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The clinical diagnosis of most cancers is based on evaluation of histology microscopic slides to view the
size and shape of cellular nuclei and morphological structure of tissue. To achieve this goal for in vivo and
in-deep tissues, near infrared dyes-bovine serum albumin and immunoglobulin G conjugates were syn-
thesized. The spectral study shows that the absorption and fluorescence of the dye conjugates are in the
“tissue optical window” spectral ranges between 650 and 900 nm. The internalization and pinocytosis of
the synthesized compounds were investigated at cell level using fluorescence microscopy to obtain the
optimal concentration and staining time. © 2014 Optical Society of America

OCIS codes:
microscopy.
http://dx.doi.org/10.1364/A0.53.002345

1. Introduction

Optical methods can utilize low energy radiation in
the near infrared (NIR) range to detect pathologic
conditions and monitor the progression or retrogres-
sion of tumors [1,2]. However, until now, the confir-
mation of most cancers still depended on biopsy
samples taken randomly from the suspected organ.
Histology slides are used to diagnose the precursors
and stages of cancers based on phenotypic markers,
such as nuclear-to-cytoplasmic ratio and appearance
of cell nuclei. The optical fluorescence microscopy
technique has the potential to function as an “optical
biopsy” to view these features in vivo. Cypate dyes
are a class of nontoxic, bright, and photo-stable
organic fluorophores that have shown great advan-
tages in optical imaging. However, due to the
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hydrophobic nature of cypate dyes, they are not suit-
able for biological applications. A carrier is required
to deliver these NIR fluorophores in vivo. For this
purpose, NIR dyes-bovine serum albumin (BSA)
and immunoglobulin G (IgG) conjugates were inves-
tigated [1]. The conjugated compounds were purified
on a Sephadex G-25 column with 1x phosphate-
buffered saline (PBS) buffer. Fractions were evalu-
ated using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). The absorption
and fluorescence spectra of the dye bioconjugates
were measured and shown to be within the NIR “tis-
sue optical window” between 650 and 900 nm. The
peak positions of both absorption and fluorescence
spectra of newly synthesized compounds were ob-
served to be similar to that of corresponding free
dyes. Fluorescence microscopy measurements were
performed for dye-bioconjugates-stained different
cell lines with outfitted far red to NIR light sources
and corresponding filters for visual confirmation of
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internalization and pinocytosis of the synthesized
compounds in cell lines. The dye, 4',6-diamidino-2-
phenylindole (DAPI), was used to stain cell nuclei
[3]. The time and concentration dependences of cell
staining of the compounds were systematically stud-
ied to obtain the optimal concentration and staining
time. This study serves as a step to forward to our
in vivo histological microscopy evaluation using “op-
tical biopsy” and illustrates the protocol for synthesis
of dye-bioconjugates using the efficient two-step cou-
pling of protein with the dye [3]. It can be used as a
helpful tutorial or note for researchers in the field of
biomedical optics to know how to design, develop,
synthesize, and test dye-bioconjugates working as
optical contrast agents for cancer detection.

2. Methods and Samples

A. ICG, Cypate, and Cypate 3

Indocyanine Green (ICG), also called Cardio-Green,
is the only U.S. Food and Drug Administration
(FDA)-approved clinical dye in the NIR range. It is
one of the most important cyanine dyes since its fluo-
rescence is in the spectral range between 775 and
850 nm, existing in the NIR “tissue optical window.”
The molecular structure of ICG is schematically
shown in Fig. 1(a).

