Optoacoustic detection of tissue glycation
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Abstract: Oxidative-based diseases including diabetes, chronic renal
failure, cardiovascular diseases and neurological disorders are accompanied
by accumulation of advanced glycation endproducts (AGE). Therefore,
AGE-associated changes in tissue optical properties could yield a viable
pathological indicator for disease diagnostics and monitoring. We
investigated whether skin glycation could be detected based on absorption
changes associated with AGE accumulation using spectral optoacoustic
measurements and interrogated the optimal spectral band for skin glycation
determination. Glycated and non-glycated skin was optoacoustically
measured at multiple wavelengths in the visible region. The detected signals
were spectrally processed and compared to measurements of skin auto-
fluorescence and to second harmonic generation multiphoton microscopy
images. Optoacoustic measurements are shown to be capable of detecting
skin glycolysis based on AGE detection. A linear dependence was observed
between optoacoustic intensity and the progression of skin glycation. The
findings where corroborated by autofluorescence observations. Detection
sensitivity is enhanced by observing normalised tissue spectra. This result
points to a ratiometric method for skin glycation detection, specifically at
540 nm and 620 nm. We demonstrate that optoacoustic spectroscopy could
be employed to detect AGE accumulation, and possibly can be employed as
a non-invasive quick method for monitoring tissue glycation.
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OCIS codes: (110.5125) Photoacoustics; (170.5810) Scanning microscopy; (170.6510)
Spectroscopy, tissue diagnostics; (180.4315) Nonlinear microscopy.
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1. Introduction

The accumulation of advanced glycation endproducts (AGE)s on tissue proteins has been a
contributing factor in the development and progression of different oxidative-based diseases
including diabetes, chronic renal failure, cardiovascular diseases and neurological disorders
[1, 2] and can predict long-term complications [2—6]. The development of a quick, non-
invasive and reliable method to detect and quantify AGEs, at an early stage, could improve
the longitudinal study of their onset, accumulation, and therapeutic intervention. Additionally,
accurate AGE determination could provide a sought-after tool, for diagnosis and for
enhancing laboratory research.

Recently, it was shown that skin autofluorescence correlates with elevated levels of
AGEs, such as pentosidine and carboxymethyllysine (CML), associated with long-term
complications in diabetic and hemodialysis patients [7-9]. The established correlation was
used to develop a noninvasive technique, the autofluorescence reader (AFR), which is
clinically approved for cardio-vascular risk assessment [8, 10]. The AFR measurement is
performed on the skin using broadband illumination in the 300-420 nm, and detection in 420-
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600 nm spectral bands. Skin AF is reported to be approximately 30% higher in patients with
type 1 or type 2 diabetes mellitus compared to age-matched controls. However, AFR averages
auto-fluorescence measurements from large volumes, and exhibits non-linear dependence on
depth due to the nature of photon scattering in tissues. In addition, AFR has a considerable
dependence on skin reflectance, which limits its reliable application to skins with reflectance
values that are higher than 6% [11]. Therefore, the measurements lack tissue specificity and
its sensitivity drops depending on age, skin pigmentation and skin reflectance [9]. And though
methods exits that model the influence of absorbers and scatterers on auto-fluorescence
measurements [12, 13], the overall accuracy of the method remains limited [11].

Multiphoton microscopy (MPM) has been investigated as an alternative to AFR [14, 15].
By offering virtual tissue sectioning characteristics MPM can improve upon the AFR
dependence on skin reflectance and bulk (averaged) skin responses. In addition, recording of
second harmonic generation (SHG) signals enables the selection of collagen rich regions of
tissue. When excited with wavelengths above 500 nm, collagen typically offers lower
autofluorescence (AF) compared to other components constituting the dermis layer such as
elastin [16]. Therefore, presence of strong autofluorescence signals within the SHG mapped
collagenous lattice can be attributed almost exclusively to the AGE agents. The selective
assessment of collagen-rich regions, as achieved through the effective combination of AF and
SHG, can be highly advantageous over AFR in terms of sensitivity and specificity, since
minimum background noise interferes with the recorded autofluorescence signals. However, a
major limitation of MPM remains the superficial penetration depth, typically reaching no
deeper than 200-300 um in skin in-vivo, which hinders the detection of changes in deeper
skin layers. Conversely, accumulation of AGEs is shown to primarily take place in
endothelial cells, smooth muscle cells, and in vasculature [17], i.e. at depths beyond a few
hundred micrometers. An additional limitation of MPM is the high instrumentation cost and
the size of the instrumentation utilized, which may limit highly-disseminated or portable use.

