOS70, shows that these four samples with different TEOS contents underwent a
two-step thermal degradation process. The first degradation stage occurred at 30°C~120°C is due
to evaporation of residual water and solvent which attributed to about 13.5% of weight loss.
Above 200°C, the CHC polymer started to decompose, resulting in a decreased weight-loss curve.
The crosslinking density can be calculated by the weight loss (%) at 500 °C, where the residues
could be contributed solely by inorganic TEOS phase. On this basis, it is concluded that the
crosslinked density for the TEOS-incorporated CHC, with constant genipin content at 500°C is
decreased in the order of GP1.5TEOS70 > GP1.5TEOS54 > GP1.5TEOS27 > GP1.5TEOSO.
This finding explicitly indicates that (1) the presence of silicate phase in the resulting hybrid
hydrogels provides considerable thermal stability and (2) the higher TEOS, the higher
cross-linking density results. For the latter, it is clear that a chemical interaction occurred
between TEOS and CHC, which most plausibly through a dehydration between hydroxyl group
of the hydrolyzed TEOS and carboxyl group along with the CHC chains.
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Fig. 4 (a) OM photos of the hybrid hydrogels with different TEOS cross-linked densities (b)
TGA profiles.

In addition, morphological examination of the surface of the hybrid hydrogels displayed a
change from relatively smooth texture for the hybrid hydrogel crosslinked by 0% - 0.5% GP, i.e.,
Fig. 5(a), whilst a winkled texture was detected with increased GP content, Fig. 5(b) and a more
pronounced winkled surface was observed with 1.5% GP, i.e., Fig. 5(c)., With the same content
of 1.5% GP, Figs. 5(d) and (e) show that the hybrid hydrogels with TEOS of 27% and 54%,



respectively, demonstrate winkled texture. However, considerable cracks and voids evolved
along the hybrid surface when the highest-concentrated TEOS, i.e, 70%, was employed,
GP1.5TEOS70, Fig. 5(f), which is due to an increase in brittleness of the resulting hybrid
hydrogels, leading to cracking, rather than warping, upon drying.

Fig. 5. The surface morphologies of CHC hydrogels crosslinked by different concentrations of
genipin showed (a) a flat surface for the hydrogels containing 0%GP and 0.5GP , (b) a winkled
surface and (c) a more winked surface with 1.5% genipin. The surface texture of the hybrid
hydrogels with different contents of TEOS, 27%, 54%, and 70%, together with a fixed amount of
1.5% genipin, shown in (d), (e), and (f), respectively.

The swelling behaviors of the hybrid hydrogels with different degrees of cross-linking by
genipin and TEOS are illustrated in Figs. 6(a) and (b), respectively. The profiles of GPOTEOS54
and GP1.5TEOSO showed some specificity that both swollen hybrid hydrogels were hard to
reach the swelling equilibrium but tended to collapse while immersing into water over a short
period of time. It has known from previous study that CHC exhibits an excellent water affinity
behavior at pH 7.4. In the absence of any crosslinking agents, the CHC was found to swell
extensively till reaching a structural failure (collapse). Such structural failure is probably
resulting from dis-assembly of the CHC polymer chains as a result of dissolution to form micelle
entities in water. Similar structural dis-assembly was also observed from the hybrid hydrogels
using either 54% TEOS alone or 1.5% genipin, as given in Figs. 6(a) and 6(b), respectively. It is
then suggested that the hybrid hydrogels containing either TEOS or genipin alone were still
subjecting to collapse upon extensive water absorption. However, what is more interesting is that
the swelling behavior for the hybrid hydrogels with the use of both TEOS and genipin such as
samples of GP0.5STEOS54, GP1TEOS54, GP1.5TEOS54, GP1.5TEOS27, GP1.5TEOS54, and
GP1.5TEOS70, as given in Figs. 6(a) and (b), reaches equilibrium state for a longer time period
of 45 minutes before a final structural collapse occurred. That is to say, the presence of both
TEOS and genipin in the hybrids has more pronounced effect to strengthen the structure of the
hybrids from undesirable mechanical failure upon swelling than their individual contribution. As



such, the swelling equilibrium can be achieved over a prolonged duration while structure
integrity remained identical, rather than collapsed upon extensive swelling.