(@) O3S
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Fig. 1. Molecular structure of (a) ICG, (b) dye cypate, and (c) dye
cypate 3.
2346 APPLIED OPTICS / Vol. 53, No. 11 / 10 April 2014

Cypate dye (1H-Benz[elindolium, 3-(2-carboxyethyl)-
2-[7-[3-(2-carboxyethyl)-1,3-dihydro-1,1-dimethyl-
2H-benz[e]indol-2-ylidene]-1,3,5-heptatrienyl]-1,
1-dimethyl-,chloride) and cypate 3 dye (1H-Benz
[elindolium, 3-(2-carboxyethyl)-2-[7-[3-(2-carbox-
yethyl)-1,3-dihydro-1,1-dimethyl-2H-benz[e]indol-2-
ylidene]-1,3-pentadienyl]-1,1-dimethyl-,chloride) are
ICG-derivative NIR dyes. Cypate and cypate 3 dyes
used in this study were prepared with the expertise
of biochemistry at Achilefu’s group at the Washing-
ton University School of Medicine. The synthesis of
this type of contrast agent was reported elsewhere
[1]. The molecular structures of cypate and cypate 3
are shown in Figs. 1(b) and 1(c), respectively. The ma-
jor difference between the cypate and cypate 3 struc-
tures is the length of their trans-chain. Compared
with the clinically used dye, ICG, the main advan-
tage of the studied cypate or cypate 3 dyes is their
carboxylic group. Usually an antibody or peptide
has an amino group, which can be conjugated with
the carboxylic group of cypate/cypate 3 to form an
amide bond. This property makes cypate and cypate
3 better than other NIR dyes since they can be easily
engineered to prepare a library of ligands (peptides
or antibodies) for rapid identification of bioactive
molecules [1]. Another advantage of the cypate fam-
ily is its preservation of the absorption and fluores-
cence spectra in the NIR “tissue optical window” [2].
The difference of cypate and cypate 3 in the length of
their polymethane chains makes their absorption
and emission peaks different from each other.

B. Materials

The 2-(N-morpholino) ethanesulfonic acid (MES) and
NaCl with pH 6.0 were used as activation buffer. 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysulfosuccinimide (Sulfo-NHS) were
used as buffers throughout the study. Bovine serum
albumin (BSA, grade agarose gel electrophoresis,
99%) and immunoglobulin G (IgG) were purchased
from commercial sources. BSA and/or IgG were se-
lected for the conjugation of cypate dye because these
proteins have shown advantages in bringing hydro-
phobic dyes into aqueous environments to help both
circulating time and internalization in comparison
with polymers [4]. The polyethylene glycol (PEG)-
conjugated hydrophobic dyes may form self-
assembled micelle, and the size and properties of
the micelle are hard to be controlled and predicted.
The conjugates of BSA-dye cypate and cypate 3, IgG-
dye cypate and cypate 3 were synthesized, purified,
and characterized.

C. Synthesis

1. BSA-cypate conjugation:

We apply a protocol adapted from the method of
Zhao et al. [3], which is efficient two-step coupling
of protein and dye using EDC and sulfo-NHS. The
presence of Sulfo-NHS stabilizes the amine-reactive
intermediate by converting it to an amine-reactive



Sulfo-NHS ester, thus increasing the efficiency of
EDC-mediated coupling reactions.

The steps of the adapted conjugation protocol are
as follows [3]:

(a) 0.0021 mol (0.4 mg) EDC and 1 mg (0.0046 mol)
Sulfo-NHS were added in 1 ml activation buffer:
0.1 M MES, 0.5 M NaCl, pH 6.0;

(b) 0.0016-0.0032 mol (1-2 mg) cypate was added
in the reaction mixture and shaken at room temper-
ature for 0.5-1 hours;

(c) 0.54 mmol (36 mg) BSA was dissolved in reac-
tion mixture generated by steps 1 and 2, and shaken
at room temperature for overnight; and

(d) The conjugate was purified on a Sephadex G-25
column with the MES buffer.

The labeling efficiencies between the selected dyes
and proteins were evaluated via UV/Vis absorption
measurements for the conjugates in the 1X PBS
buffer analyzed using a standard equation [5] and
were found to be ~0.82 for dye/BSA, mol/mol, and
~1.1 for dye/IgG, mol/mol.

