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Abstract

This paper presents a CMOS optical microsystem withx4 photodiodes array and their
readout electronics, based on 16 light-to-frequermyverters, and 16 high selective optical
filters, for spectrophotometric measurement of udif reflectance and fluorescence signals,
applied to the detection of gastrointestinal dysipla The photodiodes array is based on
n+/p-epilayer junction silicon photodiodes. Thedadout electronics outputs a digital signal,
with a frequency proportional to the photodioderent, featuring a sensitivity of 26 Hz/nA at
550 nm, a spectral resolution of 9 MHz and a poegersumption of 1 mW. The optical filters
are based on 16 thin-film narrow-bakdbry-Perotresonators, in which dielectric mirrors are
used. They feature high transmittances and low-width-half-maximum. Experimental
measurements, using phantoms representative of nthén absorbing, scattering and
fluorescence properties of gastrointestinal tisspesved the viability of the CMOS optical
microsystem with the optical filters to extract $lkosignals, when comparing the obtained
results with commercial equipment. The implemengggaratus is ready to be used as a
portable system on a surgery room to verify thalt@moving of gastrointestinal cancer tissue.
Moreover, the developed approach is a step fonivatbe implementation of a gastrointestinal
dysplasia detection miniaturized tool.
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1. Introduction

Cancer is a leading cause of death in the worldypeising 8.8 million deaths in 2015,
including GI (gastrointestinal) cancers (approxiehatl.8 million deaths), specifically stomach,
colorectal and esophageal cancers [1,2].

The detection of Gl cancer in the dysplastic orgaecerous stage is crucial, since it gives a
higher effective treatment chance to the patieniveéler, early stages of cancer are difficult to
detect taking into account the standard visualdospn techniques, such as endoscopy and
colonoscopy. This fact is due to the lack of grogsphological easily visible changes on the
tissues in the dysplastic stage [2-7]. Severaldiezpare performed in an attempt to increase the
detection probability of those invisible lesionsowtver, biopsies are invasive, suffer from
undersampling and their results are not immediag®fyilable, which may cause stress to the
patient. As a result, it is truly important to dge minimally invasive methods/systems to
guide the physicians to the biopsy sites (sitesihge a higher probability to be abnormal), or
even replace biopsies in the detection of Gl dysalg-4,7].

Diffuse reflectance and fluorescence spectroscopég® high sensitivity to some cancer
biomarkers present on the tissues. Thus, small mebwgical and biochemical changes on these
tissues, due to dysplasia, will affect the spedigthals of diffuse reflectance and fluorescence.
As a result, the signals shape and intensity velldifferent when compared with the signals
from a normal tissue. Moreover, the analysis of gpectroscopic signals with well-developed
models allows the extraction of quantitative infation that can improve the detection of
cancer, which is not the case with other image-ecd@ technologies used for detection of
gastrointestinal cancers, such as NBI (narrow-baragjing) [2-12].



Several research teams have developed studiesrasy@tems for spectroscopy signals
extraction and detection of GI cancers. In spites@ine advances, most of the studies use
complex and bulky components based on Xe lampstdasmonochromators, optical fibers and
high quantum efficiency detectors. Other authaesdtto miniaturize their systems, including
LEDs (light emitting diodes) and photodiodes. Hoervnone of them proposed the
implementation of an on-chip optical microsystenithwall the optical detectors and their
readout electronics integrated in a single chip, datraction of diffuse reflectance and
fluorescence signals [2-5, 13j17As a result, the development of an on-chip optical
microsystem, without sophisticated and complex gmeint, that can be usedloco, will have
a high clinical value [6]. The first application tfis microsystem will be its use as a portable
system in a surgery room, for inspecting total reimg of cancerous tissue during surgery.
Another application could be its future integratianth the conventional endoscopic or
colonoscopic equipment, to be used by the pathsi®gd mark possible biopsy sites or even
detect early Gl cancer stages, helping in the feariic monitoring [2,7].

