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Abstract Wavelength-modulated differential laser photothermal radiometry
(WM-DPTR) is introduced for potential development of clinically viable non-invasive
glucose biosensors. WM-DPTR features unprecedented glucose-specificity and sen-
sitivity by combining laser excitation by two out-of-phase modulated beams at wave-
lengths near the peak and the baseline of a prominent and isolated mid-IR glucose
absorption band. Measurements on water—glucose phantoms (0 to 300 mg/dl glucose
concentration) demonstrate high sensitivity to meet wide clinical detection require-
ments ranging from hypoglycemia to hyperglycemia. The measurement results have
been validated by simulations based on fully developed WM-DPTR theory. For sen-
sitive and accurate glucose measurements, the key is the selection and tight control of
the intensity ratio and the phase shift of the two laser beams.

Keywords Biosensor - Glucose - Middle infrared (MIR) - Wavelength-modulated
differential laser photothermal radiometry (WM-DPTR)

1 Introduction

It is now well recognized that we are in the midst of a global epidemic of diabetes
[1]. The disease is widely spread with more than 20 people being newly diagnosed

X. Guo (X)) - A. Mandelis

Department of Mechanical and Industrial Engineering, Center for Advanced
Diffusion-Wave Technologies (CADIFT), University of Toronto,

5 King’s College Road, Toronto, ON M5S 3G8, Canada

e-mail: guox @mie.utoronto.ca

B. Zinman

Mount Sinai Hospital, Samuel Lunenfeld Research Institute, University of Toronto,
60 Murray Street, Toronto, ON M5T 3L9, Canada

@ Springer



Int J Thermophys (2012) 33:1814-1821 1815

every hour of every day. Patients can be at serious risk depending on the concentration
and duration of blood glucose values: low levels (hypoglycemia) for any length of
time are associated with acute danger (brain damage, even death), while high levels
(hyperglycemia) have a chronic impact over days or years which can damage organs,
blood vessels, and nerves [2]. To prevent or delay complications, blood glucose moni-
toring is required [3]. However, the discomfort and pain of the current finger-pricking
procedure lead to poor compliance. Over the past 20 years, researchers have been
pursuing non-invasive methods of glucose monitoring. The most promising methods
are optical technologies [4,5]. The spectral range of highest interest has been in the
near-infrared (NIR) because of the relatively low water absorption [4,6]. However,
the weak glucose absorption bands (overtone and combination bands) and confound-
ing bands from other blood constituents make NIR methods impractical. In contrast,
the middle-infrared (MIR) region has a prominent glucose absorption band which
is peaked at ca. 9.7 wm, and is isolated from other interfering peaks in human blood
[7-12]. Nevertheless, the MIR range has been less explored because of the overwhelm-
ing water absorption barrier.

We have developed a non-invasive technique, wavelength-modulated differential
laser photothermal radiometry (WM-DPTR), experimentally and theoretically for con-
tinuous or intermittent glucose monitoring in the MIR range [13—15]. The WM- DPTR
method consists of out-of-phase modulated laser-beam excitation at two discrete wave-
lengths near the peak (~9.5 wm) and the baseline (~10.4 um) of the aforementioned
glucose absorption band. Two quantum cascade lasers (QCL) are used, resulting in
a differential blackbody emission detected via a HgCdZnTe (MCZT) detector (2 jum
to 5 wm spectral detection bandwidth) as a photothermal up-conversion process. The
differential method suppresses the strong background signal due to water absorption,
while the narrow detector spectral bandwidth eliminates source—detector interference,
thus greatly enhancing glucose detection sensitivity. Because of shallow penetration
depth in the MIR range, WM-DPTR is designed to measure the glucose concentration
in the interstitial fluid in the epidermis layer within 100 wm from the surface, which
is correlated to a blood glucose concentration with ~10min delay. The measurement
results from intestinal fluid phantom, aqueous glucose mixtures (0 to 300 mg/dl),
demonstrate that both the amplitude and phase of the WM-DPTR signal can be used
for glucose detection. The sensitivity and accuracy of glucose measurements rely on
judicious selection and tight control of the intensity ratio and phase difference of the
two laser beams.

