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Abstract: Following prolonged administration, certain orally bioavailable but poorly soluble
small molecule drugs are prone to precipitate out and form crystal-like drug inclusions
(CLDIs) within the cells of living organisms. In this research, we present a quantitative multi-
parameter imaging platform for measuring the fluorescence and polarization diattenuation
signals of cells harboring intracellular CLDIs. To validate the imaging system, the FDA-
approved drug clofazimine (CFZ) was used as a model compound. Our results demonstrated
that a quantitative multi-parameter microscopy image analysis platform can be used to study
drug sequestering macrophages, and to detect the formation of ordered molecular aggregates
formed by poorly soluble small molecule drugs in animals.
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1. Introduction

For studying complex cell populations, fluorescence-based multi-parameter cytometric
analysis techniques are routinely used for monitoring the expression of multiple phenotypic
markers at a single cell level. For this purpose, fluorescence-based flow and image cytometry
instruments can be used to quantify the expression of different molecular markers down to the
level of individual cells, using fluorescently tagged antibodies that recognize specific cell
surface receptors, intracellular proteins or other cellular targets of interest. These antibodies
are labeled with fluorophores that are excited and emit light specific wavelengths, allowing
for simultaneous detection of multiple different fluorescence signals at different excitation
and emission wavelengths [1].

While many multi-parameter, cytometric analysis instruments are available for analyzing
samples based on a single optical modality (e.g. fluorescence), the development of multi-
parameter imaging platforms for phenotypic analysis of cell populations based on various
optical properties (e.g. fluorescence, transmittance, and birefringence) is an emerging area of
research. For example, the combination of polarization, transmittance and fluorescence
imaging modalities could be useful to study protein aggregation at a single cell level [2].

Indeed, the ability to combine fluorescence, transmittance, and polarization microscopy
measurements could be useful in obtaining new insights into the organization of molecules in
biological specimens [3]. Similar to conventional, transmitted light microscopy, polarization
microscopy instruments can employ polarized, transmitted light to study the structure of
supramolecular aggregates within individual cells [4—7]. Because of the manner in which
polarized light interacts with ordered molecular structures, differences in the organization of
molecular components can be detected and quantified based on the fraction of light that is
transmitted through the material when it is illuminated with polarized light [8]. At the
simplest level, the diattenuation anisotropy of a material can be measured as the maximal
difference in light transmittance of a perpendicular pair of planes of polarized light passing
through a material, as the material is rotated in the direction perpendicular to both polarized
planes of light. These measurements allow distinguishing between homogenous and
heterogeneous materials comprised of subdomains of molecules arranged in a particular
direction. Polarization microscopy can also be used to obtain information about how the
molecules within these subdomains are oriented, providing insight into the underlying
molecular order of the material [9—11].

Previously, polarization microscopy has been used extensively to image ordered
supramolecular structures in live cells [12-16], as well as to study the formation of
intracellular aggregates [17]. This led us to consider combining quantitative polarization
microscopy together with fluorescence and transmittance measurements to facilitate multi-
parameter cytometric analysis of molecular aggregates formation at a single cell level.

Here, we present a multi-parameter imaging instrument and analysis platform for the
analysis of live cell populations, at a single cell level. For demonstration purposes, we used
this imaging platform to study the formation of intracellular crystal-like drug inclusions
(CLDIs) formed by clofazimine (CFZ) -an FDA-approved drug that accumulates as highly
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ordered supramolecular aggregates in macrophages of drug-treated mice [18,19]. In flow
cytometric experiments, CLDIs have been shown to exhibit a strong signal in the Cy5
fluorescence range (650 nm excitation/670 nm emission) [20]. Taking advantage of this
intrinsic fluorescence of these biocrystals, we proceeded to analyze the optical anisotropy and
fluorescent properties of live cells containing CLDIs, and probe for any relationship between
these properties within cells. Our results demonstrate how this multi-parameter imaging
platform can be used to study drug accumulation and detect ordered aggregates within live-
cells.

