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Abstract: A two-photon excitation difluoroboron dye acti-
vated in the near infrared region for biological image analysis
was synthesized in this study. Cell affinity, membrane inter-
action, and the endocytosis pathway of PAMAM dendrons
were investigated using only covalent two-photon dyes (TPD)
at the periphery of the PAMAM dendrons. Generation 3 TPD-
labeled PAMAM dendrons (BG3) exhibited multivalency bind-
ing on the Hela cell membranes from the cell affinity study
in the fixation of HelLa cells. Photo-stimulation on the mem-
brane of the living HelLa cell was observed by confocal opti-
cal imaging in situ, using the two-photon model, when
incubated with BG3. Analyses of cell membrane integrity via
lactate dehydrogenase (LDH) assay confirmed membrane

damage at two photon excitation model. However, no varia-
tion in the cell was observed using the one-photon excitation
model. These results indicated a high degree of dendrons
uptake by cells through binding to the cell membrane follow-
ing the endocytotic pathway. Furthermore, the wide excita-
tion fluorescence spectrum of difluoroboron dye provides
dual imaging with which to study the endocytosis of TPD-la-
beled PAMAM dendrons using a single near infrared laser.
© 2012 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 100A: 746-
756, 2012.
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INTRODUCTION

Two-photon excitation techniques are related to novel
imaging in cell biology. Lasers used to excite two-photon
fluorescence lie in the near infrared region (700-1000
nm), and two-photon excitation from laser light provides
deeper penetration into the living tissue. The process of
two-photon absorption takes place only in the focus of the
laser beam, thereby providing three dimensional resolu-
tions. Similarly, phototoxicity from two-photon absorption
occurs only at the focal point. The other benefit of two-
photon excitation is the application of dual color labeling
for cell imaging. Dual or multi-color optical images of cells
are common in confocal microscopy for the identification
of individual cell organisms or to determine the trace of
drug carrier uptake in the cell. However, most two-photon
confocal microscopes are fitted with only a single expen-
sive, femtosecond laser. The difficulty stems from the fact
that single excitation wavelengths rarely show well sepa-
rated fluorescence unmixing of overlapping emission
profiles.

The discovery of multi-photon dyes exhibiting long-
range excitation wavelength is important. One multi-photon
dye, a difluoroboron-based dye, such as BODIPY and p-diket-
onate derivative, exhibiting high emission quantum yields,"
two large photon absorption cross sections,®> and a wide
range near infrared region,* could be designed and synthe-
sized for the above mentioned approach. This long-range
excitation wavelength from the multi-photon absorption
process would be a useful tool for identifying color in cell
imaging research. Therefore, this study uses a single excita-
tion wavelength to identify the trace or drug carrier local-
ization with separated excitation wavelengths.

Dendrimers are widely used in pharmaceutical applica-
tions, for example, carrying drugs and genes to specific cells,
and its architecture can dramatically influence pharmacoki-
netics. Internalizing a therapeutic agent into the void space
within the periphery and core, or attachment by covalent
bonding to a functional surface group, is one such applica-
tion. Most research on dendritic polymers has focused on
globular dendrimes with a point core; however, recent work
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has involved preparation and study of dendritic molecules.
Hyperbranched polymers are another class of dendritic
polymer receiving considerable attention due to their den-
drimer-like properties.”® Dendrons, also called dendritic
molecules, are typically asymmetric partial dendrimers and
can be fabricated either covalently or non-covalently in com-
plete dendritic polymers. Dendrons self-assembly could also
lead to vesicular structure of the dendrisome’ and a cova-
lent dendron structure in the linear polymer to construct a
dendritic polymer® ' The dendron structure plays an im-
portant role in the aforementioned structures.

Several mechanisms have been proposed to describe mo-
lecular transport across cell membranes, such as endocytosis,
passive diffusion, carrier-mediated, and paracellular trans-
port. However, dendritic polymer have been widely investi-
gated as carrier to overcome the intracellular barrier via
either paracellular or transcellular pathways.'® Previous stud-
ies have reported that the shape or generation of the den-
drimer may play a role in forming dendrimer-lipid complexes
on the membrane.’**® Dendrimer cell membrane interaction
has been directly observed by using atomic force microscopy
and fluorescence microscopy.'®*® In addition, Dendrimer
have been reported exhibited higher binding affinity on cell
membrane also called as multivalency effect'® and therefore
induced the nano-holes formation or expanded the size of
pre-existing defects in the lipid bilayer."®'” However, limited
knowledge of the influence of dendrons on membrane trans-
port and cellular uptake has restricted progress toward bio-
medical application such as drug delivery design and bioma-
terials and cell membrane interaction. The current research
synthesized a difluoroboron based dye, excited by multiple
photons in the near infrared region, and then conjugated it
with three-generation PAMAM dendrons (BG1, BG2Z, and
BG3). This work also investigated the cell affinity of BGI,
BG2, and BG3 through exposure to fixed HeLa cells. To
observe the endocytosis of high generation BG on HelLa cells,
we simultaneously obtained an optical image using one pho-
ton and two-photon confocal microscopy. Finally, localization
of BG3 was determined using a two-color image of the HeLa
cell using a stained lysosome compartment and coexisting
BG3. Results from these two photon excitation images pro-
vide information to realize the cell uptake process of the
TPD-labeled PAMAM dendrons.