2 Theory

The theoretical analysis of the WM-DPTR signal is based on differential photothermal
radiometric signal generation following sequential optical absorption of two out-of-
phase square-wave modulated laser beams by a semi-infinite one-dimensional medium
[15]. The sensitive glucose detection stems from the selective absorption of the glu-
cose molecule at two excitation wavelengths (peak and baseline of glucose absorption
band). The differential signal arises because the absorption maximum (one laser beam)
generates a photothermal-wave centroid for the IR emission closer to the surface than
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the absorption minimum (the other laser beam). In addition, changes in the thermo-
physical properties of the water—analyte mixture compared to those of pure water act
as a differential signal amplifier in WM-DPTR. The PTR signal generated by a single
laser is as follows:
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where R is the spectrally weighted IR absorption/emission coefficient for homo-
geneous absorbers, K (A1, A2) is a factor related to the detector collection band-
width [Ag, 2], @ and k are the thermal diffusivity and thermal conductivity of the
medium, respectively, Io; is the laser beam intensity, (.; is the optical absorption
coefficient, 1;; = le—a is a photothermal time constant indicating heat conduction
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in the photo-excited medium from a distance equal to the optical absorption depth,
_ox2 _ 1 . . . . .
W(x) = e* erfc(x), and tr = PN is a photothermal time constant indicating con-
IR
ductive heat transfer from a length equal to the mean infrared optical absorption depth,
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Over the full square optical waveform repetition period 0 < t < 79, the sequence
of photothermal responses is as follows:

AQA(); 0 <t < 3 (laser A on; laser B off)

SAB(1) = (2)

AQA(t) — AQA (t - %0) + AQp (t — %0) %0 <t < 19 (laser A off; laser B on) '

where 7, = 79/2. For WM-DPTR with lock-in detection, the demodulated WM-DPTR
signal at the fundamental angular frequency wg = 27 /1¢ is described by amplitude

A and phase P:
Aag =/ ASH + ASG

ASq
Pap=tan”' | —= ). 3
Ap = Hn (ASIP) ®)
where ASip(wg) = %bl(a)o) is in-phase and ASq(wp) = —%al(wo) is quadrature
with
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0
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3 Materials and Method

Water—glucose mixtures were obtained by dissolving D-glucose in deionized water.
Accurate glucose concentrations of the mixtures were determined using a biochemistry
analyzer (YSI 27008, Life Sciences, OH). The glucose detection range (0 to 300 mg/dl)
was chosen to monitor both hyperglycemia and hypoglycemia, the two problematic
ranges in diabetes blood—glucose regulation. An experimental WM-DPTR system was
developed as shown in Fig. 1. The setup consisted of two QCLs and a laser controller
(QCL, 1101-95/104-CW-100-AC, Pranalytica, CA) emitting at 9.5 wm and 10.4 um,
a HgCdZnTe detector (MCZT, PVI-4TE-5, Vigo System, Poland) sensitive in the 2 to
5 wm spectral bandwidth, a function generator (33220A, Agilent Technologies, CA)
generating two phase-locked square waves to modulate the laser beams, and a lock-
in amplifier (SR850, Stanford Research Systems, CA). When the two out-of-phase
square-wave modulated laser beams irradiate the sample on the same spot, optimized
differential PTR signals are generated. The signal is collected by the MCZT detector
and then sent to the lock-in amplifier for demodulation. The laser intensity ratio is
controlled by a motorized variable circular nuetral density filter (Reynard Corp, CA)
in front of laser B, and the phase shift between two laser beams is controlled by the
function generator.

4 Results and Discussion

WM-DPTR is sensitive to glucose. However, the sensitivity highly relies on two impor-
tant parameters: amplitude ratio R and phase shiftd P, defined as the ratio of pure water

Laser A >
9.5 um
Function Laser
generator controller Parabolic mirror
IR emission

ND filter 2-5 um

Laser B

Lock-in MCZT
amplifier detector

Fig.1 Schematic diagram of WM-DPTR system. Square-wave modulated radiation from laser A (9.5 pm)
and laser B (10.4 um) co-incident on the sample generate superposed IR emissions. The differential infrared
photon flux is collected by the MCZT detector acting as a bandpass filter (2 um to 5 wm, dashed line) and
sent to a lock-in amplifier. The function generator controls the phase shift between the two laser beams,
and the variable circular neutral density (ND) filter controls the intensity ratio of the two lasers
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Fig. 2 Amplitude ratio R and phase shift dP dependence of WM-DPTR glucose sensitivity: differential
signal change resulted from O to 300 mg/dl glucose concentration change: (a) experimental results; the
points are raw measurement data and the /ines are interpolated data and (b) theoretical simulation results

PTR amplitudes and phase differences generated from laser A and laser B alone:
R = Aaw/ABw, dP = Payw — Ppw. Thus, implementing tight R and d P controls is a
very important part of the WM-DPTR system development. Amplitude ratio R tuning
can be realized by fixing the beam intensity of one laser while changing that of the
other laser, resulting in corresponding change in baseline signal amplitudes. To meet
the high resolution and phase-independence requirements, the R control system has
been upgraded from mechanical (through iris) to electrical (by tuning laser input volt-
age), and finally to the current optical control (tuning a variable neutral density filter).
The phase shift of baseline signals is mainly determined by the phase shift between
the two laser beams. The phase shift control was also upgraded from a preset fixed
phase shift (~180°) to current high-resolution tunable phase shift control through a
phase-locked function generator. The following measurements were performed with
the latest upgraded WM-DPTR system.

