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A Spatial-domain Fourier Transform Infrared Spectrometer:
Application for Analyte Measurement in Cell Culture Media
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A spatial-domain Fourier Transform (FT) infrared (IR) spectrometer coupled with a PtSi Schottky-
barrier IR detector plane was developed in the spectral range of 2.0-2.5 pm for noninvasive
measurement of analyte concentrations in cell culture media during cell culture processing. A key
optical component of the spectrometer is a Savart plate which is a birefringent polarizer generating
coherent two rays for interfering. The spectral resolution of the spectrometer was determined as
71 cm’ (~0.05 ym at 2.5 um). Clear IR fringe patterns were imaged on the IR detector plane.
The feasibility of the spectrometer for our application was investigated by measuring absorbance
spectra of glucose and fetal bovine serum (FBS) which are important compounds in cell culture
media. Experiment results show that the spectral quality of glucose and FBS was comparable with
the standard spectra acquired with a commercial FT-IR spectrometer, presenting the feasibility

of the spectrometer to perform analyte measurement in cell culture media.

OCIS codes :

I. INTRODUCTION

Noninvasive monitoring of analyte concentrations in
cell culture media is important in biological and biotec-
hnological experiments. Near infrared (NIR) absorption
spectroscopy was proposed as a possible noninvasive
optical method for monitoring of analyte concentrations
in cell culture media during cell culture process [1].
The absorbance spectrum of cell culture media can be
acquired with a FT-IR spectrometer which provides a
high spectral resolution measurement for a wide variety
of radiations and offers distinct throughput (Jaquinot)
and multiplex (Fellget) advantages over dispersive
spectrometers [2]. However, the bench-top FT-IR spec-
trometer has drawbacks in the application for cell culture
process monitoring, namely the high-cost due to the
requirement of high-quality mirror-scanning mechanism,
the high sensitivity to external perturbation due to the
moving mirror, the requirement of long measurement
time to get a spectrum having high signal-to-noise ratio
(SNR), and the limited temporal resolution due to the
maximum mechanical scanning rate. Part of those draw-
backs can be potentially overcome by a spatial-domain
FT-IR spectrometer in which, unlike conventional FT-IR
spectrometer, the interferogram is acquired in the spatial-
domain rather than the time domain. ,

The spatial-domain FT-IR spectrometer has been
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studied over the past several years [3-24]. It consists
of a two-beam interferometer and a multi-channel detector
sensor (a linear array detector or a 2-D focal plane
array) for recording the interferogram. commonly used
types of interferometers include the triangular common-
path interferometer [3-8], the Michelson interferometer
with a tilted mirror [9, 10], and the polarization interfe-
rometer utilizing a Savart plate [11, 12] or a Wollaston
prism [7, 11, 13-20]. Most of the spectrometers are in
the research stage and as far as 1 know, there is no com-
mercially available one.

The advantages of this type of spectrometer compared
to the conventional FT-IR, spectrometer are attributed
to the potential for a compact optical setup at a low
cost, the less sensitivity over external perturbation, the
simple and durable optical setup without moving parts.
With those advantages, the spatial-domain FT-IR spectro-
meter has a potential as a useful noninvasive optical tool
for measurement of analyte concentrations in culture
media during cell culture processing.

A spatial-domain FT-IR, spectrometer based on a
Savart plate was built in the spectral range of 2.0 - 2.5
um (5000-4000 cm"l). In addition, a temperature-controlled
cell holder built in laboratory was integrated into the
spectrometer system to maintain the temperature of the
sample solution at a constant level. Using the spectrometer
system, this study, as an initial study for our application,
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was focused on the investigation of whether or not it
can be utilized to acquire absorbance spectra of anal-
ytes in cell culture media. The feasibility was investigated
by measuring absorbance spectra of glucose and fetal
bovine serum (FBS) which are important chemical and
biological compounds in cell culture media and comparing
those spectra with standard absorbance spectra acquired
with a commercial FT-IR spectrometer.