However, increase in the concentration of both genipin and TEOS decreased the swelling
ratio of the resulting hybrid hydrogels. The swelling behavior in Fig.6 (a) indicates that samples
of GP0.5TEOS54, GP1TEOS54, and GP1.5TEOS54 (i.e., hybrids with constant TEOS) have a
swelling ratio, decreased with genipin content, of 427%, 354%, and 269% respectively. For
samples with constant genipin, GP1.5TEOS27, GP1.5TEOS54, and GP1.5TEOS70 having a
swelling ratio, decreased with TEOS content, of 550%, 326%, and 300%, respectively. It is then
concluded that the higher content of the crosslinkers, the lower the swelling capability of the
CHC hybrids results. The mesh size of the swollen CHC chains should accordingly be reduced
proportionally.
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Fig. 6. Swelling behavior of the hybrid hydrogels with different contents of (a) genipin and (b)
TEOS, as a function of time.

3-2 Drug Release Behavior from the Hybrids

ESM is water soluble and thermally stable drug, which is suitably employed for controlled
release study and was employed as model molecule in this work. The in-vitro release of ESM
from the CHC hybrids was measured over a 60-min period in deionized water, as shown in Figs.
7 (a) and (b). CHC hybrids with either TEOS or genipin alone illustrated a burst-like profile
where the ESM was nearly completely eluted within 15 minutes. However, for hybrids such as
GP0.5TEOS54, GPITEOS54, GP1.5TEOS54, GP1.5TEOS27, GP1.5TEOS54, and
GP1.5TEOS70 exhibited much slower release profile when both TEOS and genipin were
incorporated with a higher concentration in either genipin or TEOS into the hybrids. The slower
release profile for the hybrids with higher crosslink density can be resulting from a smaller mesh
size of the hybrid networks than those hybrids with lower or little crosslink. The evolution of
smaller mesh size in the network structure of high-crosslink hybrids may then be used to explain
a lower diffusion rate for the ESM molecules to eluting outward. Hence, manipulation of the
nanostructure of the hybrids has become a very important issue for designing a device suitable for
controlled release of ESM.
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Fig. 7. In-vitro release of ESM from the hybrid hydrogels with (a) different genipin contents and
(b) different TEOS contents.

3-3 Drug Release Behavior of the Device under Electric Field
1. Effect of genipin

Fig. 8(a) shows the in-vitro release of ESM from GPOTEOS54 hybrid which was integrated
into a membrane-like configuration (hereinafter termed “chip’), under an applied electric field of
different DC voltages from OV to 60 V. It can be observed that the ESM was completely depleted
over a time period of 120 minutes under zero voltage. Compared to Fig. 7(a), it indicates that
when the hybrid hydrogels were inserted into the closed container, a full-scale swelling of the
hybrids was effectively inhibited due to a constrained space. Since the swelling of the hybrids
sandwiched in the container is heavily restricted, a subsequently restriction of the drug diffusion
out of the chip is expected as a result of smaller mesh size developed within the hybrid hydrogel,

resultin iI)l a much slower release kinetics. (b)
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Fig. 8. (a) The ESM release profiles from GPOTEOS54 when applied DC electric field was

operated as 0V, 15V, 30V, and 60V. (b) The release profiles with different genipin
content under electrical operation of 60V.
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Under electrical stimulus at voltages of 15V, 30V, and 60V respectively, drug release was
restricted considerably with increased voltage, where only ~15% of ESM being eluted over a
period of 180 minutes under 60-V electrical stimulus. Such an electrical-field-modulated ESM
release profile can be presumably considered as a result of both electrophoretic and
electroosmotic actions interplaying between the hybrid and ESM.

The chemical structure of ESM, with a molecular mass of 141.2 g/mole, has a chiral
framework containing a five-member ring, with two negatively charged carbonyl oxygen atoms
with a ring nitrogen between them and one asymmetric carbon atom, as shown in Fig. 9.
Normally, it is more stable for ESM to perform with the structure of dehydrogenation. It means
that the electron resonance between two carbonyl oxygen atoms and dehydrogenated nitrogen
atom will give rise to a negatively charged ESM, which has been verified by ELS where its zeta
potential is given in Table 2. Hence, upon application of an electrical stimulus, the H" ion, located
at the nitrogen of ESM, preferred to escaping and being reduced at the cathode surface. In the
meantime, the ESM molecules, which lost proton, should display electrophoretic movement to
the anode because of strong negative charges. On the other hand, the immobile negative charges
on the CHC polymer chain are exposed to an attractive force to positively charged H' ions formed
as a result of the electrolysis of water or dehydrogenation of ESM in the presence of electric
voltage. These H' ions forming a cloud of ions will enclose the polymers. Upon the application of
electrical voltage, the positive H™ ions surrounding the polymers will begin to move toward the
anode with attractive force. Then the water molecules together with the ESM will be dragged
toward the cathode by ion flow according to the gradient of ion and osmotic pressure, forming
electroosmosis flow. Since the two forces, electrophoresis and electroosmosis, drive ESM
movement toward the opposite direction, the net release of the drug from the hybrids is largely
restricted (Fig. 9) 2!l Hence, electric current decreased the rate of drug release. With the
increase of the applied voltage, those aforementioned effects turned out to be more pronounced,
giving rise to a much slower rate of drug release. Therefore, it can be concluded that the electric
field provided a net constrained force for ESM to diffuse out of the chip due to the interactive
actions of both electrophoresis and electroosmosis.

