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Measuring the absorption coefficient of
biological materials using integrating cavity
ring-down spectroscopy
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A number of imaging modalities rely on the exact knowledge of both the absorption and scattering
properties of cells and organelles. We report a simple method for accurate and precise measurement of
the optical absorption coefficient of biological samples, even in the presence of strong scattering. The
technique is based on cavity ring-down spectroscopy, but the traditional mirrored cavity is replaced with
a high-reflectivity integrating cavity. The Lambertian behavior of the cavity walls creates an isotropic field
inside the cavity, thereby eliminating the effects of scattering in the sample. Thus, integrating cavity ring-
down spectroscopy (ICRDS) provides a true, direct measurement of the absorption coefficient, as opposed
to the net attenuation. We demonstrate the effectiveness of this technique by measuring the absorption
coefficient of retinal pigmented epithelium cells. Furthermore, we demonstrate that ICRDS is insensitive
to scattering effects using suspensions of copolymer microspheres and an absorbing dye solution. These
results are compared with measurements made using a more traditional transmission-style setup. This tech-
nique will have an impact on the field of nanoscience, where optical characterization of nanoparticles is still
done using a conventional spectrometer that is only capable of providing measurements of the extinction

coefficient. © 2015 Optical Society of America

OCIS codes: (170.6510) Spectroscopy, tissue diagnostics; (300.1030) Absorption; (170.7050) Turbid media.
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1. INTRODUCTION

Accurate knowledge of the absorption coefficient of biological
cells and their constituents is of great importance in the fields
of biology and medicine. Biomedical imaging techniques,
modeling of light transport in tissue, and laser-based proce-
dures such as laser refractive surgery all depend on these data
[1-5]. That being said, much of the previous work in this area
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has relied on transmission-style experiments that measure at-
tenuation, as opposed to absorption [6,7]. Biological tissues
often produce strong scattering, so the measured attenuation
(or extinction) may include a significant contribution from
losses due to this scattering [8]. Thus, to find the absorption
coefficient, these scattering losses must be either independently
measured or numerically modeled.
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Integrating cavities have been shown to be an exceptional
tool for measuring low absorption coefficients, even when
there is strong scattering in the sample [9-15]. The high
diffuse reflectivity of the cavity walls allows for long effective
optical path lengths through the sample medium. Addition-
ally, the Lambertian behavior of the cavity wall leads to an iso-
tropic field inside the cavity, eliminating the effects of
scattering in the sample. More recently, integrating cavities
have been used to enhance the detection of extremely low con-
centrations of biological waste products in water supplies [16].

O’Keefe and Deacon developed cavity ring-down spectros-
copy (CRDS) as a technique for highly sensitive measurements
of low absorption coefficients [17]. CRDS involves sending a
temporally short laser pulse into a high-finesse two-mirrored
cavity and observing the exponential decay, or “ring-down,”
of the intensity inside the cavity. While CRDS is a very power-
ful technique, it is inherently unable to distinguish losses due
to absorption from losses due to scattering. Much like other
transmission-style experiments, it is the attenuation that is
being measured. This issue is clearly a substantial problem
for samples that produce a large amount of scattering. Here,
we employ integrating cavity ring-down spectroscopy
(ICRDS) as a novel technique for measuring the optical
absorption coefficient independent of scattering effects
[14,15]. In ICRDS, the mirrored cavity used in traditional
CRDS is replaced with a high-reflectivity integrating cavity.
Traditional CRDS also requires that the input source is
mode-matched to the mirrored cavity, and thus significant ad-
justments are needed in order to make measurements over a
range of wavelengths [17,18]. Due to the diffuse nature of
the light inside an integrating cavity, there are no preferred cavity
modes. Therefore, ICRDS can be used over the entire range for
which the wall reflectivity is sufficiently high, without any need
for adjustments to the source or cavity [14,15]. To demonstrate
the effectiveness of ICRDS, we have measured the absorption
coefficient of retinal pigmented epithelium (RPE) cells.