II. THEORY
1. Absorbance spectrum

The NIR absorbance spectrum contains molecular stru-
ctural information and physical properties. According
to Beer's law, the absorbance of the sample can be used
to determine the sample concentration. Beer’s law states
that the absorbance of a sample is directly proportional
to its concentration in an aqueous solution [25]. The
following is the formula for Beer’s law

A= —I(I/I) = eLC (1)

where A is the absorbance of a medium, L is the optical
pathlength, C is the medium concentration, ¢ is the
molar absorptivity, I; is the intensity of the incident
light, and I, is the intensity of the transmitted light.
The absorbance spectrurn (AS) of a sample can be calcu-
lated using the equation 2 in which Asempe and Areference
are a single-beamn spectrum of sample solution and reference
solution, respectively.

AS = log (Areference / Asample) (2)
2. Principles of Savart plate

A key optical component in the spatial-domain FT-IR
spectrometer is a Savart plate [7, 14-16, 20, 25] which
produces two linearly polarized rays, ordinary (o) and
extraordinary (e) rays. It is composed of a combination
of two identical crystal plates that are cut at 45" to
the optical axis of the system with their principle
section crossed. The lateral displacements produced by
each of the two component plates are equal and in
perpendicular directions. The total relative displacement
will thus be /2 times the displacement produced by
each plate. For a Savart plate of total thickness 2¢ the
lateral displacement (S) [26] of the two rays is

2 2
n, — N,
§= J2o2—2y¢ (3)

2 2
n, +tn,

where n. and n, are the index of refraction value for
the e- and o-ray, respectively, and ¢ is the thickness
of the crystal plate. This gives a value 8<10°t for quartz
and 0.15¢ for calcite.

3. Spectral resolution

X position (raw pixel position) on the detector plane
has to be calibrated to express the spectrum as a fun-
ction of wavenumber (a reciprocal of wavelength). In
order to compute the spectrum as a function of spatial
frequency, maximum Nyquist frequency (Sm.x) in wave-
number (cm™) has to be calculated as follows [4, 11, 22]:

Smax = (N/2)*6 (4)
Where N is the number of raw pixels on the detector
plane illuminated by fringe pattern and & is the spectral
resolution in wavenumber. If the fringe pattern is magnified
on the detector plane, a magnification factor has to be
then considered in the equation (4). The theoretical reso-
lution at the full width at half maximum (FWHM) is
inversely proportional to the optical path difference of
two rays. The optical path difference (I") between two rays
at the X position on the detector plane is given by

I'= SX/f = SND/f. (5)

Where S is the lateral distance of two split rays, f is
focal length of imaging lens, and X is an arbitrary spatial
location on the detector plane that is equal to the
production of the number of pixels (N) and pixel width
(D) in the raw pixels. Using Rayleigh criterion with
triangular apodization, the spectral resolution can be
written as

6= 1/I'= f/(SND) (6)

II. EXPERIMENTAL
1. Instrumentation design

A diagram and picture of the spatial-domain FT-IR
spectrometer based on a custom ordered Savart plate
are shown in Fig. 1 (a) and (b), respectively. A 100W
tungsten-halogen lamp (Oriel Instruments, Stratford,
CA) was employed as a light source and a 2.0 um
cut-on long-wave pass interference filter (Oriel Instruments,
Stratford, CA) was placed across the incident ray. In
order that the o- and erays produced by the Savart
plate (Halbo Optics, Chelmsford, UK) were coherent
with each other, a Glan-Taylor polarizer (P1) (Melles
Griot, Irvine, CA) was placed across the incident ray
so that only a single component of the natural light
was transmitted on to the Savart plate. In order to
equally orthogonally distribute the amplitude of the
incident ray, the transmission direction of this polarizer
(P1) was set at 45° to the privileged directions of the
Savart plate. The o- and erays produced by the Savart
plate vibrate in orthogonal direction. In order to inter-
fere each other. their directions of vibration should be
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FIG. 1. (a) A schematic diagram and (b) picture of the
spatial-domain FT-IR spectrometer. The system consists of
S, a tungsten-halogen lamp; L1 (f = 100 mm) and 12 (f
= 25 mm), focusing lens; F, an IR filter; A, an aperture;
P1 and P2, polarizer; SP, a Savart plate; L3 (f = 25 mm,
f = -25 mm), a lens combination for interference and
imaging; SA, a temperature controlled cell holder; D, an
IR detector.

set parallel to each other. This was achieved by means
of another Glan-Taylor polarizer (P2) (Melles Griot,
Irvine, CA) called an analyzer. The transmission dire-
ction of the analyzer was set at 45° to the two ortho-
gonal vibrations in order for the two interfering beams
to become equal in the amplitude. Finally, an imaging
lens combination was used to fit the fringe pattern on
the detector plane (D). An TR-M700 PtSi Schottky-barrier
IR, detector (Mitsubishi Electronics, Cypress, CA) with
801 by 512 pixel elements was utilized to image the IR
fringe pattern.