2. Materials and methods
2.1 Clofazimine administration to mice

Mice (4 week old, male C57B16) were purchased from the Jackson Laboratory (Bar Harbor,
ME) and acclimatized for 1 week in a specific-pathogen-free animal facility. Clofazimine
(CFZ) (C8895; Sigma, St. Louis, MO) was dissolved in sesame oil (Roland, China, or
Shirakiku, Japan) to achieve a concentration of 3 mg/ml, which was mixed with Powdered
Lab Diet 5001 (PMI International, Inc., St. Louis, MO) to produce a 0.03% drug to powdered
feed mix, and orally administered ad libitum for 8 weeks. A corresponding amount of sesame
oil was mixed with chow for vehicle treatment (control). Animal care was provided by the
University of Michigan’s Unit for Laboratory Animal Medicine (ULAM), and the
experimental protocol was approved by the Committee on Use and Care of Animals (Protocol
PRO00005542).

2.2 Isolation of spleen CLDIs

CLDIs were isolated from the spleen of 8 week CFZ fed mice using a previously described
method [21]. In brief, the spleens were homogenized with a syringe plunger and then filtered
through a 40 pm cell strainer to remove connective tissue debris. The spleen filtrate was
centrifuged (300 x g for 10 min) to remove large cell debris and the pelleted CLDIs were
resuspended in 10% sucrose in Dulbecco’s PBS (DPBS; Life Technologies, Carlsbad, CA)
without CaCl, and MgCl,, pH 7.4. CLDIs were further purified using a 3-layer discontinuous
gradient (50%, 30% and 10% sucrose in DPBS) centrifugation method (3200 X g for 30 min).

2.3 Isolation of alveolar macrophages

CFZ or control chow-fed mice (n = 3 per group) were euthanized by carbon dioxide
asphyxiation followed by exsanguination. The trachea was surgically exposed and cannulated
with an 18G needle and the lungs were lavaged by instilling DPBS containing 0.5 mM EDTA
(Sigma) in 1 ml aliquots for a total of 6 ml. Approximately 90% of the bronchoalveolar
lavage (BAL) was retrieved. BAL was then centrifuged for 10 min at 400 x g, 4°C,
resuspended in RPMI 1640 media (Life Technologies) and the cells were pooled together.
The cells were then plated onto 4 or 8 chamber coverglass (#1.5, Lab-Tek II, Nunc,
Rochester, NY) for imaging studies. The cells were allowed to attach for 45 min and then
washed with media, enabling the isolation of alveolar macrophages by adherence.

2.4 Multi-parameter imaging instrument set up

The multi-parameter imaging instrument utilized by our laboratory combines three imaging
separate imaging modalities onto a single instrument, allowing for the fluorescence,
transmittance, and polarization properties of a sample to be rapidly acquired. Polarization
measurements are acquired utilizing the diattenuation LC-PolScope microscope, a custom
built microscopic imaging system similar to the birefringence LC-PolScope designed by
Oldenbourg et al [4], but without the polarization analyzer. Our LC-PolScope is built on the
Nikon Eclipse Ti inverted microscope (Nikon Instruments, Melville, New York), with the
computer-controlled universal compensator (Hinds Instrumentation, Hillsboro, Oregon)
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placed between the interference filter (623 + 23 nm, Semrock Optics, Rochester, New York)
and condenser lens (Fig. 1). [lluminating light is narrowed to 623 nm by the interference
filter, and the light is linearly polarized by passing through a universal compensator, allowing
for the diattenuation of the sample to be measured. The LC in the universal compensator is
controlled by Image J “Micro-manager” software (Vale Laboratory, UCSF) [22] and is
automatically rotated to produce polarized light at 0°, 45°, 90° and 135° angles, respective to
the horizontal, during image acquisition. The image maps of diattenuation, mean
transmittance, and angle of high transmittance are then generated by image analysis
algorithms.

Brightfield and fluorescence images are captured using the Nikon DS-U3 camera (Nikon
Instruments) and Photometrics CoolSnap MYO camera system (Photometrics, Tucson,
Arizona), respectively, under the control of Nikon NIS-Elements AR software (Nikon
Instruments). The software allows for multiple fluorescent filters to be readily switched back
and forth, and controls the exposure time for each fluorescent filter. Illumination for the
fluorescence imaging is generated using the X-Cite 120Q Widefield Fluorescence Microscope
Excitation Light Source (Excelitas Technology, Waltham, MA). Light generated from the
mercury lamp enters the filter cube, and a dichroic mirror filters this light to the appropriate
wavelength, which then passes through the sample. This current set-up allows for the
acquisition of polarization, brightfield and fluorescence images of the same sample at the
same field of illumination.