By being insensitive to tissue photon scattering, optoacoustics can resolve optical contrast
without the limitations of conventional optical methods. In particular, optoacoustic
tomography has been shown to offer high-resolution imaging much deeper than the one
achieved by optical microscopy [18]. Multiple wavelength illumination further imparts
spectroscopy features [19, 20], whereas recent developments using small-form factor and
inexpensive light sources, for example in frequency domain implementations [21], point to a
method with high dissemination potential.

Herein, we explored the basic feasibility to detect tissue glycation by optoacoustic AGE
measurements and resolve AGE changes as a function of skin glycation. We hypothesized
that spectral optoacoustic measurements can yield sufficient sensitivity in detecting AGEs
generated in tissues based on detecting AGE spectra. Correspondingly we interrogated which
spectral region is suited to offer optimal AGE detection sensitivity, i.e. the spectral band that
maximizes glycation detection over non-glycated tissue.

2. Materials and methods
2.1 Skin specimen preparations

Porcine skin model was used in current study as being closest to human skin based on
morphological and functional similarities [22]. Samples of freshly excised porcine skin were
obtained from local butchery. All samples were cut into pieces of 10 x 15 mm®”. Thickness of
skin samples was 3.5 mm. Tissue glycation was induced by incubating the tissue in 0.165 M
ribose solution to mimic physiological hyperglycemia [23, 24]. More specifically, two
samples were incubated in two 10 ml containers containing glycation solution composed of
0.1 M PBS (Sigma-Aldrich, St. Louis, MO), 1% penicillin-streptomycin (Sigma, P0781-
20ML) and 0.165 M ribose (Sigma, R9629-25G), while 2 more samples were placed in 10 ml
control solution each. The solution used for the control group tissues had the same chemical
composition as the glycation solution with ribose excluded. All tissues were incubated at
37°C for different periods of 1, 4, 11, and 17 days. At the end of the incubation period the
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samples were rinsed with PBS buffer and fixed on a special holder for optoacoustic
measurements or placed in glass bottom petri dish for MPAF and SHG imaging respectively.

2.2 Optoacoustic measurements

Spectrally resolved optoacoustic responses of glycated and control samples were measured in
the range of 420-980 nm. The excitation was provided by a tunable, nanosecond laser (model:
SpitLight Single OPO, Innolas, Krailling, Germany). The tissue sample was fixed on the glass
slide, and immersed in a bath containing PBS (Fig. 1). The laser output was focused to a 1
mm? spot on the surface of the skin. 2 spots were measured from each of 2 samples per time-
lapse point and all results averaged. Optoacoustic response was measured using a 15 MHz
cylindrically focused ultrasound detector (V319, Olympus Panametrics-NDT, Tokyo, Japan).
Signals were first amplified using a low noise amplifier (AU-1291, Miteq Inc., USA), then
digitized using a fast data acquisition card, operating at 250 MS/s (EON-121-G20, Gage-
applied, Lockport, IL). The acquisition and data processing was performed in MATLAB
(Mathworks, Natick, MA). Overall 1000 measurements were averaged to improve SNR, the
signals were filtered using a 4th order exponential filter. Finally, to calculate the energy of the

optoacoustic signals from the different depths ([, ), the integral of the Hilbert transform was
taken spanning the depth of 3 mm from the surface of sample. /,,; was normalized by the
laser energy, and the attenuation of the beam in water bath and relevant optics.

Skin PPCO

Tunable laser

Fig. 1. Scheme of optoacoustic acquisition. Here: PPCO — power and polarization controlling
optics, USD — water immersed ultrasonic detector, AMP — amplifier, DAQ — data acquisition
card.