The R and dP dependence of WM-DPT glucose sensitivity is shown in Fig. 2.
Figure 2a displays the measured WM-DPTR signal amplitude change, AAAB/AaBw
(AAAB = AaB — AABw), between pure water (A apyw) and 300 mg/dl glucose solution
(AaB), and the respective phase change, A PaAp = Pap — PaBw, against amplitude
ratio R. As indicated, WM-DPTR signals are most sensitive to glucose at R ~ 1
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Fig. 3 Linearity of WM-DPTR signal response to glucose (0 to 300mg/dl concentrations) with fixed
phase shift dP = 180° and varying amplitude ratio R from 0.97 to 1.03. (a) Experimental results and (b)
simulation results

with phase shift dP = 180°, with ca. 10 times change in amplitude and ca. 140°
change in phase. With a phase shift change (as small as 0.5°) away from 180°, the glu-
cose sensitivity drops greatly, only ~100 % change in amplitude and ~40° change in
phase. The measurement results were verified by simulation results based on Eq. 2, see
Fig. 2b. Under ideal conditions, the simulation results exhibit even higher sensitivity.
With detailed glucose concentration measurements, it was found that the WM-DPTR
glucose sensitivity is not always linear in the clinically related glucose concentration
range (0 to 300mg/dl) as shown in Fig. 3. Figure 3a displays the WM-DPTR signals
versus glucose concentration with ~40mg/dl glucose concentration intervals mea-
sured with fixed phase shift dP = 180° and different amplitude ratio R, ranging from
0.97 to 1.03. It can be seen clearly that different R favor different potential applica-
tions: for the amplitude, R1 is suitable for hyperglycemia, R2 for hypoglycemia, and
R3 for the full range. Even though the relative amplitude change with R3 is smaller,
the higher amplitude level makes it more readily measureable with a higher SNR. For
the phase, R1 is preferable for hypoglycemia, R2 for hyperglycemia, and R3 for the
full range. The measurement results are well in agreement with the simulation results
of Fig. 3b. The strong R dependence at dP = 180° shown in Fig. 2 requires high-
precision control of R which makes accurate measurements extremely difficult, even
impossible. However, the R-dependence is lessened if the phase shift is slightly away
from 180°, at the cost of some sensitivity to glucose. The achievement of the greatest
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glucose sensitivity and measurement accuracy depends on the optimal combination of
R and dP. With the current WM-DPTR system and automated R—dP setting (ND filter
and function generator) controlled by the computer, optimal R—dP combinations have
been found for optimally sensitive glucose measurements with near-linear amplitude
(R? = 0.966) and phase (R> = 0.987 and 0.995, respectively) responses, see Fig. 4.
The error bars on the data points are the results of the standard deviation from five
sequential measurements. The predictive errors in the above measurements are Fig. 4a:
12.9mg/dl in the C; < 75mg/dl range and 19mg/dl in the C; > 75mg/dl range;
Fig. 4b: 8.1mg/dl and 5mg/dl in the C; < 75mg/dl range, 11/5mg/dl and 7mg/dl
in the Cy > 75mg/dl range. These variances are well below the accuracy criteria set
by the International Organization for Standardization (15mg/dl for C; < 75mg/dl
and 20 % for C; > 75mg/dl). This is a significant achievement for this inherently
nonlinear differential-signal methodology which should facilitate its penetration into
clinical practice. It should be noticed that the amplitude curve shown in Fig. 4a is
not under the same R—dP conditions as the phase curves in Fig.4b. It turns out that
either amplitude or phase (not both) can be linearized for a given optimized R—dP
combination. At this juncture, we lean toward phase linearization at the expense of
amplitude because the signal level is higher under the optimal R—dP condition of
phase curves.
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5 Conclusions

We have reported the development of a WM-DPTR system for potential application in
non-invasive blood glucose measurements. It has been demonstrated that WM-DPTR
has great sensitivity to glucose in the clinically relevant concentration range. The
achievement of the greatest glucose sensitivity and measurement accuracy relies on
the optimal combination of two parameters: amplitude ratio R and phase shift dP of
the two single baseline (water) signals. The implementation of a motorized circular
variable neutral density filter and phase-locked function generator into the system has
resulted in high R resolution (0.003) and high dP resolution (0.05°). The optimal
R—dP combinations have been found for linear and stable WM-DPTR response to
glucose in the human blood—glucose concentration range. The theoretical analysis
of the WM-DPTR response has generated a solid foundation for understanding the
physics behind the WM-DPTR method and is serving as a guide for crucial experi-
mental signal parameter optimizations.
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