2. IgG-cypate, BSA-cypate 3, and IgG-cypate 3
conjugations:

A similar protocol is applied in these conjugations.
While one certain conjugation procedure was per-
formed, either cypate or cypate 3 and either BSA
or IgG were added together to form the dye conju-
gates. The reason for using BSA and IgG is to
minimize the aggregation of the hydrophobic dye
in biological systems. Aggregation of the dye will
cause the change of absorption spectra (J- and H-
aggregates) and the self-quenching of the fluores-
cence [6]. Using the protein conjugated cypate dye
family can bring these hydrophobic dyes to the tar-
geted hydrophilic dye level in imaging studies.

D. Cell Culture

The primary tumor carcinoma (MCF-7) [7], moderate
metastatic (DU-145) [8], and advanced metastatic
(PC-3) [8] cell lines were purchased from ATCC
(Manassas, Va.) and stored in the condition of 95%
air-5% CO, at 37°C. The primary breast cancer
MCF-7 cells were cultured in Dulbecco’s minimum
essential medium (DMEM,; Sigma Chemical Co.,
St. Louis, Missouri) with 10% fetal bovine serum
(FBS; Gibco BRL, Cleveland, Ohio), 100 U penicillin,
0.1 pg streptomycin, and 2 mmol/] L-glutamax in a
humidified incubator maintained at 37°C with 5%
COy. The moderate metastatic prostate DU-145 cells
were cultured in Minimum Essential Medium Eagle
(MEM; Sigma Chemical Co., St. Louis, Missouri,
USA) with 10% fetal bovine serum (FBS; Gibco
BRL, Cleveland, Ohio), 2 mM L-Glutamin, 1.5 g/L
Na-bicarbonate, 4.5 g/L glucose, 0.1 mM NEAA,
and 1.0 mM Na-pyruvate. The advanced metastatic
PC-3 cell lines cultured in Ham’s F-12 K medium
(Life Technologies, Carlsbad, California) were sup-
plemented with 20% fetal bovine serum (FBS; Gibco

BRL, Cleveland, Ohio), 1.5 g/1 NaHCOg, 1.5 g/I so-
dium, and 2 mM L-glutamine. On harvesting days,
which varied depending on different cell lines, the
cells were harvested by treatment with Trypsin-
EDTA (5% trypsin and 5.3 x 10 M EDTA: GIBCO)
for 5-10 min, diluted in the medium, then isolated by
centrifugation. They were resuspended in PBS pro-
vided by SIGMA to be washed [9]. The cells
(1 x 105 cells/well) were then grown on LabTek 8-
chamber slides (Nunc Inc. Rochester, New York)
overnight prior to the experiments. For the optimal
staining time study, all compounds were dissolved in
20% aqueous DMSO and diluted in 0.01 M PBS (pH
7.4) (Sigma, St. Louis) to a concentration of 10 pM.
Each compound (10 pM) was added to the cells in
chambers to obtain final concentration of 1 pM and
incubated at 37°C or 4°C. The samples were analyzed
at different time points [9]. For the concentration
dependence study, cells were incubated in compounds
with different concentrations for ~4 hours at 37°C.
After washing four times with 0.01 M PBS (pH
7.4), the cells were stained for 2-3 min with fluores-
cence agent DAPI for visual nuclei at room tempera-
ture. Cells were covered with coverslips and sealed
with nail polish. An Olympus fluorescence micro-
scope (BX 51) was used to analyze all samples.

3. Experimental Results and Discussion

A. Confirmation of the Conjugation Using SDS-PAGE

An activated carboxylic group of cypate and cypate 3
was conjugated with BSA and/or IgG. The conjuga-
tion of cypate and cypate 3 to proteins was confirmed
by SDS-PAGE. As an example, the fluorescence
image of cypate 3 SDS-PAGE for cypate 3-protein
conjugates gel was obtained using a small animal im-
aging system, Pearl Imager (Li-COR), and is shown
in Fig. 2. Both lanes 1 and 7 are fluorescent ladders,
which are used to index molecular weight (MW) of
the compound. The lanes 2 and 3 were loaded with
unconjugated cypate 3. The cypate 3-protein conju-
gates with different concentrations were loaded in

