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ABSTRACT: This study was aimed at developing a
fluorescence imaging approach to simultaneously characterize
the delivery and distribution of a bioactive molecule, curcumin,
and its micelle based nanoscale carrier in cells and tissue
models. To enable imaging of curcumin, a monoalkyne
derivative of curcumin was synthesized and purified using
LC-MS. Intracellular uptake of curcumin was characterized
using a click chemistry reaction between a monoalkyne
modified curcumin and Alexa-488 azide fluorescent dye in
cells and tissues. Fluorescence images of cells and tissues
incubated with monoalkyne curcumin showed specific
detection of intracellular delivered monoalkyne curcumin
using the click chemistry reaction. The fluorescence imaging
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results also demonstrated significant improvement in detection sensitivity of intracellular delivered curcumin as compared to
measurements based on native fluorescence of unmodified curcumin. Intracellular uptake of monoalkyne curcumin was
characterized as a function of incubation time and concentration. The results show a rapid uptake of monoalkyne curcumin
during the first 4 h of incubation. Modification of curcumin to its monoalkyne derivative did not impact its apoptotic activity in
cancer cells. DSPE-PEG micelles labeled with Alexa-647 were selected as a representative nanoscale carrier to enhance the
solubility and delivery of monoalkyne curcumin. Fluorescence images of cells and tissues incubated with fluorescently labeled
micelles containing monoalkyne curcumin clearly illustrate significant differences in intracellular and intratissue localization of
DSPE-PEG and encapsulated monoalkyne curcumin. The imaging approach developed in this study can be used to understand
delivery and distribution of diverse bioactive compounds and their nanocarrier systems as well as in situ measurement of

interactions of bioactives with cellular and tissue targets.

B INTRODUCTION

Plant derived small bioactive molecules such as polyphenols,
flavones, and isoflavones have potential to reduce inflammation,
and both prevent and treat diverse chronic diseases such as
cancer and neurodegenerative diseases.' > Despite its signifi-
cant potential, there is limited understanding of the interactions
of these bioactives with diverse cellular targets. One of the
factors that limit this understanding is the lack of in situ
imaging approaches to characterize intracellular and intratissue
distribution of these bioactives. Furthermore, many of these
small bioactive molecules have poor solubility in aqueous
medium and consequently exhibit limited bioavailability.®®
Significant efforts have been made to encapsulate these
bioactives in diverse colloidal carriers to improve stability and
solubility in aqueous environment and to enhance the delivery
of these bioactives to cells and tissues.”> However, fate of
these self-assembled colloidal carriers and their encapsulants in
cells and tissue environment is not well characterized. In situ
imaging approaches to simultaneously measure intracellular and
intratissue distribution of self-assembled colloid carriers and
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encapsulated bioactives can enable characterization of the fate
of colloidal carriers and their encapsulants in cellular and tissue
environments and guide development of novel delivery
systems.

Delivery of small molecular weight bioactive compounds in
cells and tissue has been predominantly characterized using
chemical analysis (such as LC-MS) of cellular and tissue lysates.
Using the chemical analysis approach, both the bioactives and
their metabolites are measured to quantify the total amount of
bioactives delivered to cells and tissue.'®"'* Chemical analysis
of cell and tissue lysates can quantify the total amount of
bioactive compounds delivered to cells and tissue but cannot
map spatial variations in cellular and tissue distribution of
bioactives. Furthermore, in situ monitoring of interactions of
small molecular weight bioactive compounds with target
molecules in cells and tissues cannot be assessed. To
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complement the chemical analysis of tissue lysates, efforts have
been made to image the distribution of some small molecules
such as curcumin based on native fluorescence properties of
small bioactive molecules.'*** However, due to a significant
overlap of curcumin fluorescence spectrum with native cellular
autofluorescence and its limited fluorescence quantum vyield,"
the sensitivity and specificity of this approach is limited. The
problem of imaging curcumin based on its fluorescence
properties is further exacerbated in tissues due to significantly
higher levels of autofluorescence in 3-d tissues compared to
individual cells in a 2-d cell culture model.">'® To address these
limitations, a covalent modification of small molecules with
exogenous fluorophores prior to delivery has been consid-
ered.'” However, the results of prior studies have shown that
conjugation of small molecules (MW < 500 Da) to conven-
tional fluorescent dyes such as Alexa dyes (MW ranging
between 700 and 1000 Da) significantly impact the distribution
and biological activity of the small molecules.'” Therefore, this
approach is not typically used for imaging intracellular and
intratissue distribution of small molecules.

In addition to optical imaging approaches, biodistribution of
small molecules can also be imaged using positron emission
tomography (PET). In this approach, small molecules such as
curcumin have been modified with a radiotracer probe.'®"
However, due to the limited spatial resolution of the PET
imaging, high resolution mapping of the distribution of small
molecules within cells and localized tissues cannot be
achieved.”® Thus, there is a need to develop molecular tagging
approaches that can be used to specifically detect small
bioactive molecules in cells and tissues without significantly
influencing the chemical structure and biological activity of the
selected molecules.