Moreover, with an increase in genipin, the release profiles under electrical stimulation at
60V, in Fig. 8(b), show a faster release pattern. This observation is contrary to that in the absence
of electrical stimulus. This behavior can be explained that at acidic condition, genipin reacted
with primary amino groups on chitosan to form heterocyclic amines **), the reaction will reduce
the positive charges on the polymer chains. It is reasonably to believe that the same reaction
scenario can be re-produced in the CHC chain. On this basis, higher crosslink density of the CHC
chains with genipin leads to a stronger negatively charged CHC polymeric network. Thus, the
effect of electroosmosis, which also facilitates gel shrinkage, should be enhanced, as has been
verified in Ref.*®!. Under such an action, the ESM is forced to move outward the hybrids, and the
chip as well, leading to a faster release profile as the genipin content increased.

Table 2. Zeta potential of Ethosuximide at different pH values.

pH values Zeta potential of
ESM (ImV)
4 -9.82
7 -21.2

10 -45.7
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I1. Effect of TEOS

Fig. 10(a) shows the elution of ESM from the GP1.5TEOSO-containing chip when the
electric field with different voltages was applied. The release profile shows a complete depletion
of the drug over a time period of 120 minutes, which is much slower than those illustrated in Fig.
7(b), where increase in the TEOS in the hybrids causes a decrease in the release profile. Such a
change in ESM elution behavior as a function of TEOS content is also similarly observed in the
case aforementioned, where, for the former, the swelling of the hybrids is largely restricted in the
presence of TEOS and thus, reduced considerably the ESM diffusion from the hybrids.

Under electrical stimulus at 15V, 30V, and 60V, drug release rate was getting slower with
the increase of voltage. This behavior can also be explained as an interplay between
electrophoretic and electroosmosis actions aforementioned. The electrophoretic flow of ESM
moves toward the anode but the electroosmotic flow carrying ESM toward the cathode, the
opposite and competing actions restrict drug flow considerably out of the chip, resulting in a
decreased ESM elution profile.

However, there seems to have an upper limit for the TEOS content in terms of the ESM
elution behavior because from experimental observation, shown in Fig. 10(b), a continuous
increase of TEOS to a certain critical level, i.e., 54 wt%, in the hybrid, the ESM elution turned
faster, which is exactly contrary to what was detected for the hybrids without electrical stimulus.
Such a finding can be explained that a more negative charge imparted to the CHC polymeric
networks when more TEOS or silica was incorporated. The action of electroosmosis is then
enhanced, which further contracts the resulting hybrid hydrogel to a certain extent under identical
electric voltage, thus, resulting in a faster ESM elution rate.
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Fig. 10. (a) The ESM release profiles from GPOTEOS54 when applied DC electric field operated
at 0V, 15V, 30V, and 60V. (b) The release profiles with different genipin content under
electrical operation of 60V.
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3.3 In-vivo study

To confirm the applicability of the chip to practical uses, the hybrid hydrogel with a
composition of GP1.5TEOS54 was selected because of its sufficiently mechanical reliability and
drug elution capability, according to in-vitro test, Fig. 10(b). In this preliminary in-vivo study, a
unique design by integrating the biological self-detection and response-induced features of the
chip on epileptic treatment was demonstrated. The architecture of the whole drug delivery system
is shown in Fig. 11. The drug delivery system consists of four units: (a) signal acquisition and
amplification unit, (b) 8051 micro-processor and wireless data transmission unit, (¢) electric field
and drug delivery chip, (d) host system for data storage and real-time display.