2. Procedure for absorbance spectrum computation

The absorbance spectrum of a sample was acquired
from the spatial-domain FT-IR spectrometer. First, the
polarizer (P1) was rotated 0° and 90° to the analyzer
(P2) in order to acquire the in-phase and anti-phase
fringe patterns. This rotation creates 180" phase difference
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between in-phase and anti-phase fringe. Second, the in-
phase and anti-phase 1-D interferograms were calculated
by averaging column pixels from their own fringe image.
The anti-phase interferogram was subtracted from the
in-phase interferogram so that the background distri-
bution caused by noninterference light can be removed and
the interferogram signal becomes twice as large. The
average value of the subtracted interferogram was also
subtracted from the interferogram in order to remove
DC offset of the interferogram. Third, a triangular apodi-
zation was applied to the interferogram to reduce the
side-lobes in the spectrum and make a periodic signal
before calculating the spectrum. Finally, a single-beam
spectrum was calculated by applying the Fast Fourier
Transform (FFT) to the triangularly apodized inter-
ferogram. The single-beam spectra of the reference and
sample solution were acquired with the procedures descri-
bed above and finally, a sample absorbance spectrum was
calculated by equation 2.

3. Reagents and procedure

A glucose solution (sample solution) was prepared
by dissolving crystalline dextrose (EM Science, Gibbs-
town, NJ) in the phosphate buffer solution (reference
solution) of PH 7.0 and a RPMI 1640 cell culture media
including 10 % FBS was also prepared at room tem-
perature. The solutions were placed in a rectangular
Infrasil quartz cell (Starna, Atascadero, CA) with optical
pathlength of 1 mm. The sample cell was placed in a
temperature-controlled cell holder [27] made in the labor-
atory in the which temperature of the sample solution
was maintained at desired value. A T-type thermocouple
wire (Omega, Stamford, CT) was submerged directly
into the sample cell and the temperature was monitored
with a digital thermometer (Omega, Stamford, CT).

IV. RESULTS AND DISSCUSSION

The lateral displacement of the two rays is a function
of the thickness of the Savart plate when refractive
indices of the birefringent material were known. FEach
crystal of the custom-ordered Savart plate has the same
thickness of 15 mm. Therefore, the lateral displacement
(D) was found to be 2.3141 mm with the refractive
indices of calcite in which n, = 1.658 and n. = 1.486.

In order to compute the spectral resolution given by
equation 6, maximum optical path difference was first
calculated. The IR detector was adjusted for the center
burst of the interferogram to be located at the 400™
raw pixel on the IR detector plane. This pixel position
was used as an origin to calculate maximum optical
path difference. In the spectrometer, L2 was 125 mm,
S 2.3141 mr, N 400, and D 17 pm. By applying triangular
apodization to the interferogram, the resolution was
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determined as 71 cm™ (0.05 pm at 2.5 pm). According
to the equation 6, the most straightforward method to
enhance spectral resolution is to use an IR detector
plane having a larger number of pixels. However, as far
as I know, there is no commercially available IR, detector
array or plane having more than 800 raw pixels in the
spectral range of interested. Alternatively, the spectral
resolution can be improved as much as two times by
using one-side interferogram instead of a double-side
interferogram. The spectral resolution can also be opti-
cally enhanced by using thicker Savart plate to increase
lateral displacement of two rays or by using the lens,
L2 with shorter focal length. In addition, there are several
mathematical methods to improve spectral resolution
[28, 29]. We are studying those methods to obtain better
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spectral resolution in the spectrometer.

The IR fringe pattern of a tungsten-halogen lamp
was acquired in the spectral range of 2.0 - 2.5 um and
presented in Fig. 2a. The 1-D interferogram of the in-
phase (solid-line) and anti-phase (dotted-line) fringe was
computed, and the central part of the interferogram
was presented in Fig. 2b. The results show the capability
of the spectrometer of detecting the IR fringe pattern
and the feasibility of acquiring the TR spectrum.