The objective of this study was to develop a novel optical
molecular imaging approach to simultaneously characterize the
delivery and distribution of a bioactive compound and its
micelle based nanoscale carrier in cells and tissue models.
Curcumin was selected as a model small bioactive molecule
based on its clinical potential and its physical and chemical
properties that are similar to a large class of polyphenols.”'~**
The novel imaging approach is based on development of a
monoalkyne derivative of curcumin. A relatively small
monoalkyne tag is stable in cells and tissue environment®*~2°
and can be detected in situ using the click chemistry approach.
In contrast to a conventional approach of labeling the molecule
with a fluorescent dye before delivery, monoalkyne curcumin
can be chemically conjugated to an azide modified fluorophore
after its delivery in cells and tissues using click chemistry.

Phospholipid-PEG (polyethylene glycol) micelle was se-
lected as a model nanocarrier system for this study, as prior
research studies have shown improvement in the delivery of
curcumin to cells and tissues using encapsulation systems as
colloidal nanocarriers.>”?® Furthermore, due to the unique size
of micelles, these nanoscale carriers can be delivered through
diverse delivery routes including oral, topical, and intravenous
delivery.** > Although these colloidal carriers are widely used
for delivery of diverse bioactive molecules, there is limited
understanding regarding the fate of encapsulation carrier and
the bioactive molecules in cellular and tissue environment.
Prior studies have shown that colloidal carriers and
encapsulated small molecular weight fluorescent dyes can
have significantly different localization in physiological environ-
ments including serum.**** These differences in the local-
ization of the carriers and the encapsulants may result due to
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significant changes in the structure and stability of nano- and
microscale carriers upon interaction with physiological environ-
ments in cells and tissues.>>** To the best of our knowledge,
none of the prior studies have demonstrated simultaneous
imaging of the encapsulated bioactives and the nanoscale
colloidal carriers in cell and tissue models. The significance of
imaging distribution of bioactive molecules is based on the fact
that these bioactives molecules have specific affinities for
diverse class of biomolecules in cells and tissues that can
significantly influence their partitioning in subcellular and tissue
domains. Thus, direct and simultaneous measurement of the
distribution of bioactive small molecules and its nano- or
microscale carriers in cells and tissues is critical for improving
the design of colloidal carriers. In this study, phospholipid-PEG
micelles were prelabeled with a fluorescent dye before delivery
to enable simultaneous imaging of nanoscale carriers and
monoalkyne curcumin in cells and tissues.

In summary, the study develops a novel application of the
click chemistry approach to map intracellular and intratissue
distribution of small bioactive molecules. The results also
provide a novel approach for simultaneous imaging of both the
nanoscale carriers and the encapsulated molecules in model
systems. These measurements in combination with biochemical
assays are expected to have significant impact on comprehen-
sive understanding of bioavailability and activity of these
molecules in physiological environments.

B MATERIALS AND METHODS

Materials. Curcumin, potassium carbonate, propargyl
bromide, dimethyl formamide (DMF), methanol, dimethyl
sulfoxide (DMSO), acetonitrile, copper sulfate, phosphate
buffer saline (PBS), and ascorbic acid were obtained from
Sigma-Aldrich Inc. (St. Louis, MO). DSPE-PEG-amine (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-(poly-
ethylene glycol)-2000]) was obtained from Avanti Polar Lipids
Inc. (Alabaster, AL). Alexa-488 azide and NHS-azide were
procured from Invitrogen (Grand Island, NY). C-18 solid phase
columns were used for purification of crude reaction mixture
prior to HPLC purification and Zeba Spin Desalting Column
(7000 Da MWCO, Thermo, Rockford, IL) were used for
removal of free fluorescent dye molecules after chemical
conjugation. LC-MS (liquid chromatography—mass spectrom-
etry) grade acetonitrile and isopropyl alcohol was purchased
from Burdick and Jackson (VWR International, West Chester,
PA). The ultrapure water was obtained from an in-house
Millipore water purification system (Billerica, MA).

The human cervical carcinoma cell line (HeLa) was a gift
from Professor Glenn M. Young (University of California,
Davis). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), trypsin, and trypan blue were obtained
from Fisher Scientific (Pittsburgh, PA). Penicillin—streptomy-
cin was purchased from Sigma-Aldrich, Inc. (St. Louis, MO).
Type I collagen from rat tail was obtained from Roche, Inc.
(South San Francisco, CA).

Monoalkyne Curcumin Synthesis. Monoalkyne curcu-
min synthesis was adapted based on the previously published
method.*® Briefly, 0.5 g (1.35 mmol) of curcumin was mixed
with 0.94 g (6.8 mmol) of potassium carbonate and 0.81 g (6.8
mmol) propargyl bromide in 20 mL of DMF and incubated at
25 °C for 48 h under nitrogen with continuous stirring. Ten
milliliters of distilled water was added to the mixture after 48 h
and preliminary separation of reactants from products was
carried out using C-18 solid phase extraction columns.

dx.doi.org/10.1021/bc4002008 | Bioconjugate Chem. 2014, 25, 32—42



Bioconjugate Chemistry

Columns were activated by washing with 2 mL of water
followed by 2 mL of methanol. The final wash was given with 2
mL of water before loading the crude mixture of product and
reactants. Two milliliters of the reaction mixture was added to
the column and eluted with 2 mL methanol. The methanolic
extract was dried using a centrifuge evaporator at 50—60 °C for
2 h to remove traces of propargyl bromide. Adequacy of the
evaporation process was confirmed by complete evaporation of
control propargyl bromide solution prepared in methanol
under identical experimental conditions. The dried sample was
reconstituted in methanol.