This paper describes a combined effort to implerasctmpact on-chip optical microsystem
(Figure 1), comprising: 16 high selective opticdtefs developed for selection of the
spectroscopic signals in 16 relevant spectral hamewviously validated by Pimen#&t al. [7],
and a 4x4 CMOS photodiodes array (one for eaclcalptiiter) and their respective readout
electronics, based on the implementation of 16tdigHrequency (LF) converters (previously
theoretical described by Corre& al [18]). This kind of optical scheme advantagess les
fabrication complexity for the needed 16 spectrahds in the 350 to 750 nm range, when
compared with other compact wavelength detectosterys such as using a Linear Vertical
Filter (LVF) proposed by O. Schmidt al.[19] and recently by Y. Waaet al.[20]. The novelty
presented is this paper relies on the experimedifilise reflectance and fluorescence
measurements, performed with all the above optoahponents assembled on-chip, which
proves that the implemented apparatus (opticalp¥eisl suitable for the first application
described above: a portable system to be usedsargary room.
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Figure 1. Schematic of the on-chip optical microsystem farcpscopic signals extraction (not scaled).

2. Materials and methods
2.1. Phantoms for the experimental measurements

The used phantoms represent the main absorbingerseg and fluorescence properties of
the Gl tissues, which will affect the diffuse refience and fluorescence signals. They were



prepared containing hemoglobiH@267 from Sigma-Aldrich), 1 pum polystyrene bead87310
from Polysciences the fluorophores NADH (reduced form of nicotiriden adenine
dinucleotide, N6005 from Sigma-Aldrich and Carbostyril 124 (7-amino-4-methyl-2{)t
quinolinone, 363308 from Sigma-Aldrich, and water. Hemoglobin is the main absorber
component in tissues, polystyrene represents tittesing from collagen fibers and Carbostyril
124 is a hidroxyquinoline derivative that represeaht emission from collagen. Tables 1 and 2
describe the quantitative composition of those {ibras.

Table 1. Composition of the phantoms for diffuse refleceegperimental measurements.

Phantoms H(errT?;/?TI]oLt))in Polysty(zzr;e beads NADH (ug/mL) CarZ(l);/tr)T/]rﬂ)lm
(a) 0.25 0.50 0.50 1.50
(b) 0.50 0.25 1.00 1.00
(c) 1.00 0.15 1.50 0.50
(d) 1.20 0.08 1.50 0.50

Table 2. Composition of the phantoms for fluorescence expenital measurements.

Phantoms H(errT?;/?TI]oLt))in Polysty(zzr;e beads NADH (ug/mL) Car?:;/t:}rﬂ)lm
(a) 0.25 0.50 25 75
(b) 0.25 0.50 50 150
(c) 0.25 0.50 75 505
(d) 0.25 0.50 100 300

2.2. Optical filters

The 16 optical filters were fabricated at INESC-Mdy IBD (lon Beam deposition,
Nordiko3000 tool), on a borosilicate glass substrdtheir characterization and viability to
extract spectroscopic signals, using commerciaipagent, were described in our previous
work [7]. Briefly, they are composed of 11 layefsMgO/TiO, or SiQ/TiO, thin-films that
form aFabry-Perotresonator. Each optical filter is sensitive inirege spectral band centered
at 354, 368, 387, 397, 419, 458, 485, 516, 548, 582, 603, 607, 649, 701 and 746 nm, with
peaktransmittances ranging from 50% to 90% approximgai@hd a full-width-half-maximum
(FWHM) averaging from 11 nm to 20 nm.

2.3. CMOS optical microsystem

The CMOS optical microsystem, including the 4x4 tpddes array (n+/p-epilayer type)
and their readout electronics, was fabricated staadard n-well 0.7 pm CMOS process using
AMIS Technologyfrom Europractice Each photodiode has its own LF converter for fast
conversion. The main features of the LF converiel igs suitability for this application were
already described in previous work [18], where #swfabricated and tested its preliminary
version. Based on the obtained results it was imetged this new version, where it was
included the 4x4 photodiodes array and all the robrlectronics. The total area of this new



implemented CMOS die is 5 mMinEach photodiode has an active area of 100 unOxuband
each LF has an area260um x 70um. Figure 2 shows the new CMOS optical microsystem
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Figure 2. SEM image (45° tilt) of the implemented CMOS ogtimicrosystem (acquired with HEOL
JSM-6010LVSEM instrument). Each photodiode of the 4x4 ahay an active area of 100 pm x 100 pm
and each photodiode of the 2x2 array has an aatee of 250 pm x 250 pfan extra array added on the
CMOS die, useful for tests).