250
150
100

<— 160kDa

75

50
37
25

<—— 25kDa
20

Fig. 2. SDS-PAGE of cypate 3-protein conjugates. Lanes 1 and 7
for fluorescent ladder, lanes 2 and 3 for unconjugated cypate 3,
and lanes 4, 5, and 6 for cypte 3-protein conjugates with different
concentrations.
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lanes 4, 5, and 6. It can be seen from Fig. 2 that
the free cypate 3 dye appears less than 1 kDa (at
the bottom of the gel). The BSA conjugates showed
bands corresponding to the appropriate MW with
~160 kDa while IgG showed bands corresponding
to the heavy chain of MW with ~55 kDa [10]. A
pattern often observed in the SDS-PAGE gel is
usually the heavy-chain, which is a subunit of IgG
protein [11].

B. Absorption and Fluorescence Spectra of Cypate 3 and
Cypate Dyes and their Conjugates

Optical properties of cypate 3 and cypate dyes and
their protein conjugates were investigated. The
absorption and fluorescence spectral features of
dye conjugates can be used as the reference for a fluo-
rescence microscope imaging study. In our spectral
study, cypate 3 and cypate conjugates were solvated
in the MES and NaCl with pH 6.0 buffers. The
absorption spectra of cypate and cypate 3 were mea-
sured using a Beckman Coulter DU640 UV-visible
spectrophotometer in the spectral range of 300-—
900 nm. The absorption spectra were collected with
a resolution of ~1 nm [12]. Absorption or optical den-
sity (OD) measurements can be used to determine
the concentration of compounds using the Beer-
Lambert law, which is known as

I e 1010_801 == Iolo_Kl, (1)
where ¢ is the molar extinction coefficient, ¢ is the
concentration, and [ is the path that the light travels.
The OD measurement gives light attenuation after
traveling in the solution of the compound depending
on the product of ¢,¢, and /. In our measurements,
cells with thickness of 1 cm are used. Since, the molar
extinction coefficient of certain compounds such as
ICG, cypate 3, or cypate can be found from the pre-
vious study [13], the concentration can be obtained
using the results of the OD measurements and
Eq. (1). In our study, cypate 3 and cypate conjugates
were diluted with 1:n to fall in the accurate measure-
ment range of OD from 0.01 to 0.1. Once the optimal
condition was satisfied, the compound solution
was measured at least three times by diluting the

(a) 0.035 T T T T T
.
00304 |— O.D. 8x10
0025 = Emission L=
r6x10° g
=]
0.020 / =
4 =]
S s <
2 0.0151 / F4x10"
=] 7 =
g 172}
4 =
0.010 2
/ Fox10* =
0.005 /
0

T T T T
650 700 750 800

Wavelength (nm)

T
550 600 850

conjugates solution by 1:2:4. The OD values should
be linearly dependent on the concentration. The
measurements with different concentrations were
used to reduce the error of experimental results.

The fluorescence spectra were measured using the
Fluorolog-3 spectrofluorometer system provided
by dJobin Yvon Inc. of Horiba Group at Edison,
New dJersey. The excitation light with 5 nm spectral
width was focused on samples with a spatial size of
~3x1 mm. The power of the incident light was
~0.5 uW. The scan speed was 200 nm/min. The fluo-
rescence was collected with a resolution of ~1 nm.

Figures 3(a) and 3(b) show the measured absorp-
tion (dashed line) and fluorescence (solid line) spec-
tra of cypate 3 and cypate, respectively. The
absorption band of cypate 3 ranges from ~550 to
750 nm with a strong peak at 704 nm and a shoulder
peak at 650 nm. The fluorescence spectrum of cypate
3 covers 680—-850 nm with a main peak at 720 nm.
The absorption band of cypate ranges from ~650 to
850 nm with a strong peak at 802 nm and a shoulder
peak at 732 nm. The fluorescence spectrum of cypate
covers from 770 to 900 nm with a main peak at
820 nm. The results show that both the cypate 3
and cypate conjugates possess the spectral advan-
tages of the fluorescence and the absorption ranges
being in the “tissue optical window” from 650 to
1100 nm. The differences of the absorption and fluo-
rescence peaks between cypate and cypate 3 can be
used to mark different NIR specific contrast agents
to target different cancer receptors.

