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Abstract— Photodynamic therapy (PDT) is a developig
cancer treatment modality based on the activationfaa drug using
light. Under illumination, the drug destroys the tumoral cells in
the neighbouring area. Among the advantages of thitechnique
are its low side-effects, the locality of its effés and the non-
cumulative nature of its damage to surrounding tisse. PDT is
promising for glioblastoma multiforme, a common andaggressive
form of brain cancer. However, it is believed thatits benefits
could be maximised if it is administered in a low-dse regime
during extended periods of time (metronomic PDT). fie main
challenge then is the need for implantable instrum#ation. An
inductively powered photonic implant has been deveped, which
is able to deliver the excitation light and monitorthe treatment.
The implant is built around a microfabricated optode which
includes up to two light sources and four photodioes. The optode
can also use one of the PN junctions as a temperetusensor.

Index Terms—Photodynamic Theraphy, Glioma, Biomedical
Telemetry, Biomedical Applications of Optical Radidion, Optical
Transducers

I. INTRODUCTION

HOTODYNAMIC Therapy (PDT) is an upcoming

treatment modality which is being successfully aaplto
several types of cancer [1]. Its operation involvie
interaction between three elements: tissue oxygan,
photosensitising drug and light of the adequateelength for
activation. PDT has many advantages in terms @trirent
specificity, cost and post-operative recovery [2].

Specificity is achieved firstly through the contadile local
activation that can be obtained through the taibprof the
light fluence distribution to the treatment volunie.is also
possible to apply the photosensitiser locally ia theatment
area. Finally, tumoral tissue will take up largencentrations
of photosensitiser due to its accelerated metahdli3.

Under irradiation, the photosensitiser will be pated to an
excited single state. From there, it makes a ttiansi
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Fig. 1. Schematic of the total PDT system.

(intersystem crossing) to a triplet state with agler lifetime.
In this state it is able to interact with grounctst oxygen
(triplet) and take it to its respective singlettstaThis last
species (singlet oxygen) is very aggressive andrealct with
any nearby bio-molecule, causing cell damage awrdteaally
destroying the cells in the treatment area.

Up to now, PDT has been applied mainly for situaio
where physical access to the target tissue isivelateasy.
This is the case for cancers of skin or mucosahéncases
where the target volume is not directly accessisefor inner
organs, delivery by means of needles has beenrpeth In
these cases, as well as in the cases where PDHlivergd in
combination with surgery, treatment administratioatterns
are seriously limited; in fact, only a single deliy session is
possible most of the times. These limitations dearty related
to the instrumentation used for the administratiand
monitoring of PDT, which is to date mainly based aptical
fibres [2].

However, there is much complexity in the interptestween
electromagnetic radiation, drug and oxygen thaedgiired to
produce the desired therapeutic effect. Especidllythe
biological host response is considered, it beccappsrent the
actual effects of PDT can vary in important waypeteding on
the specific therapeutic conditions. This impliesttthe choice
of administration patterns for the photosensitesed the light
dosage can have a major impact on the final outcofrtbe
treatment.

This is the case for glioblastoma multiforme (GBMpich
is the most common form of brain tumor, being resiude for
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Fig. 2. External unit, showing the two primary coils used f
communications and power transfer.

more than half of all cases of brain cancer [3]e Ticidence
of GBM is not extremely high (reportedly 3.55 cagesy
100.000 people per year), but no effective treatmerist and
survival rates after two years are known to be \@ny(3.3%).
More dramatically, little success has been achidwedheans
of standard therapy options, based on combinatbssrgery,
chemotherapy and radiotherapy. In this sense, deasifor
treatment are very much needed.

It has been strongly argued that metronomic PDWwhicth
light delivery is performed over extended perio@i$irae, can
provide therapeutical advantages as compared thesdose
PDT for the case of GBM [4]. However, as mentiobetbre,
limited access to the intracranial cavity makes Rdlivery
quite involved.

It appears clearly, thus, that instrumentationnisnaportant
bottleneck for the case of PDT applied to GBM, &lsb in a
wide range of other applications. In this senséndable to
deliver and monitor PDT without the need for a péaoeous
link is expected to be a major step forward ingRkpansion of
this therapy.