2.4. Apparatus for the CMOS optical microsystenratirization

One of the n+/p-epilayer photodiodes with an acéikea of 100 pm x 100 pm is assessable
at the chip pinout, which makes possible its spéaharacterization (responsivity), using as
reference a commercial photodiodtafmamatsu S1336-5B(For the spectral characterization,
an optical setup was used (Figure 3A and Figuren Supplementary Information), comprising
a quartz tungsten halogen lamge(vport 6334NBSat 200 W, a picoammeter to measure the
photodiodes currentKgithley 487, a monochromatorNewport 74125 an optical fiber to
direct the light to the photodiodelléwport 77568 and, finally, the implemented CMOS die
and the commercial photodiode used as referencéhdncharacterization, this commercial
photodiode has a 100 um diameter pinhole on itsvibiich guarantees the same optical power
for all the photodiodes, ensuring the accuracyefdbtained results.

The LF converter linearity was also experimentalsluated directing a variable intensity
monochromatic light source to the same n+/p-epilgyleotodiode and measuring the LF
converter output frequency. The lamp was powerecatup00 W, 160 W, 120 W, 80 W and
40W. A DC power supply Mastech HY3005D3)3 at 3.5V and a microcontroller
(stm32vl discovejywere included in the described setup for the msdipn of LF converter
output frequency (Figure 3A grey shadow). Finatlye LF converter performance was also
studied, using a current source at its input. Besithe picoammeter to measure the input
current, the DC power supply at 3.5V and the ndontroller (to acquire the low output
frequencies, less than 70 kHz), the used setupided a voltage source with a resistance to
produce the input currenKéithley 6487 and an oscilloscopd€Croy 9310 to measure the
output frequency of the LF converter (for high fieqcies, higher than 300 kHz).

2.5. Apparatus for diffuse reflectance and fluoegse experimental measurements

The diffuse reflectance experimental measuremests warried out using the implemented
CMOS optical microsystem, the fabricated optickléfs and a white light (from a light source,
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intensity curve on Figure S2 and optical setup s@ieally presented on Figure 3B and on
Figure S6 of Supplementary Information). Each & it6 fabricated optical filters was used
together with one or two commercial optical filteirs order to eliminate second order effects.
Transmittance spectra are shown on section A3 ppl8mentary Information (Figures S3 to
S5).

The fluorescence experimental measurements wertorpexd with an optical setup
(schematically presented on Figure 3B and on Fi§Tref Supplementary Information) similar
to the one used for diffuse reflectance measuresnbnt with the light source fixed at 350 nm,
allowing excitation of the fluorophores (NADH ana@®@ostyril 124). Moreover, only 12 of the
fabricated optical filters (with the respective aoarcial optical filters to eliminate second order
effects) were used (between 368 nm and 607 nmge dinis range is representative of the
fluorescence emission properties of the fluorophork is important to note that the
fluorescence signals emitted by the diffuse reflecé phantoms (Table 1) were too low
(current intensities lower than 0.01 nA). Since tipéical setup could not be improved because
of the optical elements used, phantoms with higbencentration of fluorophores were
considered (Table 2).
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Figure 3. Schematic of the experimental setup used forhallmeasurements. A) Configuration used for
the CMOS optical microsystem characterization. Bnfiyuration used for the diffuse reflectance and
fluorescence experimental measurements.

3. Results and discussion
3.1. CMOS optical microsystem characterization

Figure 4A shows the responsivity of the CMOS n+gpager photodiode. The responsivity
curve exhibits some fluctuations, introduced byfitst and the second dielectric layers present
above the photodiode pn-junction (in compliancehwibe standard rules of that CMOS
technology). However, for the reported applicatidtmse wavelength dependencies will not
affect the spectroscopic measurements (diffuseatsfhce and fluorescence), because diffuse
reflectance measurements are relative measureieentsider a reference for 100% reflectance)
and the fluorescence spectral shape is not affdwstdidese fluctuations (as seen in section 3.3).

Figures 4B to 4D present the frequency as a fumatiophotodiode current for three fixed
wavelengths (450, 550 and 700 nm), covering alldbgired spectral range. The results show
that the output frequencies are proportional toligpet intensity that reaches the photodiode,
showing a good linearity, as thé Ralues are higher than 0.99. Moreover, they atevsthe
expected wavelength dependency of the silicon @riglavelengths, higher photodiode currents
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and higher frequencies), in compliance with thegoesivity measurements (Figure 4A). The
measured values in absence of light were approgrignét6 Hz for a current of 23.4 pA (dark
current).