Fluorescence
Polarization Microscopy Set-up Microscopy Set-up

Arc lamp
(Light)

Interference filter ol Sample slide

(623nm or 546nm)

Linear polarizer
{ LC-A variable retarder

LC-B variable retarder

Excitation light
s (650 )

G Objective lens

Universal

Filter Cube

Mercury Lamp
Condenser

Retarder Sample slide
controller

Objective lens

ion Light
(670 nm)
Al

Fluorescence
Camera

Brightfield
Camera

Polarization Camera

Computer 1
C—

Computer 2

| !

—  |mage Quantification and Analysis

Fig. 1. Schematic diagram of multi-parameter instrument used for live alveolar macrophage
diattenuation imaging at 623nm or 546nm wavelengths and fluorescence microscopy. Adapted
from Mehta et al. 2013 Journal of Optics [4].

2.5 Calibration of LC-PolScope for diattenuation measurements

Prior to sample analysis, the LC-PolScope was calibrated using a reference standard
consisting of a microscope slide comprised of four squares of perfectly polarized glass,
oriented at 0, 45, 90, or 135 degrees. The PolScope software utilizes an individual region of
interest (ROI) calibration method. In order to calibrate each polarization setting, the glass that
is polarized orthogonally to that angle setting was chosen - for example, to calibrate 0°
polarized light, an ROI square on the glass oriented 90° relative to the horizontal was
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selected. To verify the calibration, a blank region of the slide was visualized, brought out of
focus, and a background image was taken. The calibration slide was then visualized and
brought back into focus, and a sample image data set of the reference slide standards was
generated (Fig. 2(B)-2(E)) and the PolScope measurements were analyzed in relation to the
known optical properties of the reference standards. The mean transmittance image map of
the slide (Fig. 2(B)) is the average transmittance of each of the four polarization orientations
(Fig. 2(E)). As this material is highly anisotropic, each of the four sheets gives a strong
diattenuation signal (Fig. 2(C)). The high transmittance angle is measured with respect to the
horizontal axis, or in this case, the surface of the slide, and is represented as a pixel intensity
value [23]. The angle of high transmittance corresponds to the angle to which the sheet is
polarized, i.e. the high transmittance angle of the 0 degree polarized sheet is 0 degrees (Fig.
2(D), top left, yellow square). As previously described, the mean transmittance (Fig. 2(B)),
diattenuation (Fig. 2(C)), and high transmittance angle (Fig. 2(D)) image maps are all
calculated using the four polarization orientation images (Fig. 2(E)).

1.00

0.75

0.50

0.25

0.00

07| 45°

901q & | --
1.00, C D 50
0.75 135
0.50| e
0.25
0.00

E HHE _HEEE
HEEE Bl

0° Polarized 45° Polarized 90° Polarized 135° Polarized

Fig. 2. Calibration of the LC-PolScope instrumentation and software. A slide comprised of
four sheets of perfectly polarized glass, with each sheet polarized to light at either 0°, 45°, 90°,
or 135° relative to the horizontal is used for calibration. (A) Brightfield image, (B) mean
transmittance and (C) diattenuation image map of the calibration slide. (D) Colored schematic
representing the angle of high transmittance, or the orientation of light which is most
transmitted by the object. (E) Images generated from passing linearly polarized light at 0°, 45°,
90°, and 135°, from left to right, which are used to calculate the angle of high transmittance,
diattenuation, and mean transmittance image maps.

2.6 Multi-parameter image acquisition of isolated CLDIs and alveolar macrophages

Isolated CLDIs and alveolar macrophage samples were imaged using a 40x objective lens.
The LC-PolScope was used to capture the linear diattenuation of the sample using a 623 + 23
nm interference filter (Semrock Optics, Rochester, New York). Once the polarized light
images were captured, the filter and universal compensator were removed, and the color
camera was used to take a brightfield image of the sample. The fluorescence camera was then
used to assess the fluorescent properties of the sample, using a standard Cy?5 filter set.