2. METHODS
A. Integrating Cavity Ring-Down Spectroscopy

The diagram in Fig. 1 shows a cross-section of an ICRDS
cavity. The diffuse reflecting walls of the cavity are made of
a packed fumed silica, or quartz powder. This material has pre-
viously been shown to be an exceptional diffuse reflector in the
UV and visible portions of the spectrum, with measured reflec-
tivities as high as 0.9992 and 0.9969 at 532 and 266 nm, re-
spectively [14,15]. A multimode fiber is used to deliver a
temporally short laser pulse into the cavity. A second multi-
mode fiber samples the exponential decay of the irradiance
on the cavity wall. For an empty cavity, the decay constant
7 for this exponential decay is given by the expression

[14,15,19]
T= ! <ﬂ—l + 5t>. (1)
-lnp\¢

Here, p is the cavity reflectivity, 4 is the average distance
between the successive reflections in the cavity, and ¢ is the
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Fig. 1. Cross-section of an ICRDS cavity.

speed of light. Fry ez al. have previously shown that & can easily
be calculated for a cavity of arbitrary geometry using only the
cavity volume V" and surface area S, via the expression =
4(V'/S) [19]. When photons strike a diffuse reflecting surface,
like the packed fumed silica of the cavity walls, a small fraction
will scatter directly back into the sample region but the
majority will penetrate into the cavity wall. Those photons that
penetrate into the surface will either reemerge into the sample
region through multiple scattering or leave the cavity
altogether. The 6¢ term in Eq. (1) accounts for the average
of this “wall-time” for each reflection [14,15].

Figure 2 shows a typical ring-down decay curve for an
empty cylindrical cavity with a diameter of 3.81 cm and height
of 6.47 cm. The blue curve is the input laser pulse, the black
curve is the output ring-down decay signal for the cavity,
and the red curve is a fit to the decay curve. The fitting
function used is the convolution of a Gaussian pulse and
an exponential decay.

For the case when the cavity in Fig. 1 is filled with an
absorbing sample, Eq. (1) becomes
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Fig. 2. Typical ring-down decay curve at 532 nm for an empty fumed
silica cavity. The fit to the ring-down curve gives a decay constant of
7 = 120.5 ns, yielding a cavity reflectivity of 0.9992 [14,15].
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where 4, is the absorption coefficient of the sample and 7 is the
new cavity decay constant. It is clear from Eq. (2) that adding
an absorbing sample will reduce the decay constant for the
cavity. Therefore, if one measures the decay constant when
the cavity is empty, as well as when the cavity contains the
sample, then Egs. (1) and (2) can be used to determine the
absorption coefficient.

B. Sample Preparation

Human telomerase reverse transcriptase transformed human
retinal pigmented epithelium cells (WTERT-RPE) in vitro were
used for this work [20]. Cells were purchased from the
American Type Culture Collection (ATCC, CRL-4000),
and a detailed description of the culture methods has previ-
ously been published [21]. Briefly, the cells are grown using
media composed of a 50:50 mix of DMEM:F12 supple-
mented with 10% (v:v) fetal bovine serum (Atlanta Biological),
10 mM HEPES (Fisher Scientific), 2 mM I-glutamine (Medi-
atech), 100 IU/ml penicillin (Mediatech), 100 pg/ml strep-
tomycin, and 50 pg/ml gentamycin sulfate (Mediatech),
hereafter referred to as complete medium (CM). Cells are
grown in an incubator maintained at 37°C, 5% CO,, and
100% relative humidity. Cell stocks are maintained in CM
at subconfluence in T-75 flasks (BD or Corning) by splitting
twice per week, either three or four days apart. Cells to be used
for experiments are set from cell stocks at the time they are
split. Transfers are split by removing the CM and rinsing
the monolayer with 10 mL of Hanks Balanced Salt Solution
(HBSS, Mediatech). The HBSS is then removed and replaced
with 2 mL of 0.05% trypsin (Mediatech) with 0.53 mM
ethylene diamine tetraacetate (EDTA, Mediatech) in HBSS.
The flasks are returned to the incubator for 10 min with gentle
agitation at the 5 min point. Cells are then removed from the
incubator, 8 mL of CM is added to stop the action of the
trypsin, and the resulting suspension is triturated 10 times
to break up clumps and produce a single-cell suspension. Cells
are then counted using a Coulter Counter (Beckman-Coulter)
and appropriate numbers plated for future use. Cells to be used
for experiments are either set into the specific tissue culture-
ware format to be used for the experiment or into transitional
plasticware, usually a 100 mm dish (P-100, BD or Corning),
for later use. Under these conditions, the hTERT-RPE cells
have a doubling time of ~21 h in exponential growth, and
a single-cell colony-forming efficiency (plating efficiency) of
~40% when 20 to 80 cells are plated into a 35 mm dish
(P-35, BD or Corning) with 3 mL of CM and allowed to grow
undisturbed for 10 days. The data reported herein were
obtained using exponentially growing cells.