Figure 4E exhibits the output frequencies of theddrverter for different input currents
(between 60 pA and 300 pA). Experimentally, its mmasm conversion limit is 9 MHz with a
maximum current close to 300 pA. Figure 4F is anzaf Figure 4E, showing that the LF
converter has a linear behavior for input curreitgo 600 nA, which is more than suitable for
this application (the photodiode currents do nateexl that value in diffuse reflectance and
fluorescence experimental measurements). Findllg important to note that, comparing the
equations of Figure 4D and Figure 4F, the outpequencies for the same input currents are
higher in the case of Figure 4F. For example, onA, the output frequency obtained with
Figure 4D is 252.7 Hz and with Figure 4F is 6478 Hhis is due to the photodiode total
capacitance (that is wavelength dependent, risitly tive wavelength), which is not considered
in the case of Figure 4F, where none photodiode wgasl and the input current was directly
injected in the LF input. The higher the photodiotkpacitance, the lower is the output
frequency. This effect is included, after calibwati for the spectra reconstruction (see section
3.3). The measured LF converter power consumptiea & mW, when 3.5 V is applied as
power supply [18].
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Figure 4. A) Responsivity curve of the CMOS n+/p-epilayer pliidde. Frequency as a function of
photodiode current for three fixed wavelengtB$:450 nm,C) 550 nm andD) 700 nm.E) Measured
frequency of the LF converter as a function of inpurrent.F) Zoom showing the output frequency of
the LF converter as a function of input currentgap00 nA.



3.2. Diffuse reflectance experimental measurements

Figure 5 shows the extracted signals for the pmastpresented on Table 1, with the
fabricated optical filters and the on-chip photattigwith 100 um x 100 um active area) with
and without the respective LF converter, and witboenmercial photodiode, for comparison
(Hamamatsu S2386-9KFor each measuremefarium sulfate powder, Bag@in a quartz
cuvette) was used as reference for the 100% aisdiffeflectance. Moreover, the reflectance of
a quartz cuvette with water was subtracted frontdted reflectance of each phantom.

As it can be observed in Figure 5, with the implatad optical setup (Figure S6 of
Supplementary Information), it is possible to eatrdiffuse reflectance signals with very small
differences when compared to the same signals r@chwith a commercial photodiode, proving
the viability of the on-chip measurements. Moregaesimilar behavior is observed with all the
components assembly (on-chip photodiode + LF), e/la¢éso the LF converter from the CMOS
optical microsystem was used. Concerning the ssghahavior, it is in accordance with the
expected, with a decrease of the diffuse reflegasignal as hemoglobin (absorber)
concentration increases and polystyrene beadsd€smgtconcentration decreases (from (a) to
(d) on Table 1), both components being the mairirimrniors to the diffuse reflectance signal.
Concerninghe spectra intensity and shape for all the phast@amd comparing with the spectra
of a similar group of phantoms measured with a censral spectrophotometer (Table S1 and
Figure S8 on section A6 of Supplementary Inform@tislight differences are noted, especially
at wavelengths below 600 nm. In Figure 5, the sperttensity values are higher and the
second hemoglobin peaks (at 520-590 nm) are ndtdeéhed. This may due to some lack of
sensitivity of the implemented optical setup. A®sult, the effect of hemoglobin in the diffuse
reflectance signal is less noted, especially witaraist be detected, below 600 nm, because its
molar extinction coefficient is higher [21]. Howeyé¢he typical affectation of hemoglobin in
the diffuse reflectance signal is noted especialligs main absorption peaks (350-450 nm and
520-590 nm).
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Figure 5. Diffuse reflectance spectra measured with the apfitters and: one of the photodiodes of the
CMOS microsystem (on-chip photodiode); thdamamatsu S2386-5Kphotodiode (commercial
photodiode); and one of the photodiodes of the CM@Sosystem and respective LF converter (on-chip
photodiode + LF).

This lack of sensitivity of the optical setup may due to the distances between the optical
elements (Figure S6). In future, this can be redweigh the use of LEDs for illumination, and
with deposition of the optical filters on the toftlee photodiodes, including the optical filters to
remove second order effects of the main opticdrBl Nevertheless, it must be emphasized that
the hemoglobin concentrations used (Table 1) avayd lower than those observed in normal



colorectal tissues (around 1.8 mg/mL [22]) showiihgt this apparatus, as made as a portable
small device, is suitable for detecting change®i@emoglobin concentration from normal to
dysplastic tissues.