2.3 Multi-photon microscopy

The MP microscope used in this study is similar to one previously described [25]. In brief,
MPAF and SHG images were obtained using a properly modified inverted microscope
(AxioObserver.D1, Zeiss, Jena, Germany) coupled to an Yb-based solid-state femtosecond
laser oscillator, emitting near infrared pulsed light at a central wavelength of 1043 nm (YBIX,
Time-Bandwidth, Zurich, Switzerland; pulse width: 170 fs, output average power: 2.8 W,
repetition rate: 84.4 MHz). An air immersion objective (Plan Apochromat 20x/0.8, Zeiss,
Jena, Germany) was used for focusing the laser source and the respective collection of the
emission signal in the epi-illuminated geometry. The average power of the laser beam at the
focal plane of the sample was estimated to be 65 mW. Collected MPAF/SHG signals were
transmitted through a dichroic mirror (DMSP805R, Thorlabs, Newton, New Jersey, USA)
and filtered by a long-pass filter (FGL550, Thorlabs) for the detection of broadband MPAF or
an interference filter (FB520-10, Thorlabs) for the SHG signals respectively. A
photomultiplier tube (H9305-03, Hamamatsu, Hamamatsu City, Japan) was used for the
detection. The focal plane of each imaging session was selected via a high-resolution
motorized piezoelectric z-stage (MZS500-E, Thorlabs), which was mounted together with a
xy-stage (MLS203-2, Thorlabs) on top of the microscope. All acquired images were 600 x
600 pixels, corresponding to an area of 315 x 315 um?® area. An-face stacks of 50 images 3
um apart from each other were acquired for all samples.
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3. Results

3.1 Optoacoustic spectroscopy

To register spectral characteristics of changes in optoacoustic response occurring upon
glycation, /,,, of samples was measured for each time-point over the 420-980 nm range of

excitation wavelengths with the step of 40 nm. Figure 2 shows a representative dependence of
1,,s of skin samples incubated for 17 days in ribose (most glycated) and PBS (control) on the

wavelength of excitation laser.
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Fig. 2. The I, spectra for samples of porcine skin incubated for 17 days in ribose solution

(solid line) and PBS (dashed line).

To estimate the most responsive region of spectra the ratio of /,,, of glycated vs. control

(1456 /Lpusc ) Was calculated for each time-point. Figure 3(a) shows 1./, over the
range of 420-980. The most pronounced changes were recorded for 17 day of incubation
(most glycated vs. control) and were estimated to be 5.5 = 0.9 and 12.7 + 2.9 for 540 nm and
620 nm respectively (shown with arrows). The peak at 620 nm was consistent for all time-
points of incubation and is marked with a dashed line on Fig. 3(a). The inset (Fig. 3(b)) shows
the dependance of 1, /1, at 620 nm on duration of incubation.
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Fig. 3. a) Ratio of optoacoustic signal intensity, obtained from glycated skin (/__ ) to one
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obtained from control (/) after 1,4,7,11 and 17 days of incubation, respectively. b) Inset
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shows the dependence of 7, / 1,,.. at 620 nm on duration of incubation.
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3.2 MPAF / SHG imaging

Figure 4 shows representative images of skin incubated for 17 days in 0.165 M ribose
(glycated) and PBS (control) obtained at depth of 35 pm from surface. The 335 x 335 pum
images were rendered by combining multiphoton autofluorescence (green) and second
harmonic generation (red) channels. The depth is chosen to show both autofluorescence
emitting superficial and elastin-rich layers as well as SHG emitting collagen-rich dermal
layers. The apparent increase in MPAF signal of glycated specimen (Fig. 4(b)) over control
(Fig. 4(b)) is characteristic of glycation-induced changes in skin and is proportional to extent
of AGE accumulation [26, 27].

Fig. 4. Representative microscopy images of porcine skin incubated for 17 days in a) PBS
control solution and b) 0.165 M ribose solution. Shown are composite images of multiphoton
autofluorescence (green) and second harmonic generation (red) channels. Images were
acquired at the depth of 35 um. Scale bar is 50 pm.

To quantify the extent of glycation-induced changes over accessible depth of MPM
imaging a stack of 50 images 3 um apart was acquired for both glycated and non-glycated
skin samples - 4 specimens each. Consequently, overall intensity of MPAF and SHG channels
was derived for each image and summed over all 50 images. The average over 4 samples was
calculated for each incubation-time point.