C. Experimental Setup

The basic setup for the experiment is shown in Fig. 3(a). The
laser source was a Quanta Ray Pro290 Nd:YAG-pumped Ver-
saScan 355 midband OPO that produced a 6 ns pulse, and was
tunable over a range of 412-2550 nm. To prevent detector
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Fig. 3. Diagrams showing (a) the experimental setup for ICRDS ab-
sorption measurements and (b) a cross-section of the integrating cavity
with the quartz crucible sample container.

saturation, the beam was attenuated with a filter wheel before
being launched into the multimode fiber that was used to cou-
ple the input pulse into the integrating cavity. Another multi-
mode fiber sampled the ring-down signal inside the cavity.
This signal was sent to a Thorlabs DET 100 photodiode.
An oscilloscope and LabVIEW VI were used to average
(typically 50 shots) and record the data.

Samples of the RPE cells were suspended in Dulbecco’s
phosphate buffered saline (PBS, Mediatech) solution during
the ICRDS measurements. The overall sample size for the
RPE cell solution was 3 mL, and contained 60 million cells.
These samples were pipetted into a quartz crucible, which
was then placed into a fumed-silica-integrating cavity [see
Fig. 3(b)]. The integrating cavity we used had a cylindrical in-
ner geometry with a 6.35 cm diameter and 6.35 cm height.

Clearly, the RPE cell sample (3 mL) occupies only a small
portion of the inner cavity volume. This difference in volume
requires the use of two samples of known absorption to cali-
brate the cavity. In addition to these calibration samples, a
sample of the PBS solution must also be measured so that
its contribution to the total absorption coefficient of the
sample can be subtracted out.

If we consider Eq. (2) for the case of our RPE suspension,
we have

1 d d
T = = - + _5 + 5t > 3
ET n p + (apps + appp)d, <f ¢ ) @

where 7gpg is the decay constant for the RPE suspension, 4, is
the average distance between reflections in the sample, ¢, is the
speed of light in the sample, 4 is the average distance between
reflections excluding the distance in the sample, ¢ is the speed
of light in air, and appg and agpg, are absorption coefficients for
the PBS buffer and the RPE cells, respectively. Similarly, for a
solution of pure water and dye, we have

1 d d
= B 462, 4
i —lnp+(aw+a0)dy<c+cpw+t> @

where 4,,, is the absorption coefficient of pure water, 4, is the
absorption coefficient of the dye, and ¢,,, is the speed of light
in pure water. Thus, if we measure the decay time for equal
volumes of the RPE cell suspension, the PBS buffer, and two
dye solutions, we can use Egs. (3) and (4) to derive the follow-

ing expression for the absorption coefficient of the RPE cells:
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ARPE = _171)1135 (apy - apy). ()
Tp1 ~ T2

It should be noted that, in this derivation, it is assumed that
¢y ~ cpps. Work by Diéguez ez al. and Quan ez al. show this
to be a very reasonable assumption, with the percent difference
between the index of refraction for PBS solution and water
being less than 1% at 25°C [22,23]. The small size of this per-
cent difference is not surprising, as the PBS buffer is simply a
water-based isotonic solution.

A solution of ultrapure water and Irgalan Black, a water-
soluble organic powder, served as the master dye for these ex-
periments. The two dye solutions used in the measurements
were prepared by diluting known amounts of this master
dye with additional ultrapure water. The absorption coefficient
of the master dye was determined separately using an Agilent
Cary 6000i spectrophotometer, and these data were then used
to calculate 25, and ap,.

3. RESULTS AND DISCUSSION

Figure 4 shows the results of ICRDS measurements of the ab-
sorption coefficient from 420 to 630 nm for a sample contain-
ing 60 million RPE cells suspended in PBS solution. The
contribution to the absorption coefficient due to the buffer
has been subtracted out. The data clearly show that the absorp-
tion coefficient for the cells drops by more than an order of
magnitude as we shift across the visible spectrum toward
the infrared.