2.7 Multi-parameter cytometric image analysis

All images generated using the LC-PolScope software were analyzed using Image] [24-26].
These images are 8-bit images, yielding intensity values from 0 to 255. The values for
diattenuation, mean transmittance, and fluorescence are obtained by extracting the pixel
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values from the image maps at exact locations, denoted as (x,y) coordinates. Each pixel will
have an intensity value z associated with it, located such that 1<x<X and 1<y<Y, where X and
Y define the total dimensions of the image such that the resolution of the image is defined as
R = X*Y. The image maps generated represent the values of diattenuation, mean
transmittance, and CyS5 fluorescence as such:

Diattenuation: D;(x,y) is the diattenuation signal at wavelength A for the pixel located at
(x,y) Mean Transmittance: Ty(X,y) is the mean transmittance at wavelength A for the pixel
located at (x,y) Fluorescence: Fcys(X,y) is the CyS5 fluorescence of the pixel located at (x,y)

To compare the diattenuation, optical density, and Cy5 fluorescence of cells at a whole
cell level, an automated data acquisition strategy was put in place, and is summarized in Fig.
3. First, the zero-degree polarization state image was selected (Fig. 3, Panel A), and the
brightness and contrast are manually adjusted to allow for cells to stand out from the well-
plate background (Fig. 3, Panel B). Following this, the adjusted image was then subjected to a
manual thresholding, which generates a binary mask to discriminate between objects and
background (Fig. 3, Panel C). The binary mask was then subjected to the “Fill Holes”
function in ImagelJ, which fills holes within each object, allowing for a more complete
cellular mask to be generated (Fig. 3, Panel D). Once the mask has been generated, the
dichroism, mean transmittance, and fluorescence image maps for a single field of view were
opened and the cells in the image were analyzed using the “Analyze Particles” function
within ImagelJ, and, using the previously generated binary image as a mask, a region of
interest (ROI) was selected to analyze the pixels contained within the cell, and is denoted as
p(c). The objects across each image were analyzed, with objects greater than 250 pixels® in
area being selected for, measuring the total, integrated signal intensity of diattenuation, mean
transmittance, and CyS5 fluorescence for the same cell ‘c’ in the following manner:

Dy (€)= 2o P2 () M
Tm,l (C)ZZ(XV},)GP(C)Tm,A (x,y) (2)
FCyS (C) = Z(X,},)EP(C)FCyS (x’y) 3)

The integrated optical density (OD) of the drug crystals was determined using the
integrated mean transmittance as follows:

0D, (c)=Y, (et~ 10810(T, (%, 3)) 4

To correct for background signal, the integrated OD was corrected by subtracting the
average integrated background optical density as follows:

0D, (c)= Zw)ep (" log10(T,, , EXDEDD (e~ 108107, (BG)  (5)

To obtain the average diattenuation, optical density, or Cy5 fluorescence within an object
of interest, the values obtained from Egs. (1), (3), and (5) are divided by the total area
analyzed, as such:

= e i)
D, () = == ©

OD, (c)= y (7

_ R (o
FC,vs (C) = Z(*’})Ep(L;[ s ( )

®)
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All average values are reported on a 0-1 scale by dividing by 255. All integrated signal values
are reported as the total signal value, with each individual pixel ranging from 0 to 255.

Fig. 3. Representative schematic of mask generation for data collection. The 0-degree
polarization state image is selected (Panel A) and has the brightness and contrast adjusted
(Panel B). Following this, the image undergoes a manual threshold in ImageJ, delineating
between objects and background (Panel C). The image then undergoes the “Fill Holes”
function, generating the mask for data analysis (Panel D)

2.8 Statistical analysis

Statistical tests were performed with IBM SPSS Statistics version 24.0 (IBM Software,
Armonk, New York). Results are reported as average + standard deviation. P values less than
0.05 were considered statistically significant.

3. Results

3.1 Imaging and quantification of diattenuation, optical density, and Cy5 fluorescence
of CLDIs using multi-parameter imaging system

To demonstrate the capabilities of this multi-parameter imaging system, the drug clofazimine
was chosen as a model compound. Clofazimine (CFZ) is a bright red phenazine drug that
accumulates extensively in tissues throughout the organism, leading to the formation of deep
red, crystal-like drug inclusions in vivo [27]. Following eight weeks of CFZ treatment, CLDIs
were isolated from the spleen of a mouse and imaged with the polarization and fluorescence
imaging system. These CLDIs are deep red, and have a rod-like polygonal shape, with an
average size of 17.6 £ 10.9 um’ (Fig. 4(A)). These crystals strongly absorbed linearly
polarized light of 623 nm wavelength, and had an average optical density (OD) of 0.31 = 0.12
(Fig. 4(B)). Interestingly, CLDIs are able to interact with different orientation states of
polarized light, resulting in a strong diattenuation signal. As a result of the crystallinity and
molecular order present in the CLDI, different orientations of polarized light are absorbed to
different extents by the crystal, yielding an average diattenuation signal of 0.26 £+ 0.05 (Fig.
4(C)). The CLDIs are also highly fluorescent in the Cy5 channel (excitation/emission), which
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occurs due to the formation of a mono-protonated, hydrochloride salt during the process of
clofazimine accumulation and biocrystallization [20] (Fig. 4(D)). The crystals had an average
CyS5 fluorescence of 0.06 + 0.02. After analyzing isolated CLDIs from mice treated with CFZ,
we decided to probe the utility of this instrument in studying live cells isolated from animals
fed the drug for a period of eight weeks.