Some advances have been reported in the literaiwards
smaller, more portable instrumentation, with ligielivery
systems for small animals having been describedqfjough
these devices are an important step towards dini
metronomic PDT, as they can be used to adminidter
treatment over some days, the reported approdthasisome
limitations. In the first place, the volume of thattery and the
fiber-coupled components prevents full implantatidwerefore
excluding truly long term operation. Secondly, thattery
limits the total light dose that can be deliveréast, the
number of sources and detectors is restricted dwite of the
individually packaged components.

In order to overcome some of the limitations, alyful
implantable metronomic PDT system has been designed
manufactured. In contrast with fibre based systemsolid
state optode containing a hybrid assembly of scuae a
silicon chip including detectors is used. Powengfar and
communications are achieved by means of an indzidink.

The goal of this device is to serve as a platforon f
experiments on metronomic PDT of glioblastoma inakkm
animal models.

Il. METHODS

The system is composed of two units as depictdegnl.
One of them is meant to be implanted, while theeothne is
external to the animal and takes care of interfpaiith the
user program running on the computer. The extecmsd
provides the operator in charge of controlling @waluating
the parameters of the PDT treatment with user-ien
commands and indicators. This unit is shown inZig

A. Inductive Link

Two pairs of coils have been used, simplifying tresign
and minimising interference between the powerimddfiand
the communications signals. The system has to bedtuo
resonance depending on the environment of the, dmilsthis
tuning has proved to be stable. This setup all@vs fworking
circular area with a diameter of 30cm for the arima
experiments. The coils in the implant are consadictising
Litz wire to minimise power loss and therefore hdiasipation
within the animal body.

Power is coupled from the external unit into thelamt by
means of an oscillating magnetic field, which inelsican
alternating current in the pickup coil of the imptlaThe values
chosen for the power part of the inductive link avebtained
following the design methodology described by Kergti al
[6]. The primary power coil is driven by a classakplifier
excited with a square wave working around 1MHz.

The communications are managed by means of a
commercial RFID solution (Atmel U3280) working at
125kHz. Messages are transmitted serially to thplant,
encoded in the amplitude of the field generatethleyprimary
communications coil. Information coming back frorhet
implant is conveyed by means of load keying atstheondary
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Fig. 3. Overview of the steps involved in the manufactgpnoces
of the optodes
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communications coil.

B. Solid-state Optode

Optodes are a combination of optical sources aght li
detectors. In the case of this paper, the optodepemented
using a hybrid assembly of Ill-V LEDs onto a silico L}
substrate. This silicon substrate has a micromachaavity to £
accommodate the source and shape the light bes
Furthermore, it includes a set of photodiodes #ratable to
monitor the light distribution around the sourcehe$e
measurements could be used to obtain an estimafidhe

optical properties of the tissue in front of thetasfe and the ooy e o ar 3 s
_dos_e bem_g dellvere_d, actually providing an appration to Fig. 4. Scanning Electron Microscope picture of the optode
in situ dosimetry during treatment [7]. assembled on a standard carrier for testing.

The photodiodes can also, with suitable readoutrelrics, .
off process. Square cavities are then produced to

be used to make measuremelnts. of quorescer?ce. Th%%:%ommodate the chip-form LEDs. Up to two chip-fdrtEDs
measurements could enable monitoring of the coraton of

o : . . : are hand-mounted in the cavities with electricalynductive
photosensitizer in the tissue. The PN junction fagnthe atn

photodiodes can also be used as a PTAT tempe ; glue, which means that two wavelengths can be ethiffhe
. ) final manufactured devices measure 1.2x1.2x0.5mm

(Proportional To Absolute Temperature). Knowing theal
temperature at the optode can be interesting faritoring the C. Implant Electronics and Biocompatible Packaging
biological process, but it can also be used togmethermal  The implant unit that has been constructed is caepof a
damage to tissue due to heat dissipation coming fre light  single optode. The driving electronics are buititard it using
source. discrete components and take care of signal amgatifin, A/D