Purification of Monoalkyne Curcumin. Purification of
monoalkyne curcumin from the mixture was performed using a
Surveyor HPLC separation module (ThermoFischer, San Jose,
CA) coupled to LTQ linear ion trap MS (ThermoFinnigan, San
Jose, CA). Onyx Monolithic Semi-PREP C18 columns were
used for analytical (100 X 3 mm) and preparative (100 X 10
mm) runs with a C18 precolumn (Phenomenex Chromolith
Guard Cartridge, RP-18e 10 X 4.6 mm). Injection volumes for
analytical and preparative runs were 10 and 100 uL,
respectively. The mobile phases were: A, 0.5% acetic acid in
water; and B, pure acetonitrile. Column temperature was 35 °C
and the flow rate was 4 mL/min. Run was operated under
isocratic condition with 80% A and 20% B for 1 min after which
a linear gradient was used to change the mobile composition to
100% B in next 9 min followed by isocratic run for next 2.5 min
at 100% B. The flow from HPLC column was split into 1:100
and directed into the electrospray ionization source (ESI) of a
LTQ linear ion trap MS (ThermoFinnigan, San Jose, CA)
controlled with Xcalibur software (v 1.4, ThermoFinnigan, San
Jose, CA). The electrospray voltage was set to +5 kV. Nitrogen
sheath and auxiliary gas flow was 60 and 20 arbitrary units,
respectively. The ion transfer capillary temperature was 350 °C.
Single ion monitoring scan spectra were acquired from 366.5 to
371.5 amu and from 404.7 to 409.7 amu at unit mass resolution
with maximum injection time set to 200 ms in one micro scan.
The range of selected amu values corresponds to [M+H]*
parent unmodified curcumin (369) and monoalkyne curcumin
(407), respectively. Based on the relative abundance of
curcumin and monoalkyne curcumin peaks, the reaction
efficiency was approximately 56%. In the preparatory mode,
major split flow from the HPLC system was directed to the
Gilson 203B fraction collector set with a collection mode of 0.5
min per tube. Repeated injections of product mixture were
carried out to collect monoalkyne curcumin with a retention
time of 6.75 min.

Sensitivity and Specificity of Imaging Curcumin
Uptake Inside Cells Using Click Chemistry Based
Imaging Approach. The human cervical carcinoma cell line
(HeLa) was maintained in a culture medium consisting of
DMEM supplemented with 10% FBS and 100 mg/L penicillin.
HelLa cells (5 X 10* cells/mL) were seeded into culture flasks,
grown in a humidified atmosphere of 5% CO,—95% air at 37
°C. For imaging, cells were cultured on 8 well coverslip bottom
culture chambers.

Sensitivity of in situ detection of monoalkyne curcumin and
unmodified curcumin in cells was compared using fluorescence
imaging. HeLa cells were incubated with monoalkyne curcumin
and unmodified curcumin at a concentration of 3.2 yM for 4 h.
Both samples were then washed three times with PBS. Cells
incubated with monoalkyne curcumin were fixed with 3.7%
formaldehyde at 4 °C. After 30 min of fixation, formaldehyde
was removed and the cells were washed three times with excess
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PBS. HeLa cells were then incubated with the click chemistry
reaction buffer (0.1 M Tris-Buffer (pH = 8.5) with 0.05%
Triton, 10 4M Alexa-488 azide, ] mM CuSO,, and 50 mM
ascorbic acid) for in situ labeling of monoalkyne curcumin with
an azide-modified fluorophore for 30 min in the dark, at room
temperature. After the click chemistry reaction, the incubation
medium was removed and the cells were washed twice with
PBS.

Fluorescence signal was measured using an inverted
fluorescence microscope (IX71, Olympus Inc., Center Valley,
PA). Excitation and emission filters for imaging the intracellular
uptake of monoalkyne curcumin were 470/15 nm and 515—
550 nm, respectively. Since curcumin has a relatively broad
excitation and emission spectrum, the cells incubated with
unmodified curcumin were excited at the wavelengths of 380/
15 nm and 470/1S5 nm, respectively. The emission signal was
collected using two band-pass emission filters 420—460 nm and
515—550 nm, respectively. Autofluorescence of the control
HeLa cells was also measured using fluorescence microscopy
with a 380/15 nm band-pass excitation filter and a 420—460
nm band-pass emission filter.

Specificity of the click chemistry reaction for imaging
intracellular delivery of monoalkyne curcumin was validated
using a negative control. In this control experiment, cells were
exposed to Alexa-488 azide dye without prior incubation of
cells with monoalkyne curcumin. Both the treatment and
control samples were subsequently fixed, stained, and imaged
using the procedure described above.

Intracellular Uptake of Monoalkyne Curcumin in 2-d
Cell Culture as a Function of Incubation Time and
Concentration. HeLa cells were incubated with monoalkyne
curcumin at selected concentration levels (ranging from 1.6 to
64 uM) for a specified incubation time (ranging from 0 to 12
h). The cells were subsequently washed three times with excess
PBS and fixed with 3.7% formaldehyde at 4 °C. After 30 min
fixation, cells were washed with PBS three times and incubated
with the click chemistry reaction buffer for 30 min as described
in the previous section. The cells were then washed twice with
PBS and imaged using an inverted fluorescence microscope
(IX71, Olympus Inc.). The excitation and emission band-pass
filters were 470/15 nm and 515—550 nm, respectively. The
camera exposure time for an individual image was 500 ms.