Fig. 4. Pol-Scope images of CLDIs isolated from the spleen of 8wk CFZ-treated mice. (A)
Brightfield image displaying deep red color, rod-like shape of CLDIs. (B) Diattenuation, (C)
mean transmittance and (D) Cy5 fluorescence of CLDIs with illuminating light at 623 nm. The
high degree of diattenuation and CyS5 fluorescence of the CLDIs is readily visible. Scale bar is
50 pm.

3.2 Multi-parameter live cell imaging and quantification of diattenuation, optical
density, and fluorescence of drug-treated alveolar macrophages

Based off of previous work, it has been shown that CLDIs tend to be found within tissue
macrophages, such as Kupffer cells of the liver, red pulp macrophages of the spleen, and
alveolar macrophages within the lung [18, 28, 29]. Due to the extensive accumulation within
alveolar macrophages, these cells were chosen to test this multi-parameter imaging and
analysis system in live cells. These cells serve as the first barrier to incoming airborne
pathogens and other inhaled xenobiotics, and have been shown to be greatly impacted by the
accumulation of these materials [30]. Alveolar macrophages were isolated from mice treated
with CFZ for eight weeks or mice fed a control diet, and imaged using the combined
polarization and fluorescence imaging system.
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Fig. 5. Comparison of CFZ treated and control alveolar macrophages. Macrophages from mice
following 8 weeks of treatment, displayed the characteristic CLDI formation. Brightfield (A,
B), diattenuation (C, D), mean transmittance (E, F), and Cy5 fluorescence (G,H) images of
isolated alveolar macrophages from treated and non-treated (control) mice. Both diattenuation
and mean transmittance images were generated using illuminating light at 623nm. Note that
the diattenuation and mean transmittance signal is entirely contained within the CLDIs. Scale
baris 15 pm.

Upon visual inspection of the brightfield image, control diet-fed macrophages are small,
rounded cells, ranging in size from 10 to 25 microns in diameter. Imaging of these cells using
the multi-parameter imaging system revealed a low, but detectable, dichroism signal of 0.018
+ 0.005 (Table 1). This signal arises due to interactions of the polarized light with cellular
components, such as membranes and organelles, which have some degree of molecular
organization. The mean transmittance image shows cells with very low optical density, with
an average intensity of 0.021 + 0.029.These cells are, by and large, transparent, with
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occasional dark spots, which may correspond to cellular components, such as lysosomes or
other membrane-bound organelles. Control alveolar macrophages show little to no
fluorescence in the Cy5 channel, as is expected (0.0002 + 0.00005). Representative images of
the untreated alveolar macrophages are seen in Fig. 5, top panel.

Following eight weeks of sustained therapy with CFZ, the alveolar macrophages are
loaded with large amounts of intracellular crystals of the drug, consistent with previous
reports from our laboratory [29]. As a result of the accumulation of intracellular drug
complexes, intracellular dichroism increased significantly (0.042 = 0.013, p<0.01, Two-
Tailed Student’s T-Test), revealing that CLDIs are highly organized, self-assembling supra-
molecular entities, and that the dichroism of these crystals can be detected within a cell. CLDI
accumulation and formation also resulted in a significant increase in the optical density of the
macrophages (0.054 + 0.071, p<0.01, Two-Tailed Student’s T-Test), as a result of the deep
red color associated with these biocrystals. Consistent with previous reports [20], CLDI
accumulation also resulted in a concomitant increase in the CyS5 fluorescence associated with
the macrophages as well (0.012 £ 0.019, p<0.01, Two-Tailed Student’s T-Test).