The optodes were produced using a custom procetse at conversion, device control and power management Th
DIMES facility of TU Delft. The photodiodes are abted in  electronics and the optode are mounted on a flexsbbstrate
a first series of steps adapted from a broaderldnigwocess. composed of adhesiveless polimide. The electromiggther
An overview of the steps in this process can be se&ig. 3. with the communications and power coils have been
An n-type arsenic doped epitaxial silicon layep#0'%/cnr)  encapsulated in medical grade silicone for biocdibility
is grown on a standard boron doped p-type waferisIt (Applied silicone LSR-10), while a biocompatibleat epoxy

important to control the parameters of this laye2(8um) in  (EPOTEK-301) has been used to protect the optode.
order to determine the spectral response of thecttet as the
junction formed between the epitaxial layer and stuatbe Il. RESULTS
defines the photodiode. The device has been deakignkave
maximum sensitivity at a wavelength of 625nm. Tharoxide ~ A. Inductive Link
serves as a masking layer to define boron-dopedreg  With the current electronics, electrical power apdV can
(9.20/00) that ensure a high quality contact to the substra be dissipated into the primary coil, which transtainto an
Shallow implantation of arsenic (5*0ons/cnf) and boron available power of around 8mWw, as for the worsecsznario
(5 10° ions/cnd) is used to produce highly doped contac{center of the coil) the power coupling efficienisy around
windows on the diode surface, that guarantee aricobomtact
between the metal layers and the cathode and argams. 0.740 oincreasing temperature

The remaining steps in the fabrication involve the W Decreasing temperature
interconnections and the micromachining of the thtst will “m
accommodate the solid-state light sources. Firs86&nm 0-730 1 ”"e.
TEOS silicon oxide layer is deposited, which sermes mask
for TMAH etching of the pits. The dimensions of tipé 0.720 |
openings are 500x5Qf° and their depth is 26&n. This size "
is appropriate to accommodate most LED chips abviailin E ]
the market. The TEOS oxide layer is also used gotation 0-710 1
purposes. Therefore, openings are made at thosgidos o,
where contact with the cathode or anode regiodss#red and 0.700 ‘ ‘ ‘ -
then the first metal (aluminum) is deposited antiepaed. 25 30 35 40 45 5 55

A new layer of TEOS silicon oxide is grown to segiarthe Temperature (°C)
first and second metal layers, and windows are epext the
spots where interconnection between both layerdeisired. Fig. 5. Calibration curve for the PN junctions of thptode working
The second metal is evaporated and defined by nofanft- as PTAT temperature sensors

Voltage (V)
&
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0.2%. The implant has a maximum power consumptibn
14mW if all the sources are simultaneously actidate order
to adjust the available power to the dissipated ggoand to
provide a buffer in case of power link loss, a sappacitor of
0.3F is used. This gives an autonomy of severa$ teh
seconds at full power dissipation without any fieftplied.

B. Solid-state Optode

Fig. 4 displays a picture of the optode acquirsthg a
scanning electron microscope. A LED mounted in th
micromachined cavity is visible. The photodiodeg amot
clearly distinguishable in the picture because lné 1ow
contrast between their electrodes and the backdroun

The device has been successfully tested elecyricaid
optically. The photodiodes present a shunt registahat is
lower than expected, but this has not been a pmolide CW
measurements. The behaviour of the photodiodesTasT P
temperature sensors has been demonstrated. Tleatal
curve obtained in a temperature controlled oveshiswn in
Fig. 5. A temperature coefficient of 1.493mV/K wimind,
which corresponds to a temperature resolution 0.%itK the
readout electronics currently used (10bits ADC,V1ifiput
range).

Fixation points

FIexibIe Substrate

Fig. 7. Close-up picture of the optode mounted on thelflexi
substrate and encapsulated in biocompatible epoxy

percutaneous access during treatment disappeasseiidbles
the evaluation and optimisation of metronomic PDIT ain
animal model over long periods of time. It is tlirstftime to

the best of our knowledge that this approach to PDT
instrumentation has beepursued Animal experiments are
planned for the coming months.
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after encapsulation in biocompatible silicone. Figshows a
detail picture of the optode mounted on the flexiblibstrate.
The chip has been glued to the board and wire hkibnde
Biocompatible epoxy has been applied around thaltieg [1)
chip and potted in a cylinder shape with a diamefeBmm,

providing a robust encapsulation for the device. 2l

(3]
IV. DiscussIioN

This paper reports the design and fabrication tel@metric [4]
light delivery and monitoring system for advancing

metronomic PDT of glioblastoma. By making use didsstate
optodes combining sources and detectors, the need f5]

-

(6]

(71

o
Fig. 6.Implant after encapsulation of the electronics in
biocompatible silicone.

assembling the devices onto the flexible substrates
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