Characterization of Biological Activity of Monoalkyne
Curcumin. Antiproliferative properties of monoalkyne curcu-
min were characterized using the MTT assay (3-(4,5-
dimethylthiazol-2-y1)-2,S-diphenyltetrazolium bromide, a yel-
low tetrazole) (ATCC, Manassas, VA). HeLa cells cultured in a
24-well plate were incubated with monoalkyne curcumin and
unmodified curcumin, respectively, at concentration levels of
16, 32, and 64 uM. These levels of concentration were selected
based on the results of prior studies that have evaluated
antiproliferative activity of unmodified curcumin.®® After
incubation for 24 h, 10 yL of the MTT reagent was added to
each well including the control samples (cells only and cell
culture media only), and the plates were incubated for 3 h at 37
°C. After 3 h, 100 yL of the detergent reagent (as supplied with
the MTT assay kit) was added to each well of the 24 well-plate.
The plate was incubated overnight in the dark at room
temperature. The absorbance in each well was measured at 570
nm in a microtiter plate reader including the control samples.

Encapsulation of Monoalkyne Curcumin in DSPE-PEG
Micelles. DSPE-PEG-amine was dissolved in methanol to
obtain a final concentration of 10 mg/mL. One milliliter of the
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DSPE-PEG-amine solution was mixed with a 50 uL of the
monoalkyne curcumin solution prepared in methanol (3.5 mg/
mL). The resultant mixture was placed under nitrogen stream
for 10 min to evaporate methanol. To this dried mixture, 2 mL
of distilled water was added to spontaneously form the DSPE-
PEG micelles encapsulating monoalkyne curcumin. The micelle
solution was filtered through a 022 um filter prior to
incubation with cells.

DSPE-PEG micelles encapsulating curcumin monoalkyne
were labeled with Alexa Fluor 647ester (1 mM) in the dark for
1 h, followed by incubation at 4 °C overnight. This reaction
approach specifically labels the primary amine attached to the
headgroup of PEG molecules with an Alexa-647 ester dye.
Fluorescently prelabeled micelle was purified to remove any
free dye using column purification (ZebaTM Spin Desalting
Column 7K MWCO, Thermo, Rockford, IL).

Particle Size Measurement and Monoalkyne Curcu-
min Loading. Particle size of monoalkyne curcumin loaded
micelles was measured using a dynamic light scattering particle
size analyzer (Malvern Nano Series, Malvern Instruments, Inc.,
Westborough, MA). The setting for the analyzer were material
type: oil, particle refractive index = 1.45, dispersant type: water,
dispersant refractive index = 1.33, temperature: 25 °C. Particle
size measurement was analyzed based on the number average
particle size distribution. To measure the loading of
monoalkyne curcumin in DSPE-PEG micelles, 100 uL of the
micelle solution was incubated with 900 L DMSO to disrupt
the micelles and to extract encapsulated monoalkyne curcumin.
The absorbance of the DMSO solution was measured at 425
nm using UV—vis spectrophotometer (Genesys, $10). Mono-
alkyne curcumin concentration was calculated from the
standard curve prepared by varying the concentration of
monoalkyne curcumin in DMSO.

Formation of Tissue Phantoms. Tissue phantoms were
prepared using the HeLa cells embedded in a collagen matrix.
Type I collagen was dissolved in 0.2% acetic acid to 3 mg/mL.
To prepare a high density tissue phantom, a suspension of
HeLa cells was spun down and resuspended in a small volume
of DMEM (Invitrogen, Carlsbad, CA) containing 10% FBS so
that there were 1 X 108 cells/mL. The collagen—cell suspension
mixture was prepared by mixing concentrated cell suspension
with collagen in 2:1 volumetric ratio. 1 M NaOH was gradually
added into the mixture to achieve a pH of 7.4. Subsequently,
the suspension was pipetted into a 24 mm transwell with a 3.0
um pore polycarbonate membrane at the bottom (Corning
Incorporated, Corning, NY). These transwells were placed in a
24-well plate with 500 L of DMEM containing 10% FBS in
each inserted well. The collagen-cell matrix was allowed to gel
at 37 °C for 30 min. After forming the tissue phantom, 40 uL of
cell culture media was added on top of the phantom. Tissue
phantom were kept in DMEM media containing 10% FBS for
approximately 48 h at 37 °C. This incubation time enables
formation of a highly dense tissue phantom that mimics both
the structural features and optical properties of oral epithelial
tissues.”’

Delivery of Monoalkyne Curcumin Loaded Micelles in
2-d Cell Culture and 3-d Tissue Phantom Models. HeLa
cells in culture were incubated with fluorescently labeled DSPE-
PEG micelles encapsulating monoalkyne curcumin at a
concentration of 32 yM. After an incubation period of 12 h,
cells were fixed using 3.7% formaldehyde in PBS at 4 °C. After
30 min of fixation, formaldehyde was removed and the
specimens were washed three times with PBS. Samples were
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incubated with the click chemistry reaction buffer as described
earlier.