Table 1. Average Signal Intensity of Macrophages

Control Alveolar Macrophage 8 Week CFZ Fed Alveolar
(n=215) Macrophage (n=201)

D 0.017 +0.004 0.042 +£0.013 *
623

*

ODeny 0.017+£0.019 0.054 £ 0.071

F 0.0002 =+ 0.00004 0.012+0.019 *

Cys

A Control B 8 Wk CFZ
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Fig. 6. Scatter plot displaying relationship between Cy5 fluorescence, optical density, and
dichroism in control alveolar macrophage populations (A, D) and 8 week CFZ fed alveolar
macrophage populations (B,C). Panels A and B show the same population of cells shown in
panels D and C, but zoomed into the lower signal values. Treatment with CFZ results in a
heterogeneous population of macrophages on basis of optical signals, while untreated cells
remain homogenous.

The analyses performed also studied how each of these three properties related to one
another in both control and CFZ-treated cells. By plotting the total integrated dichroism,
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optical density, and fluorescence of the cells, one can gain further understanding on how the
molecular order (represented by dichroism), degree of accumulation (represented by optical
density), and protonation state (represented by fluorescence) of the drug relate to one another
following eight weeks of sustained therapy. Performing this analysis also allows for the study
of the optical properties of an entire population of cells to be observed, which can be a useful
analysis when determining how different cell populations accumulate drugs both in vitro and
in vivo. Figure 6 compares the optical properties from both control alveolar macrophages (A,
D) and those from a mouse fed 8 weeks (B, C). In Panel A, one can see that, on a whole
population level, these cells display very low fluorescence and optical density, with a more
varied dichroism signal. In all, the control cells display little variability with respect to their
optical signals, and this is captured in the plots shown in Panels A and D. On the other hand,
treatment with CFZ, and the subsequent accumulation and biocrystal formation which occurs
as a result, causes there to be three populations of cells which can be segregated. In Panel B,
there is a population of cells aggregated very near the origin, showing low fluorescence,
optical density, and dichroism. These cells are most likely red blood cells which were not
eliminated during the collection and plating of the macrophages. The second population of
cells shows an elevated fluorescence, optical density, and dichroism compared to the
previously described population; these cells are most likely macrophages which have
accumulated soluble CFZ, but have not yet formed a CLDI (Panel B). The final population of
cells can be seen in Panel C. These cells display very high fluorescence, optical density, and
dichroism, indicating that these cells are most likely alveolar macrophages which contain at
least one intracellular crystal.

4. Discussion

The development and refinement of polarized light microscopy measurements to study
changes in the organization of molecular components in individual cells has had many
applications in cell biology and beyond [4, 31, 32]. To study the bioaccumulation of small
molecule drugs inside cells, the experiments presented here indicate how a quantitative multi-
parameter imaging system combining polarization, transmittance and fluorescence
measurements can be useful for studying the cellular mechanisms of drug disposition from
the cellular to the molecular level. Previously, our lab has used polarization microscopy to
study the optical properties of drug inclusions formed in vitro. Cells were incubated with CFZ
and other phenazine derivatives to study the self-assembly of drug aggregates in live cells,
revealing that, even after 72 hours, the self-assembly of CFZ aggregates within cells yields a
measurable diattenuation signal [33]. Cultured cells, however, are not the optimal model for
studying intracellular drug crystallization for a variety of factors, namely the length of time
necessary for the crystals to form. Thus, a long term in vivo study was performed to develop a
method to accurately quantify changes in intracellular dichroism, absorbance, and
fluorescence induced following eight weeks of CFZ therapy.

Through the development of this multi-parameter imaging and analysis system, drug
accumulation, as well as the changes this accumulation has within the cell with respect to
molecular order can be studied at the level of single cells in a rapid manner. Further
applications of this instrument can potentially be used to study large populations of cells
which can allow for researchers to discriminate which cells have a propensity to accumulate
and sequester soluble drug, or potentially form an insoluble aggregate. Due to the automated
nature of the analysis, all of the objects analyzed may not be macrophages, but rather red
blood cells or other immune cells, such as B cells. However, by analyzing each of the three
cellular properties measured using this method, one can place each cell in a category on the
basis of the intensity of the signals measured. For example, cells which display a high level of
fluorescence, dichroism, and optical density are most likely macrophages containing an
intracellular crystal. Red blood cells, on the other hand, would show low levels of
fluorescence and optical density. Further refinement of the imaging and analysis technique
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can be used to rapidly image and analyze large populations of live cells from drug treated
animals, allowing for investigators to determine how, if at all, various drugs accumulate
within these cells without the need for time-consuming chemical analyses.