Although the source allowed for tuning from roughly 412
to 2550 nm, several factors limited this initial study to the re-
gion from 420 to 630 nm. First, the output signal below
420 nm was too low to be used. This signal issue also occurred
at 515 nm, so this data point was also excluded from Fig. 4.
For the region above 630 nm, the absorption of water starts to
dominate. The buffer used (PBS solution) is water based, and
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Fig. 4. ICRDS measurements of the absorption coefficient from 420
to 630 nm for a sample containing 60 million RPE cells suspended in
PBS solution (the total volume of the cell/PBS solution was 3 mL). The
contribution to the absorption coefficient due to the buffer solution has
been subtracted out. Due to low output signal, the data point at 515 nm
has been excluded.

thus the majority of the volume of the sample is water. This
effect was exacerbated by the fact that the absorption coeffi-
cient of the Irgalan Black calibrating dye drops off considerably
beyond 650 nm. Additionally, we have found that the reflec-
tivity of the fumed silica integrating cavities decreases as one
moves into the infrared. Measurements at 1064 nm give cavity
reflectivities of 0.995 (down from as high as 0.9992 at
532 nm). While these factors combined to reduce the wave-
length range for this initial work, there are several simple steps
that can be taken to expand the range of future experiments.
These steps are discussed in the conclusion.

The error bars shown in Fig. 4 result from a combination of
the uncertainty in the decay constants, the accuracy of the con-
centration of the calibrating dye solutions, and the accuracy of
the spectrophotometer used to measure the absorption coeffi-
cient of the master dye solution. Previous work with the fumed
silica integrating cavities has demonstrated a relative uncer-
tainty of 1% for the measured empty cavity decay constant
[15]. However, this can increase slightly as the decay constant
decreases due to the presence of an absorber. For this reason,
we have used a fixed uncertainty of +1.5 ns for all of the
measured decay constants (i.e., 8Tppg, OTpps, OTp;, and
07 py). This gives a relative uncertainty of ~1% for the highest
decay constants and ~5% for the lowest. These uncertainties
are then propagated in accordance with Eq. (5) for each wave-
length. The calibrating dye solutions were prepared by pipet-
ting small amounts (7 mL 1% for dye 1, and 5 mL 1% for
dye 2) of the master dye solution, and then diluting with ultra-
pure water to a volume of 250 mL £0.05% in a volumetric
flask. An Agilent Cary 6000i spectrophotometer, with a photo-
metric accuracy of 0.0003 absorbance units, was used to mea-
sure the absorption coefficient of the master dye solution. The
resulting relative uncertainties were less than 20% for the data
from 420 to 580 nm, less than 22% from 585 to 605 nm, and
less than 28% from 610 to 630 nm.

We can gain some insight into the advantages of this new
ICRDS technique by comparing these results with a transmis-
sion-style measurement. To make this comparison, we took
the same sample of RPE cells and pipetted them into a
10 mm x 10 mm quartz cuvette. We then used an Agilent
Cary 6000i spectrophotometer to measure the absorbance
of the cell sample. A blank of the PBS buffer solution was also
measured and subtracted out. Figure 5 shows the results of the
spectrophotometer measurements, along with the ICRDS data
for the same sample. The ICRDS data clearly show a structure
that is not seen in the spectrophotometer data. Additionally,
the spectrophotometer data give values that are on average
~100 times larger than the ICRDS values (note the two ver-
tical scales in Fig. 5). This difference is entirely due to the large
losses from scattering in the RPE cell sample. In other words,
the spectrophotometer is measuring the attenuation coefficient
for the sample, whereas ICRDS is providing a true measure-
ment of the absorption coefficient.