Fluorescence signal from stained HeLa cells was measured
using an inverted fluorescence microscope (IX71, Olympus
Inc.). The excitation and emission filters set for imaging
monoalkyne curcumin labeled with Alexa-488 azide were 470/
1S nm and 515—550 nm, respectively. The excitation and
emission filters set for imaging Alexa-647 labeled DSPE-PEG
were 630/15 nm and 670—710 nm, respectively.

Labeled DSPE-PEG-amine micelles (labeled with Alexa-647)
encapsulating monoalkyne curcumin at a concentration of 32
UM were topically delivered to 3-d tissue phantoms. Tissue
phantoms were incubated for 48 h with topically applied
micelle solution. After this incubation period, tissue phantoms
were transversely sectioned, fixed, and stained with Alexa-488
azide to detect distribution of monoalkyne curcumin in the
model tissues using the experimental approaches described
above. Fluorescence confocal images (Zeiss LSM 510 confocal
microscope) were obtained using a 488 and 633 nm excitation
wavelengths, respectively. Corresponding to their excitation
wavelengths, the fluorescence emission signals for Alexa-488
azide labeled monoalkyne curcumin and Alexa-647 labeled
DSPE-PEG were collected using the BP 520—550 and BP 655—
719 emission filters, respectively.

Image Quantification and Analysis. Fluorescence
microscopy data was quantified by calculating the mean
fluorescence intensity (MFI) of individual cells within selected
field of view (FOV) using Image] (Public domain, NIH)
software. The MFI of individual cells was corrected by
subtracting the background fluorescence signal from a region
on a chamber coverslip without any cells. The average MFI was
calculated by averaging the MFI from all the selected FOVs.
Multiple FOVs (typically 9—10 FOVs with approximately 50—
80 cells in total) were analyzed from three independent
experiments for each of the experimental conditions. The
average MFI and standard deviation were calculated for each of
the experimental condition. To characterize changes in the
intracellular distribution of monoalkyne curcumin as a function
of incubation time, the intensity line scans were generated to
quantify variation in distribution of monoalkyne curcumin in
cells. Line scans were also used for comparing intracellular
distribution of monoalkyne curcumin and DSPE-PEG in a 2-d
cell culture model.

Percentage colocalization of monoalkyne curcumin and
fluorescently prelabeled DSPE-PEG in cells and tissues was
measured using the colocalization index function in the
MetaMorph software (Molecular Devices, LLC, CA). Briefly,
simultaneously acquired fluorescence images of monoalkyne
curcumin and prelabeled DSPE-PEG were thresholded to the
same conditions prior to performing the colocalization
measurements. The colocalization percentage was calculated
by measuring the spatial overlap of the pixels in the images
corresponding to Alexa-488 azide labeled monoalkyne
curcumin and Alexa-647 labeled DSPE-PEG molecules. These
measurements were repeated for multiple independent set of
images to calculate the mean colocalization index.

Statistical Analysis. Statistical analysis was carried out
using Microsoft Excel 2007 (Microsoft Inc., Bellevue, WA) and
SAS (version 9.1 SAS Inc., Cary NC). Student’s t test was used
for evaluating statistical significance between the treatments.
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Figure 1. Synthesis of monoalkyne curcumin.
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B RESULTS

Synthesis and Purification of Monoalkyne Curcumin.
Figure 1 outlines the schematic approach for the synthesis of
monoalkyne curcumin. After initial purification on a C-18
column, the reaction mixture was analyzed using a LC-MS. The
HPLC chromatogram for the purified monoalkyne curcumin is
shown in Supporting Information Figure S1. The final
concentration of monoalkyne curcumin obtained after HPLC
purification was 3.5 mg/mL and the purity of the product was
approximately 98%.

Specificity of Imaging Intracellular Uptake of Mono-
alkyne Curcumin. To demonstrate specificity of the click
chemistry based imaging approach for in situ detection of
monoalkyne curcumin in cells, control cells (not incubated with
monoalkyne curcumin) were stained with Alexa-488 azide using
the same experimental procedure as in the case of treated cells.
HeLa cells incubated with monoalkyne curcumin showed
intense fluorescence after staining with Alexa-488 azide (Figure
2A). In contrast, the control cells (Figure 2B) showed no

{A) celksincul d with Ikyne curcumin stained with Alexa-488 Azide

Alexa-488

{B) Cell incub d with Alexa-488 Azide

Alexa-488

Figure 2. Fluorescence and corresponding white light images of HeLa
cells incubated (A) with monoalkyne curcumin at a concentration of
32 uM for 4 h and stained with Alexa-488 azide; (B) without
monoalkyne curcumin but stained with Alexa-488 azide.