Previously, we have characterized the molecular organization and chemical composition
of CLDIs following biochemical isolation, using nuclear magnetic resonance, powder X-ray
diffraction, transmitted electron microscopy, freeze fracture electron microscopy, liquid
chromatography and mass spectrometry [18, 19, 34]. Our results demonstrated that CLDIs are
comprised of subdomains of pure CFZ-hydrochloride crystals [34], bounded by multilamellar
membrane structure of biological origin [18, 19]. Consistent with these previous results,
quantitative polarization microscopy revealed the manner in which microscopic domains of
ordered CFZ molecules within CLDIs of live macrophages obtained from CFZ-treated mice
differentially interact with polarized light. Nevertheless, unlike the aforementioned chemical
analysis techniques, quantitative multi-parameter observations were performed on functional,
viable cells.

In terms of its implications for drug targeting and delivery, the formation and fate of
intracellular drug biocrystals has remained a poorly understood aspect of pharmacokinetics,
precisely because of the lack of practical, quantitative techniques to study intracellular drug
bioaccumulation. Nevertheless, understanding the mechanisms responsible for the
accumulation of drugs within intracellular compartments is important as it may explain why
some drugs fail to reach proper therapeutic concentrations at a site of action or to explain
unfavorable drug-drug interactions that may occur through bioaccumulation dependent
pathways [35]. Drug trapping and accumulation can lead to alterations in the structure and
function of organelles, affecting cell physiology [36]. Accumulation of small molecule drugs
in organs such as the liver and kidney are particularly concerning as a potential cause of
toxicity [37, 38]. For example, the antiviral drug cidofovir (Gilead Sciences) tends to
accumulate in the kidneys, leading to nephrotoxicity [39]. Yet, there are also specific cases in
which drug bioaccumulation may be beneficial. Many of the anti-malarial drugs in the 4-
aminoquinolone class have been shown to be more effective in treating the illness due to
preferential accumulation within an acidic compartment of the parasite [40, 41].

The development and refinement of a multi-parameter imaging system which combines
polarization and fluorescence microscopy may further the understanding of intracellular drug
bioaccumulation via the mechanism of CLDI formation in macrophages and potentially other
cell types. In addition to CLDIs formed by clofazimine, this quantitative multi-parameter
imaging set up could be used to detect ordered molecular aggregates formed inside cells by
other drugs. Imaging systems such as this can also be applied in drug discovery: by looking
for drugs which induce similar changes in intracellular molecular organization, drugs that
potentially crystallize intracellularly can be identified as potential target molecules for
therapeutics. While CFZ and CLDIs are deeply red and fluorescent, other drugs which
accumulate may not be as easy to detect with the naked eye. Through the use of polarization
microscopy, minute changes in the underlying structure which may be induced by drug
accumulation can potentially be detected; this may provide information about the subcellular
localization of drug. Indeed, much remains to be discovered about the physiological function
of xenobiotic sequestering macrophages, and the underlying biological mechanisms
responsible for CLDI formation. Furthermore, beyond the study of drug transport phenomena,
a quantitative multi-parameter imaging set up could also be used for studying many other
kinds of phenomena associated with the formation of ordered molecular aggregates, such as
the formation of hemoglobin crystals in sickled red blood cells [42]; the formation of
atherosclerotic plaques [43]; the formation of misfolded protein fibrils as seen in Parkinson’s
and Alzheimer’s disease and other forms of dementia [44, 45]; and the formation of lipid
aggregates as is characteristic of certain lysosomal storage diseases [46].
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5. Conclusion

To conclude, this research describes how a quantitative, fluorescence-transmittance-
polarization multi-parameter imaging system can be used for detecting and studying CLDIs in
isolation, as well as studying the accumulation of drug in live macrophages obtained from
drug treated animals at differing stages in treatment. CLDI formation leads to the
development of a highly organized molecular structure that homogenously interacts with
linearly polarized light. While all experiments reported herein were performed with alveolar
macrophages, other macrophage populations, such as those in the spleen, liver, bone marrow
and in the peritoneal cavity have been previously implicated in the disposition of clofazimine,
and should also be amenable for comparative analysis. In the future, establishing how the
optical properties of CLDIs vary amongst different macrophage populations, as a function of
clofazimine dose, and in mouse mutants harboring mutations that affect macrophage function,
will be especially useful to elucidate the molecular mechanisms driving the pharmacokinetics
of clofazimine accumulation.
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