C. Determination of Dye—IgG Conjugation Internalization
Using Fluorescence Microscope

The internalization of the cypate 3-IgG conjugate was
investigated by using a red channel for excitation and
monitoring using an Olympus BX51 WI fluorescence
microscope. A 40x objective lens was used for micros-
copy study. The chamber slide system [8 wells,
Permanox slide, 0.8 cm? /well, sterile, 96/cs (Sigma-
Aldrich)] were used for time- and concentration-
dependent studies. Internalization of the compounds
in cells was investigated at 0.5, 1, 2,4, 8,16 and 24 h
incubation in live MCF-7 cells using the cypate 3-IgG
conjugate with 10 M concentrations, and the results

(b) 0.025 . 5x10°
— O.D. Fax10*
0.020{ |— Emission _
42
-3x10° 5
=
3 <
2 0.0154 4 2x10* T
=} / =
Z
~ 5
i F1x10* £
y =
d
0.010- /
Lo

T T T
750 800 850

Wavelength (nm)

T
650 700

Fig. 3. OD (dashed line) and fluorescence (solid line) spectra of (a) cypate 3 and (b) cypate.
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Fig. 4.

1 2
16 24

Intracellular distribution of 10 pM cypate 3-IgG conjugate in MCF 7 cells at 37°C at 0.5, 1, 2, 4, 8, 16, and 24 h. The nuclei stained

with DAPI is shown as blue, and cells stained with cypate 3 are shown as red. The unstained control cells were indexed as hour 0.

are shown in Fig. 4. The cells incubated with a culture
medium and DAPI (nuclear dye) alone in a 0.01 M
PBS buffer were used as controls. The imaging
parameters were kept the same for the control and
sample groups. Quantification was performed by
measuring fluorescence intensity in the cytoplasm
at different time points. For the concentration
dependence experiments, cypate-IgG conjugates
with 0, 0.01, 0.05, 1, 5, 10, 25, and 50 pM concentra-
tions were incubated in live MCF-7, DU-145, and
PC3 cells lines for 8 hours. The stained cell lines
were imaged with an Olympus fluorescence micro-
scope. The mean fluorescence intensity of the cell
lines was analyzed using the ImagedJ software. For
each image, the same analysis procedures were ap-
plied: (1) randomly choose five positions in cytoplasm
to read the fluorescence intensity; (2) randomly
choose five positions far from the cell as the back-
ground; (3) subtract the intensity of background from
the fluorescence intensity; and (4) perform statistical
analysis to obtain the mean and standard deviation
values of the fluorescence intensities for different
images.
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Fig. 5.

To obtain the optimal concentration and staining
time for internalization and pinocytosis of the
synthesized compounds in PC-3 cells, the time-
and concentration-dependences of cell staining were
studied. As shown in Fig. 5, the control cells without
the cypate 3-IgG conjugate have no fluorescence.
With the time elapse, the intracellular fluorescence
intensities of the cypate 3-IgG conjugate varied
slightly in the first 3 h. At hour 4, dramatic increased
fluorescence intensity was observed. To quantify the
fluorescence intensity changes with the staining
time, each of the staining cell images were obtained
by averaging a number of images taken at a same
time point using Imaged analysis, and the results
are shown in Fig. 5(a).

It can be seen from Fig. 5(a) that no red fluores-
cence can be observed without compound staining.
At the first two hours, very limited compounds en-
tered into cells. This makes the fluorescence inten-
sity very weak with slight fluctuations, which can
be shown more clearly by extending the time range
from 2 to 24 h. The dramatic increase of the fluores-
cence intensity occurs at the fourth hour and the

(b)
——3

—_~

B 125 -

100

75
50 4

/ _
— T T T T
0.01 0.05 1

Fluorescence intensity (A.