detectable fluorescence signal in HeLa cells when subjected to
the same fixation and staining conditions as used for the treated
cells (Figure 2A). These results indicate high specificity of the
click chemistry reaction for in situ imaging of monoalkyne
curcumin in cells. Sensitivity of the click chemistry based
imaging approach for in situ detection of curcumin was
compared with curcumin autofluorescence based measurement
by comparing the MFI of cells incubated with monoalkyne
curcumin and unmodified curcumin (Supporting Information
Figure S2).
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Kinetics of Uptake of Monoalkyne Curcumin in Hela
Cells. Figure 3A shows the results of imaging based
measurements to characterize the uptake of monoalkyne
curcumin in HeLa cells as a function of incubation time. The
MFI for individual cells was quantified as a function of
incubation time as described in the Materials and Methods
section (Figure 3B). The results show that the uptake of
monoalkyne curcumin in cells was detected within 15 min of
incubation. Fluorescence intensity measurements correspond-
ing to the uptake of monoalkyne curcumin in cells showed a
rapid increase during the first hour of incubation (p < 0.005),
followed by a relatively slower rate of increase in the MFI
during the following 3 h of incubation (p < 0.05). The MFI
increased marginally during the incubation period between 4
and 8 h and showed a slight decrease during 8—12 h of
incubation. In addition to changes in the MFI, a significant
change in intracellular distribution of curcumin was also
observed as a function of incubation time. To illustrate these
differences, representative line scans through selected cells
incubated with monoalkyne curcumin for 4 and 8 h are shown
in Supporting Information Figure S3.

Intracellular Uptake of Monoalkyne Curcumin as a
Function of Concentration. Figure 4A shows the results of
imaging measurements to characterize the intracellular uptake
of monoalkyne curcumin as a function of concentration of
monoalkyne curcumin added to the cell culture media. Imaging
data was acquired after 4 h of incubation. This time period was
selected based on the results in Figure 3B. The MFI within
individual cells as a function of concentration of monoalkyne
curcumin is shown in Figure 4B. These imaging results show
that the MFI increased with an increase in concentration of
monoalkyne curcumin up to 32 uM (p < 0.005). Statistical
analysis of the MFI values of cells incubated with 32 and 64 yM
concentrations of monoalkyne curcumin, respectively, showed
no significant difference (p > 0.005). Furthermore, changes in
the incubation concentration of monoalkyne curcumin did not
influence the intracellular distribution of fluorescent signal
representing distribution of monoalkyne curcumin in cells.

Characterization of Antiproliferative Activity of
Curcumin-Monoalkyne. Antiproliferative activity of curcu-
min and monoalkyne curcumin was compared to demonstrate
that derivatization of curcumin to include a monoalkyne tag did
not cause significant changes in the functional properties of
curcumin. Antiproliferative activity of monoalkyne curcumin
was measured based on its ability to induce cell death in cancer
cells. This antiproliferative activity of curcumin in cancer cell
lines has been demonstrated in prior studies.** *° Figure 5
compares reduction in viability of HeLa cells treated with
monoalkyne curcumin or unmodified curcumin using the MTT
assay. Compared to the control cells (HeLa cells cultured in
medium), curcumin or monoalkyne curcumin treated cells
show significant reduction in cell viability after 24 h of
incubation (p < 0.005). The cell viability decreased with an
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Figure 3. Imaging uptake of monoalkyne curcumin in HeLa cells as a function of incubation time. Fluorescence images of HeLa cells incubated with
monoalkyne curcumin at a concentration of 32 #M and stained with Alexa-488 azide. (A) Fluorescence images show change in fluorescence intensity
as a function of incubation time (over 12 h). (B) Quantification of average mean fluorescence signal intensity of HeLa cells incubated with

monoalkyne curcumin as a function of incubation time.
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Figure 4. Intracellular uptake of monoalkyne curcumin in 2-d cell culture as a function of concentration. HeLa cells were incubated with monoalkyne
curcumin at the selected concentrations for 4 h. (A) Fluorescence images show increase in fluorescence intensity with increasing concentration of
monoalkyne curcumin. (B) Quantification of normalized mean fluorescence signal intensity of HeLa cells as a function of monoalkyne curcumin

concentration.

increase in concentration of curcumin or monoalkyne curcumin
(ranging between 16 and 64 uM). Statistical analysis also
showed that there was no significant difference (p > 0.05) in
the antiproliferative activity of curcumin and monoalkyne
curcumin in the concentration range of 16 #M to 64 yM. These
results indicate that derivatization of curcumin to include a
monoalkyne tag did not significantly change the antiprolifer-
ative property of curcumin.
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Fate of Encapsulated Curcumin and Its Encapsulating
Matrix after Topical Delivery in 2-d Cell Culture Model.
To demonstrate simultaneous imaging of both the carrier
(encapsulating material) and the encapsulant molecules in cells
and tissues, monoalkyne curcumin was encapsulated in DSPE—
PEG micelles. Figure 6A shows the schematic design of the
micelle formulation. The particle size of DSPE-PEG micelles
encapsulating monoalkyne curcumin and the concentration of
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Figure S. Characterization of antiproliferative properties of mono-
alkyne curcumin. The MTT assay was used for evaluating changes in
viability of HeLa cells after incubation with monoalkyne curcumin and
curcumin, respectively, at the selected concentrations for 24 h.

monoalkyne curcumin in micelles was measured as described in
the Materials and Methods section. The mean particle diameter
based on dynamic light scattering measurements of DSPE-PEG
micelles was 14.5 + 0.3 nm. The monoalkyne curcumin
concentration in the micelles was found to be 66.7 ug/mL.
Based on the amount of monoalkyne curcumin originally added
in the DSPE-PEG-amine solution during the synthesis process,
the loading efficiency of curcumin in DSPE-PEG micelles was
calculated to be 76%.