3.3. Fluorescence experimental measurements

Figure 6Adisplays the extracted signals for the phantomsemted on Table 2, usimge of

the CMOS optical microsystem photodiodes (with 108 x 100 pm active area), and the
fabricated optical filters. It is important to mimt that the obtained currents with intensities
below 0.023 nA were considered as 0 nA, sinceithibe limit of the photodiode and readout
electronics (dark current, as clarified on sectoh). Figure 6B exhibits the extracted signals
with the addition of the respective LF converteneTrequencies below 1 Hz in Figure 6B are
due to the dark current of the photodiode and aokdround signal that can further be removed
by software. For fluorescence measurements, there wsed only 12 optical filters (ranging
from 368 nm to 607 nm), since that wavelength racmeers the fluorescence emission spectra
of fluorophores NADH and Carbostyril 124 [23,24].
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Figure 6. A) Fluorescence spectra measured with the optitafsiand one of the photodiodes of the
CMOS microsystem (on-chip photodiod®) Fluorescence spectra measured adding the regpédtiv
converter.

For diffuse reflectance measurements, it was ugetesence (BaS{£powder) for the 100%
of diffuse reflectance, which is very useful beeubat way, diffuse reflectance measurements
are relative and are not affected by the opticherf transmittance and by the on-chip
photodiode efficiency. The same does not happenflimrescence measurements, being
necessary to ensure that the fluorescence sighalsesis not affected by the optical filters
transmittance and photodiode efficiency. As a tesié same phantoms presented on Table 2
were measured in a commercial spectrofluorometsingua set of conditions that aims to
reproduce the ones of the optical setup presemdeigure S7 of Supplementary Information.
The spectra obtained with the commercial equipmar@ presented on section A7 of
Supplementary Information (Table S2 and Figure S®ymparing the obtained results
(Figure 6A and Figure 6B) with Figure S9 of Suppdatary Information, it can be observed
that the shape of the spectroscopic signals israhmilar, with the fluorescence intensity
maximum occurring at a wavelength close to 419 However, it could be noted, again, a lack
of sensitivity on the optical setup of Figure S3 tlae fluorescence signals of phantoms (b) and
(c) were not distinguished, unlike it was expecied presented on Figure S9 (Supplementary
Information). In spite of this, it can be concluddtht the shape of fluorescence signals
extracted with the optical setup of Figure S7 is aocordance with the expected, the



fluorescence peak occurring at 419 nm and the bigkmission intensity corresponding to the
phantom with highest fluorophores concentration.

Again, the lack of sensitivity of the optical set(figure S7) may be due to the distances
between the optical components. In future, it Wélcrucial to reduce the distances between the
elements, as reported at the end of previous seaiction 3.2. Increasing the power of the
light source could be a solution for the majorifysiuations, but in the reported application, it
may cause a significant heat of the sample, witbresequent fluorescence quenching, and this
effect must be avoided. However, the used condemtraf NADH (Table 2) is much lower (in
phantom (d) of Table 2 is approximately 113 pghgant those reported for normal and
malignant oral cavity tissues (above 325 pg/g [2%lghlighting the sensitivity of our
microsystem for the desired purposes.

4. Conclusions

This paper reports on-chip experimental diffuséefince and fluorescence measurements,
performed with an apparatus containing high selecoptical filters and a CMOS optical
microsystem with photodiodes and LF convertersréadout. The microsystem is ready to be
used as a portable system on a surgery room. TteneH results using phantoms allow
concluding the viability of extracting diffuse refitance and fluorescence signals with small
differences when compared to those obtained withneercial equipment. A lack of sensitivity
of the optical setup implemented for spectroscop&asurements was noted, which can be
avoided with the reduction of the distance betwagtical elements, i.e., introducing LEDs for
illumination and integrating all the optical file(even the ones used for eliminate second order
effects) on the photodetection system. A promisiolution can be the direct deposition, by
IBD, of each optical filter on top of the respeetiphotodiode, using a patterned photoresist
mask on the CMOS die. With all the optics integilate a chip, the distances between elements
are smaller, allowing a better coupling of lighorfr one element to the next. Moreover, the
number of optical interfaces will also be reducddcreasing the interfaces at which optical
losses can occur [26]. A final application of the-ahip spectroscopy microsystem can be its
integration within the conventional endoscopes @ridnoscopes, to mark possible biopsy sites
or even detect early Gl cancer stages, helpingaritterapeutic monitoring.
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