254

)
S

T T T T T T T
5 10 25
Concentration (uM)

(a) Staining time dependence of the synthesized cypate 3-IgG conjugate in MCF-7 cells and (b) concentration dependence of the

synthesized cypate-IgG conjugate in PC-3 cells for studies of internalization and pinocytosis.
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intensity keeps increasing with time until hour 8.
This indicates that the most cypate 3-IgG compounds
entered into the cells in the period from 4 to 8 h.
From 8 to 16 h, the change of the fluorescence inten-
sity is tiny, and shows somehow slightly decrease
with a small fluctuation. The time dependence stud-
ies show that the dye-IgG compound needs ~4 hours
to enter into cell membranes. The most active time
may happen within 4 to 8 h. After hour 8, the inter-
cellular and intracellular compounds may be bal-
anced. The pinocytosis may stop [14].

The concentration dependence studies were per-
formed using the cypate conjugate in PC3 cell lines.
Previous study shows that cypate conjugates have no
obvious impact to cell viability even up to concentra-
tion of 100 uM [15]. The data were also averaged
using Imaged analysis, and the results are shown
in Fig. 5(b).

No intracellular fluorescence can be observed if no
cypate-IgG conjugates were added. Even when very
low concentrations of 0.01 and 0.05 pM were used,
obvious fluorescence can be observed. With an
increase of concentration, the fluorescence intensity
increases. After 10 pM, the fluorescence intensity
somehow keeps unchanged with slight fluctuation.
The concentration dependence studies show that
the increase of the compound concentration results
in an increase of fluorescence intensity, indicating
a higher concentration makes more compounds enter
into cell lines. The optimal concentration of dye-IgG
compound is ~10 to 25 pM.

Our study about the internalization and pinocyto-
sis of the synthesized NIR cypate-IgG compounds
may serve as the first step forward to our future
in vivo histological microscopy evaluation using an
“optical biopsy” with an NIR endoscope fiber-based
probe [16]. Although there are numerous reports
about optical noninvasive and/or less invasive meth-
ods for monitoring cancers, random surveillance
biopsies are still the current gold standard for the
identification of lesions. It was reported that the
high-resolution microendoscope (HRME) developed
by Richards-Kortum’s group can be used to image
and identify histopathologic features of metaplasia/
low grade dysplasia, high grade dysplasia, and
esophageal adenocarinoma [17,18]. With the help
of HRME, optical biopsies will be advanced into
the in vivo clinical stage. Optical imaging enhanced
by synthesized cypate-derivative dyes combined with
HRME may enable medical doctors to confirm a di-
agnostic conclusion because it is possible to visualize
the morphological and architectural changes due to
development of cancer such as the enlarged nuclear
size and increased nucleus to cytoplasmic ratio
in vivo without taking tissue samples. Furthermore,
Murari et al. developed an all-fiber-optic scanning
multiphoton endomicroscope and demonstrated
two-photon (2P) imaging of cultured cells and mouse
tissue, both labeled with ICG [19]. With the help
of 2P endomicroscope, it is possible to not only visu-
alize cellular feature but also benefit in reduced

2350 APPLIED OPTICS / Vol. 53, No. 11 /10 April 2014

background fluorescence [19] and enhance the image
depth in tissues [20].

4. Conclusion

In this study, the far-red dye cypate 3 and the NIR
cypate-IgG conjugates were synthesized using the
method of efficient two-step coupling of proteins
and dyes. The conjugate was purified on a Sephadex
G-25 column with 1X PBS buffer. Fractions were
evaluated using SDS-PAGE. The absorption and
fluorescence spectra of the dye-bioconjugates were
measured and shown to exist in the NIR “tissue
optical window” between 650 and 900 nm. A fluores-
cence microscopy study was performed for visual con-
firmation of internalization and pinocytosis of the
synthesized compounds in MCF-7 and PC-3 cells.
DAPI was used to stain cell nuclei. The time and
concentration dependence of cell staining of the
dye-protein conjugates were investigated. The most
active time for compound internationalizing time
was found within 4 to 8 h after dye-bioconjugates
were added and the optimal concentration was
obtained as ~10 to 25 pM.

This research is supported by U.S. Army
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