To simultaneously image the intracellular distribution of
DSPE-PEG and encapsulated curcumin, the micelles were
prelabeled with an Alexa-647 ester dye and monoalkyne

curcumin was detected using a click chemistry reaction with

an Alexa-488 azide as described in the Materials and Methods
section. Figure 6B shows the results of simultaneous imaging of
both monoalkyne curcumin (green) and DSPG-PEG (red).
These results indicate that curcumin molecules have a distinct
intracellular fate compared to the encapsulating matrix of
DSPE-PEG. To characterize these differences in intracellular
distribution, a normalized intensity line scan was generated
across a representative cell (Figure 6C). The results show that,
although the micelles were delivered in the cells, the fluorescent
signal from the DSPE-PEG was localized in the cytoplasmic
compartment of cells, while the monoalkyne curcumin was
distributed throughout the cells including both the cytoplasmic
and the nuclear compartments.

Fate of Encapsulated Curcumin and Its Encapsulating
Matrix after Topical Delivery in 3-d Tissue Phantom
Models. Figure 7 shows the results of simultaneous imaging of
DSPE—PEG and monoalkyne curcumin in a transverse tissue
section, following topical delivery of monoalkyne curcumin
encapsulated in micelles to a 3-d tissue phantom. Imaging of
transverse sections of a tissue model was performed to map the
uniformity of delivery of monoalkyne curcumin and micelles
along the depth of a 3-d tissue phantom. Results of the imaging
measurements show that monoalkyne curcumin initially
encapsulated in micelles was effectively delivered throughout
the depth of the tissue in a 48 h incubation period. The results
also show that there were significant differences in the
localization of monoalkyne curcumin and DSPE-PEG within
a tissue section. A significant fraction of DSPE-PEG was
entrapped in the extracellular space, while monoalkyne
curcumin was predominantly located inside cells and
concentrated in the nuclear compartment of cells. Quantitative
image analysis shows that the colocalization area of the
monoalkyne curcumin and DSPE-PEG inside cells was
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Figure 6. (A) Schematic illustration of the design of DSPE-PEG-amine micelles encapsulating monoalkyne curcumin. (B) Simultaneous imaging of
the intracellular distribution of DSPE-PEG and monoalkyne curcumin in a 2-d cell culture model. DSPE-PEG-amine micelles were labeled with
Alexa-647 ester (red), while monoalkyne curcumin was labeled with Alexa-488 azide (green). (C) Fluorescence line scan to map spatial distribution
of monoalkyne curcumin and DSPE-PEG in HeLa cells. A zoomed-in image of the representative cell corresponding to the line scan is shown.
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Figure 7. Simultaneous imaging of the intratissue distribution of DSPE-PEG (labeled with Alexa-647) and monoalkyne curcumin (labeled with
Alexa-488) in a 3-d tissue phantom. Tissue phantoms were topically applied of micelle solution. Confocal fluorescence and corresponding white light
images of the transverse section of tissue phantom at (A) 25X and (B) 63X magnifications. (C) A control phantom was not incubated with DSEP-
PEG micelle encapsulating monoalkyne curcumin and imaged with 63X magnification.

approximately 65% (+4.5%) (Figure 7A,B). These results
indicate that, in the tissue environment, a significant fraction of
micelles was disrupted prior to intracellular delivery of
encapsulated molecules. Changes in the micellar structure
may be induced by interactions of the micelles with ECM
(extracellular matrix) molecules such as collagen. Figure 7C
shows the results of imaging measurements of a transverse
tissue section of a control tissue phantom not incubated with
monoalkyne curcumin but fixed and stained under the same
conditions as the tissue phantom incubated with DSPE-PEG
micelles encapsulating monoalkyne curcumin (Figure 7A,B).
The imaging results show no significant background staining in
the control tissue phantom sections. The low background signal
from the control tissue phantom further demonstrates the high
specificity of detecting intracellular curcumin in a 3-d tissue
environment using the click chemistry based imaging approach.
Overall, the results of these measurements in a tissue model
demonstrate that simultaneous imaging of the fate of
encapsulation matrix and the encapsulant provides fundamental
insight into the design of delivery systems.
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B DISCUSSION

Click Chemistry Approach for Molecular Tagging of
Curcumin. In this study, a monoalkyne derivative of curcumin
was synthesized for imaging intracellular uptake of curcumin.
This click chemistry based imaging approach was selected
because monoalkyne modification of curcumin molecule
introduces a relatively smaller change (38 Da) in the molecular
weight of the native curcumin molecule as compared to
conjugation with other conventional fluorescent dyes.*' Addi-
tionally, the monoalkyne tag is highly stable and cannot be
metabolized by the intracellular enzymatic processes.”* >***
The results of this study also highlight that the modified form
of curcumin maintains its biological properties as exemplified
by induction of apoptosis in cancer cells (Figure 5), a property
of curcumin that has been well characterized in several prior
studies.*>*%*

Sensitivity and Specificity of Imaging Curcumin
Uptake in Cells and Tissues. A few studies have previously
imaged curcumin uptake in cells based on fluorescence
properties of unmodified curcumin.'*'* The results of this
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study highlight that the image contrast obtained using the click
chemistry based staining of monoalkyne curcumin is at least 2
orders of magnitude higher than the image contrast obtained
based on autofluorescence properties of curcumin (Figure S2),
thus improving sensitivity of the imaging measurements. Due to
a significant spectral overlap between the fluorescence proper-
ties of curcumin and the autofluorescence properties of tissues,
it is expected that sensitivity of detecting unmodified curcumin
in tissues will be limited."® In addition, comparison of imaging
measurements between cells and tissues incubated with or
without monoalkyne curcumin demonstrates high specificity
and efficiency of imaging monoalkyne curcumin delivery in
cellular and tissue environments using click chemistry (Figures
2AB and 7).