Furthermore, we performed a simple test to verify that the
ICRDS technique is insensitive to scattering in the sample.
This test involved measuring the decay constants for sample
suspensions of scattering particles with increasing concentra-
tion. The scatterers used were transparent Duke Scientific
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Fig. 5. Comparison of ICRDS and spectrophotometer measurements
for the absorption coefficient of RPE cells. The left vertical scale corre-
sponds to the ICRDS data, while the right vertical scale corresponds to
the spectrophotometer data.

copolymer microspheres in a 10% w/w water suspension
(catalog no. 7508). The microspheres had a mean diameter
of 8 pm. Small volumes (1, 3, and 5 mL) of this master sus-
pension were diluted with ultrapure water to a volume of
500 mL to make three sample suspensions. Three additional
samples were prepared using a dilution of the same Irgalan
Black master dye used in the ICRDS measurements. The first
of these contained only the master dye diluted by a factor of
100 with pure water. The other two samples used the same
diluted dye, but also included a small volume of the
master scatterer suspension (1 and 2 mL of scatterers added,
respectively).

The ring-down decay constant for a 5 mL sample of each of
these suspensions was measured using the 532 nm output of a
Continuum Powerlite Precision 9010 Nd:YAG laser (10 ns
pulse), and a Hamamatsu 1P21 PMT for detection. The basic
setup was essentially the same as that shown in Fig. 3. Table 1
shows the results of these ring-down measurements. The decay
constants for the three scattering suspensions remained nearly
identical, despite the fivefold increase in scatterer concentra-
tion. The small differences seen (less than 1.5%) are well
within the relative uncertainty of the absorption measurements
just shown. The addition of the absorbing dye to the solution
drops the decay constant from 133.0 to 89.1 ns. However, the

Table 1. Ring-Down Decay Constants for Suspensions of
8 um Scatterers with Increasing Concentration, and for
Suspensions of an Absorbing Dye Solution and Scatterers

Sample (all sample volumes are 5 mL)  Decay Constant (ns)

Scatterers (1 mL diluted to 500 mL) 133.5
Scatterers (3 mL diluted to 500 mL) 131.5
Scatterers (5 mL diluted to 500 mL) 133.0
Dye solution (no scatterers) 89.1
Dye solution + 1 mL scatterers 89.1
Dye solution + 2 mL scatterers 87.8
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Fig. 6. Spectrophotometer measurements of (a) the attenuation
coefficient for suspensions of pure water and 8 pm copolymer micro-
sphere scatterers and (b) the attenuation coefficient for dye solutions with
and without scatterers.

addition of scatterers to this dye solution produces almost no
change to measured decay constant. Again the differences be-
tween the various samples were all less than 1.5%.

We also measured the same set of samples with an Agilent
8453 UV-VIS spectrophotometer. Figures 6(a) and 6(b) show
the results from these measurements. For the scatterer suspen-
sions [Fig. 6(a)], we see that the measured attenuation (or ex-
tinction) coefficient increases proportionally with the increased
concentration of scatterers in the sample. For the dye samples
[Fig. 6(b)], we once again see a nearly proportional increase in
the measured attenuation coefficient with increasing scatterer
concentration. In fact, the spectrophotometer gives negative
values over much of the visible spectrum for the dye solution
without scatterers (the light blue curve), indicating that the dye
solution is below the detection threshold for the instrument.
Comparison of the various plots in Figs. 6(a) and 6(b) shows
that the scatterers actually dominate the signal, and are
responsible for nearly all the measured attenuation for the
dye/scatterer solutions.

In order to investigate the effects of smaller scatterers, a
second test was performed using suspensions of 1 pm latex
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Table 2. Ring-Down Decay Constants for Suspensions of
an Absorbing Dye Solution and 1 pm Scatterers with
Increasing Concentration

Sample (all sample volumes are 5 mL)  Decay Constant (ns)

Dye solution (no scatterers) 90.4
Dye solution + 0.250 mL scatterers 89.9
Dye solution + 0.500 mL scatterers 90.8
Dye solution + 0.750 mL scatterers 90.7
Dye solution + 1.000 mL scatterers 93.8
Dye solution + 1.250 mL scatterers 94.0
Dye solution + 1.500 mL scatterers 95.6