It can be observed in Fig. 11(a) that electroencephalogram (EEG) signal of the rat’s frontal
cortex is amplified and band-pass filtered (1000x, 0.3-80 Hz) by the op-amp, and then the
amplified EEG is positive-biased to the input voltage range of an analog-to-digital converter
(ADC) (Texas Instrument CC2430 chip). Thus, several tasks were implemented on the
microcontroller board (MCU) (refer to Fig. 11(b)), including analog-to-digital conversion of
EEG signals, execution of seizure detection, generation of trigger to the drug releasing chip, and
EEG data wireless transmission. The MCU was programmed to control the sampling period of
the ADC and the generation of trigger, retrieved the direct memory access (DMA) data, and
started a series of feature extraction and seizure detection. The system detected epileptic seizures
and immediately feedbacks to stimulate electric at the drug releasing chip (refer to Fig. 11(c)) to
induce drug elution. Electric filed activated the structural change of the hybrid hydrogel in the
chip to release drugs accordingly. Therefore, the controlled release system is regarded as a
closed-loop drug delivery system on epilepsy control, as shown in Fig. 11(a)-(c). Furthermore, in
order to achieve real-time monitoring, the real-time on-line seizure monitoring was developed
using National Instrument LabVIEW to create a graphical user interface (GUI) VI to monitor and
store the EEG data(refer to Fig. 11(d)).

A complete view of the backpack and of its placement on a rat is given in Fig. 12(a). There are
two batteries in the backpack. In order to minimize the weight of head mounted devices for a rat,
the backpack was mounted on the rat’s jacket which was connected to the neural interface by
short soft wires. Generally, the shorter the wires, the lower the noise picked from the environment.
The detailed caption was given in Fig. 12(b), the neural interface consists of op-amplifier and
constant voltage circuits. On the other hand, the microcontroller board used Texas Instrument
CC2430 chip to compute detection epileptic seizure. When the MCU detects epileptic seizures, it
would feedback immediately to trigger chip to release drug into the rat during eight minutes. The
funnel chip can be demonstrated in the inset of Fig. 11(c).
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Fig. 12. Experimental setup of the animal study and the illustration of the drug release system,
where the “chip” (b) indicates the drug delivery device.

Fig. 13 represents one example of the SWD of the rats in this experiment. We recorded
40-minutes spontaneous brain activity during released process and 20-minutes spontaneous brain
activity after treatment. Fig. 13 demonstrates that the SWD of the rats reached ~120 times
without drug administration while the SWD of the rats reduced by nearly 50% while ESM was
released from the self-detection drug delivery system. Although it is hard to quantify the exact
amount of the ESM release into the rats during the in-vivo operation, it is truly indicated that
certain effective dose of ESM was released into the rats from the chip-based drug delivery system,
which, for the first time, proved the concept of the integrated system designed based on the
electrical-responsive hybrid hydrogel. Although this in vivo study has far from being optimized
in terms of operation parameters among different parts of the integral system, drug dose, and time
of dosing, the preliminary in-vivo outcomes do provide promising perspective toward further
investigation. It is highly expected by combing photolithography technology frequently
employed in semi-conductor industry, the implantation of the chip-based system would be
expected to offer self-detection and effective therapeutic treatment for epileptic patients, and
those who suffers from chronic diseases, in the future.
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Fig. 13. Comparison of SWD number of the rats (n=6) with and without (as control group) drug
elution from the chip-based drug delivery system.

4. CONCLUSION

This study demonstrates the synthesis of a hybrid hydrogel consisted of a modified chitosan and
inorganic silica gel via a sol-gel route. The hybrid hydrogel showed improved thermal stability
and mechanical swelling behavior, indicating an interaction evolved between the modified
chitosan, i.e., carboxyl groups, and inorganic siliate phases, i.e., hydroxyl groups. An
anticonvulsant drug, ESM, released from the hybrid, was evaluated in vitro under DC electric
field of various voltages, showing different release profiles. The field-induced release
mechanism from the hybrid hydrogels appeared to be a combined contribution between
electrophoretic and electro-osmotic operations upon the electric field stimulus. While integrating
the electric-responsive hybrid hydrogel, as a drug reservoir, into a self-detection system, we have
successfully demonstrated a real-time responsive drug delivery operation in an epileptic rat
model where the number of seizure was reduced considerably by ~50%, from automatic seizure
detection to a subsequent release of anti-epileptic drug from the hybrid hydrogel, achieved in tens
of seconds.
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