Simultaneous Imaging of the Fate of Encapsulated
Bioactive and Its Carrier. Due to limited solubility of
curcumin in aqueous environments, curcumin molecules are
often encapsulated in micelles, liposomes, and nanoparticles for
diverse biomedical applications. Prior studies have highlighted
the role of encapsulated structures in improving delivery of
curcumin in both in vitro and in vivo models.*'>** Despite
significant potential benefits of encapsulation systems, there is
limited understanding of the intracellular and intratissue fate of
both the encapsulating matrix and the bioactive encapsulant.

Simultaneous imaging of monoalkyne curcumin and the
DSPE-PEG micelles showed distinct localization of DSPE—
PEG and curcumin in both cells and tissue models. Curcumin
showed a strong affinity to partition in the nuclear compart-
ment of the cells even though the encapsulating matrix was
predominantly localized in the cytoplasm and extracellular
space (Figures 6B,C and 7). This result is supported by the
evidence that curcumin has affinity to bind DNA molecules
based on hydrogen bonding interactions with the minor groove
in AT-rich regions.* These results are unique because the prior
studies performed to map the fate of nanoscale carriers and the
encapsulated molecules are predominantly focused on using
fluorescent dyes as model encapsulants.***” Since the
fluorescent dyes may not have any specific molecular targets,
their localization may not be representative of bioactive
molecules that can specifically interact with the molecular
targets in cells. A distinct localization of DSPE-PEG and
curcumin monoalkyne suggests that structural changes in
micelles take place prior to intracellular delivery of monoalkyne
curcumin in a tissue model and highlights the need for real time
imaging of dynamics of colloidal nanocarriers in a tissue
environment. It is important to note that the tissue phantom is
a relatively simplified model of a tissue. It is expected that the
presence of lipids and other biopolymers in addition to collagen
in a tissue matrix may significantly influence the structural
dynamics of colloidal carriers. The results of this study highlight
the need for real time characterization of the dynamics of
colloidal assemblies in cellular and tissue environment.

In addition, it is known that curcumin molecules can bind a
diverse class of inflammatory proteins such as TNF-alpha,
multiple enzymes such as MMPs, proteasome and structural
proteins such as tubulin.*> Most of these binding measurements
are based on biochemical interactions in vitro with limited
evidence in cells. The approach developed in this study can be
combined with fluorescently tagged proteins and enzymes to
understand interactions of curcumin in cells and in tissues.
These measurements can complement the conventional
biochemical analysis in which curcumin binding is predom-
inantly characterized using cell and tissue lysates. The unique
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advantage of imaging based characterization in this study can be
used to determine the partitioning of curcumin in distinct
compartments of cells and tissues and its in situ association
with target molecules in diverse physiological states including
inflammation and cancer. These imaging measurements will
complement the biochemical analysis to measure the diverse
functions of curcumin and its derivatives and enable
fundamental understanding of the biological activity of
curcumin in diverse patho-physiologies. This understanding is
critical to enable clinical translation of these bioactives for both
prevention and treatment of diseases.

B CONCLUSIONS

A novel optical imaging approach to map intracellular and
intratissue distribution of small bioactive molecules is discussed.
The novel approach is based on a monoalkyne derivative of
curcumin that can be conjugated with Alexa-488 azide after its
delivery in cells and tissue. Using the imaging approach,
changes in the uptake of monoalkyne curcumin as a function of
concentration and incubation time in cancer cells were
measured and quantified with high sensitivity and specificity.
Compared with unmodified curcumin, monoalkyne curcumin
showed similar biological activity in inducing cell death in
cancer cells. A novel approach for simultaneous imaging of both
the nanoscale DSPE-PEG micelle carriers and encapsulated
curcumin in cell and tissue model systems is also discussed.
Results of imaging measurements showed a distinct distribution
of DSPE-PEG and monoalkyne curcumin in cells and tissues.
Overall, this study demonstrates a novel approach to image
spatial distribution of bioactive compounds in cells and enables
simultaneous imaging of colloidal nanocarriers and encapsu-
lated bioactives in both cells and tissues. The results of this
study have significant impact on characterization of delivery of
bioactives using diverse encapsulation systems as well as
fundamental understanding of interactions of bioactive
compounds with cellular and tissue targets.

B ASSOCIATED CONTENT

© Supporting Information

Additional data of purification and characterization of
monoalkyne curcumin is presented (Figure S1). Sensitivity of
imaging intracellular uptake of monoalkyne curcumin (Figure
S2), and intracellular localization of monoalkyne curcumin in
HelLa cells (Figure S3) is also characterized. This material is
available free of charge via the Internet at http://pubs.acs.org.
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