microspheres (Thermo Scientific Latex Microsphere Suspen-
sion, 10% w/w water suspension, catalog no. 5100A). As in
the previous test, a 500 mL solution of the diluted Irgalan
Black master dye (125x dilution) was prepared, and the decay
constant for a 5 mL sample was measured. Then, small vol-
umes (0.250 mL at a time) of the master scattering suspension
(10% w/w water suspension) were added to the dye solution
and decay constants were measured at 532 nm for 5 mL sam-
ples at each concentration. Table 2 shows the results from
these measurements. It is clear that there is no significant effect
from the presence of the scatterers until a total of 1 mL of the
scattering suspension has been added. At this point, there is a
3.7% difference between the decay constant of the suspension
and the decay constant of the dye solution with no scatterers.
For the three concentrations below this, the percent difference
is less than 1% and within the expected uncertainty of the de-
cay constant. Like the previous test, the various samples were
taken to a spectrophotometer in order to determine the attenu-
ation coefficient for each suspension. Only the first two scat-
tering suspensions could be measured in this way, as the
higher-concentration samples were too strongly attenuating
for the spectrophotometer being used (Agilent 8453). Thus,
the data from the two lowest-concentration samples was used
to extrapolate the attenuation coefficients for the higher-
concentration samples. Based on this, the attenuation coeffi-
cients for the suspensions with 0.750 and 1.000 mL of
scatterers were ~9 cm™! and ~12 cm™!, respectively. It should
be noted that these attenuation values are more than 1000
times higher than the measured absorption coefficient
(0.0043 cm™!) of the dilute dye solution used for these tests.

As a final test, we prepared a second dye solution to act as an
unknown absorber. This unknown was a dilute solution of
Alcian Blue powder and ultrapure water. In addition, three
dilutions (50x, 38.46x, and 31.25x) of the Irgalan Black
master dye were prepared to act as the calibrating solutions
for the measurement. Ring-down tests were performed at
532 nm for 5 mL samples of all four dyes and a 5 mL sample
of pure water. Additionally, a sample of the Irgalan Black
master dye was measured in an Agilent 8453 spectrophotom-
eter. The decay constants for the various samples, as well as the
absorption data from the spectrophotometer, were then used
to calculate the absorption coefficient of the unknown Alcian
Blue dye via Eq. (5). This was then compared to the absorption
coefficient obtained by measuring a more concentrated (125x)
solution of the Alcian Blue dye in the spectrophotometer.
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When the two highest-dilution calibrating dyes were used,
the percent difference between the ICRDS measurement
and the spectrophotometer measurement was only 2.7%.
However, when the highest- and lowest-dilution calibrating
dyes were used, then this percent difference was 11.8%.
Finally, if the two lowest-dilution calibrating dyes were used,
the percent difference was 21.7%. This data suggests that
higher-dilution (i.e., lower-concentration) dyes are best for
calibrating the ICRDS measurements. For the RPE cell mea-
surements just presented, the two calibrating dyes had dilution
factors of 50x and 35.71x for the same master dye solution.
Thus, the error bars given for the RPE cell data appear to be
adequate.

These results demonstrate the critical importance that
scattering plays when making absorption measurements with
a transmission-style experiment. ICRDS shows a clear ability
to directly measure small absorption coefficients, while simul-
taneously being insensitive to the effects of scattering in the
sample.

4. CONCLUSIONS

We have demonstrated that ICRDS provides a highly sensitive
technique for measuring the absorption coefficient of low-
absorbing samples, even in the presence of strong scattering,.
We also compared the results of ICRDS with spectrophotom-
eter data to demonstrate the need for direct measurements of
the absorption coefficient, as opposed to the attenuation co-
efficient, which is the quantity measured with transmission-
style experiments. It should be noted that for this work the
sample size was extremely small (3 mL total volume), and that
larger sample sizes should allow for reduced uncertainty in the
measurements. The wavelength range of the measurements
could be expanded with some basic adjustments. For instance,
using a stronger absorbing dye above 630 nm would allow for
better discrimination between the absorption due to sample
and the absorption due to the water in the buffer solution,
and thus allow the measurements to be extended further to-
ward the infrared. Increasing the cell-to-buffer ratio could pro-
vide a similar benefit. The integrating cavity itself can also be
modified. While the fumed silica powder is an exceptional
choice for the ICRDS diffuse reflector in the UV and visible,
there is no reason that another material could not be used for
other portions of the spectrum. As a final comment, while this
work centered on measuring the absorption coefficient for cells
suspended in liquid solutions, this technique could also be
used to look at absorption in bulk tissue, subcellular constitu-
ents, aerosolized particles, or even trace gases.
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