Figure 5 shows the MPAF and SHG signal intensity as a function of the days of skin
incubation. The intensities plotted are the average value obtained from the entire stack of
images obtained from the glycated and control samples. The MPAF intensity from the
glycated sample shows a 3-fold linear increase over the incubation period whereas no
significant increase is recorded for the control sample. Likewise, the SHG signal does not
demonstrate a dependence on the days of incubation.
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Fig. 5. MPAF (solid lines) and SHG (dashed lines) signal intensity obtained from porcine skin
as a function of days of skin incubation in 0.165 M ribose (glycated) or PBS (control). Each
data point represents the average intensity recorded from 4 multiphoton microscopy images
obtained over 150 um of skin depth.

4. Discussion

In this work we examined the possibility of using optoacoustic spectroscopy to determine
AGE accumulation in tissues based on their absorption spectrum Ipss. Since optoacoustic
measurements are insensitive to photon scattering in tissues, measurements based on
optoacoustic technology could yield an approach that improves upon limitations of purely-
optical methods. To determine the feasibility of optoacoustic spectroscopy to sense glycation-
induced changes we studied hyperglycated porcine skin samples and control samples. Porcine
skin was chosen as the most suitable model for human skin [22, 28]. Studies examining
thickness of various skin layers have shown the stratum corneum thickness in pigs is 21-26
pm while the dermal-epidermal ratio of porcine skin varies from 10:1 to 13:1, both
characteristics being comparable to human skin. Note that /,,; was obtained cumulatively

from 3,5 mm of skin specimens with the main contribution from dermal and subcutaneous
layers 200-2000 pm (data not shown).

The glycated samples demonstrated an absorption spectrum peak (/,,, ) in the region 540-
620 nm (see Fig. 2). This spectral feature is better visualized when normalized by control
spectra, i.e. when it is presented as a ratio between [,,; of glycated and non-glycated

samples. As shown on Fig. 3(a), the relative optoacoustic intensity spectrum ( /,,s; /1,5 ) Of

17 day glycated skin has two maxima at 540 nm and 620 nm. The peak at 620 nm exhibited a

~12.7-fold increase during the course of the 17 days of glycation in 0.165 M ribose,

indicating a wavelength that may offer maximum sensitivity in detecting AGE accumulation.
Overall, 1,5 /1. at 640 nm, obtained from glycated skin samples increased virtually

linearly over the incubation period of 17 days, as shown on Fig. 3(b). Corresponding multi-
photon auto-fluorescence (MPAF) measurements were obtained from the same skin samples
to independently evaluate glycation effects. MPAF confirmed the increasing skin glycation
over the skin incubation period and demonstrated a ~3-fold increase. Nevertheless, the
quantitative comparison of OAS and MPAF measurements is not warranted in this study due
to the different signal processing methods and volumes sampled between multi-photon and
optoacoustic spectroscopy measurements. Observation of MPAF signal increase as a function
of skin glycation has also been reported for bovine and human skin samples in similar
experiments [24, 29]. We further observed a slight decrease in SHG intensity, consistent with
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previous observations [24]. However, the SHG signal is majorly due to collagen and typically
exhibits fluctuations attributed to the distribution inhomogeneity of collagen.

Optoacoustic spectroscopy may nevertheless suffer from the same limitations seen in bulk
auto-fluorescence measurements, i.e. that independent changes of the optical properties of
skin may affect the AGE determination. For example skin pigmentation or changes in tissue
oxygenation will affect the measurements. For this reason, the application of the method of
spectral imaging may be preferred to differentiate contributions from different tissue / skin
compartments and reveal a more accurate picture of AGE accumulation. High-resolution
optoacoustic images of the skin have for example been recently shown possible using
Multispectral Optoacoustic Tomography (MSOT) [30] and Raster Scan Optoacoustic
Mesoscopy (RSOM) [31]. Therefore spectral imaging could include in the future the
unmixing of AGE-related spectra and minimize the sensitivity of skin pigmentation and oxy-
and deoxy-hemoglobin contributions in the recorded spectra.

Overall, the reported work offers a promising method of detection and qualification of
AGE accumulation that in principle can facilitate the research and treatment of age related
diseases such as diabetes, renal failure and cardio-vascular disease.
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