The standard glucose absorbance spectra at various
resolutions were acquired with a commercial bench-top
FT-IR spectrometer (Mattson, Madison, WI). Fig. 3(a)
depicts the standard absorbance spectra at the resolutions
of 4 i '(0.003 pm at 2.5 pm), 64 e’ (0.04 pm at 2.5 ),
and 128 cm' (0.078 um at 2.5 pm) when being read
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FIG. 2. (a) An IR fringe image of a tungsten-halogen lamp and (b) processed in-phase (solid-line} and anti-phase

(dotted-line) interferogram.
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FIG. 3. (a) Standard glucose absorbance spectra collected with a commercial FT-IR spectrometer and (b) glucose
absorbance spectra collected at the resolution of 71 cem’ and 140 e with the spatial-domain FT-IR spectrometer.

Their won resolution was marked in the graph.
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from bottom to top at 2.27 pm. As seen in the figure,
increasing resolution resulted in decreasing SNR. There-
fore, one needs to trade off between the resolution and
the SNR of spectrum. For comparison, glucose absorbance
spectra were acquired at two different resolutions of 71
cm” (0.05 um at 2.5 um) and 140 ecm™ (0.1 um at 2.5
um) with the spatial-domain FT-IR spectrometer (Fig.
3b). In Fig. 3b, the fringe pattern at the resolution of
140 e’ was magnified about two times and all pixels
on the IR detector were used to maintain the same
data point. When compared to the standard spectra,
these two spectra show similar absorbance peaks and
spectral shape, presenting the feasibility of the spatial-
domain FT-IR spectrometer for glucose measurement.

The absorbance spectra of FSB have two strong absorb-
ance peaks at 2.18 nm (4587 cm') and 2.28 pm (4386
cm‘l). Three standard FBS absorbance spectra were
collected and presented in Fig. 4a. The resolutions of
the spectra were 128 cm’l, 4 cm'l, 64 cm™ when being
read from top to bottom at 2.25 pm. For further exami-
nation of the feasibility of the spatial-domain FT-IR
spectrometer, two FBS absorbance spectra at the reso-
lution of 71 ¢cm" and 140 cm' were also collected and
presented in Fig. 4b in which the spectra at the resol-
ution of 71 em™ and 140 cm’ were presented from top
to bottom at 2.18 um, respectively. As illustrated in
the figure, two absorbance peaks were clearly resolved.

Since the spatial-domain FT-IR spectrometer has
not been optimized in terms of throughput and spectral
resolution, the spectra shown in Fig. 3 and 4 are not
sufficient in quality when compared with standard ones.
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In the current system, a UV grade fused silica lens has
a high attenuation at 2.25 pm which is close to the
glucose ahsorption peak. By replacing by an IR grade lens,
throughput of the system might be increased.

V. CONCLUSIONS

The spatial-domain FT-IR spectrometer without
moving parts was developed to replace the conventional
FT-IR spectrometer during cell culture process monito-
ring. The spatial-domain FT-IR spectrometer had a
maximum resolution of 71 cm™. The spectral resolution
can be further improved by using an imaging lens having
a shorter focal length, applying mathematical methods,
and adjusting detector plane location to detect one-side
interferogram.

Glucose and FBS absorbance spectra were measured
and compared with standard spectra. In both cases,
spectral shape and absorbance peaks were comparable
with standard ones. However, the glucose absorbance
peaks were not clear at low concentrations. The quality
of the spectrum can be improved by using the IR optics
and the mathematical method for post signal processing.
Now, we are trying to detect the absorbance spectrum at
low glucose concentration and to enhance spectral
resolution. Finally, application of the spatial-domain
FT-IR spectrometer is not restricted to the IR spectral
range. The use of the current spatial-domain FT-IR
spectrometer depends on the spectral response of the
detector array or plane and optics.
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FIG. 4. (a) Standard absorbance spectra of 10% FBS and (b) FBS absorbance spectra collected at the resolution
of 71 cm” and 140 cm” with the spatial-domain FT-IR spectrometer. Their won resolution was marked in the graph.
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