EXPERIMENT

Materials

Chemicals such as, methyl acrylate, ethylenediamine, succinic
anhydride, 4-dimethylaminopyridine, and boron trifluoride
etherate (48% BF3) were purchased from Acros. Tert-butyl 2-
aminoethylcarbamate  3-oxo-3-(2-(3-oxo-3-phenylpropanoyl)-
phenoxy)propanoic acid, dichrolomethane, and triethylamine
were purchased from TCI, Aldrich, Wako, and Alfa. Solvents,
methanol and N,N-dimethylsulfoxide (DMSO), were purchased
from Acros. The Lyso Tracker DND-99 and Nile Red were
obtained from Molecular Probes. Fetal bovine serum (FBS)
was obtained from Perbio. Dulbecco’s Modified Eagle Medium
(DMEM) and Dulbecco’s Phosphate Buffered Saline (PBS) were
obtained from Gibco. All products were used as received.
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Materials characteristic

Changes in the chemical structure of dendrons and dye mole-
cule were monitored on the basis of '"H NMR and *C NMR
spectra. 'H NMR and '3C NMR were recorded on a Bruker
Avance-500 MHz using CDCl3 as solvents and tetramethylsilane
(TMS) as an internal standard. Identification of chemical groups
was examined by IR spectroscopy using a Fourier Transform
IR spectrometer (Nicolet-6700). Investigations were performed
in the absorption mode, using KBr pellet techniques, at a reso-
lution of 4 cm™". A mass spectrum was obtained using a Finni-
gan/MAT 95XL-T spectrometer. Elemental analyses were per-
formed on a Vario EL elementary analyzer.

Synthesis of TPD-labeled PAMAM dendrons

Synthesis of G0.5, G1.5, and G2.5. A 10 mL methanol solu-
tion of core reagent tert-butyl 2-aminoethylcarbamate, G1
or G2, was carefully added drop wise to a stirred 10 mL
methanol solution of methyl acrylate and furthermore
stirred for 48 h under nitrogen at room temperature. The
solvent was removed under reduced pressure at 40°C using
a rotary evaporator, and the resulting colorless oil was dried
under a vacuum overnight to obtain the final product:

GO.5: Yield 96%, transparent liquid, IR cm™ Y 1740
(C=0); *H NMR (CDCl;) & = 1.438 (s, 9H, (CH3)3-C), 2.406-
2433 (t, 4H, CH,C00), 2.499-2.522 (t, 2H, CH,N(CHy),),
2.727-2.753 (t, 4H, CH,CH,C00), 3.159-3.169 (m, 2H,
CH,NH), 3.675 (s, 6H, CH30), 5.081 (s, 1H, NHC00). *3C
NMR (CDCl3): &: 28.3, 33.6, 38.7, 39.4, 39.9, 51.5, 54.3, 79.4,
156.2, 174.8. MS: m/z Calcd for Ci5H,gN,04: 332, Found
333 (M+H)", Elemental Analysis: Calcd: C, 54.20; H, 8.49;
N, 8.43, Found: C, 54.18; H, 8.48; N8.44.

G1.5: Yield 92%, light yellow liquid, IR cm™*: 1740
(C=0); 'H NMR (CDCl3) & = 1.430 (s, 9H, (CH3)5-C), 2.342-
2.683 (t, 4H, CH,CONH), 2.425-2.457 (m, 8H, CH,CH,C00),
2.545-2.568 (m, 6H, CH,N(CH,),)), 2.751-2.803 (m, 12H,
CH,CH,;NCH; [near focal point], CH,N(CH;);), 3.185-3.195
(m, 2H, CH,NH), 3.675 (s, 6H, CH50). **C NMR (CDCly): &:
28.2, 33.6, 38.5, 39.4, 39.5, 51.2, 54.7, 79.4, 156.6, 174.6.
MS: m/z Calcd for C33HgoNgO12: 732, Found 734 (M+2H)*,
Elemental Analysis: Calcd: C, 54.08; H, 8.25; N, 11.47;
Found: C, 54.03; H, 8.27; N,11.36.

G2.5: Yield 94% yellow liquid, IR cm™*: 1740 (C=0); H
NMR (CDCl3) & = 1.433 (s, 9H, (CH3)3-C), 2.346-2.2.371 (t,
4H, CH,CH,CONH), 2.431-2.459 (t, 16H, CH,CH,CHOO),
2.549-2.596 (m, 14H, CH,N(CHj)), 2.747-2.833 (m, 28H,
CH,CONH, CH,C00), 3.182 (t, 2H, CH,CH,NCH; [near focal
point]), 3.302-3.309 (m, 12H, CH,CH,NCH,), '3C NMR
(CDCl3): &: 28.5, 33.6, 384, 39.4, 39.5, 51.6, 54.5, 79.6,
1565, 174.6. MS: m/Z Calcd for C69H124N14024: 1532, Found
1533 (M+H)+, Elemental Analysis: Calcd: C, 54.03; H, 8.15;
N, 12.78, Found: C, 53.95; H, 8.19; N12.85.

Synthesis of G1, G2, and G3. A 5 mL methanol solution of
G0.5, G1.5, or G2.5 was slowly added to a vigorously stirred
10 mL methanol solution of 1,2-diaminoethane. After com-
plete addition, the mixture was continuously stirred for 4
days at room temperature. The solvent was then removed
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under reduced pressure, maintaining a temperature lower
than 40°C.

G1: Yield 83%, transparent liquid, IR cm™": 1640 (amide
1), 1557 (bending, NH,) 3300 (NH,); 'H NMR (CDCl;) & =
1.438 (s, 9H, (CH3)3-C), 2.406-2.433 (t, 4H, CH,CONH),
2.499-2.522 (m, 6H, CH,;N(CHy), CH,CH,NH,;), 2.727-2.753
(t, 4H, CH,CH,CO00), 2.875 (t, 4H, CH,NH;), 3.159-3.169 (m,
2H, CH,CH,N), 5.081 (s, 1H, NHC00). **C NMR (CDCl;): &:
28.4, 33.5, 38.8, 39.5, 39.8, 54.4, 79.1, 156.1, 174.7. MS: m/z
Calcd for Cy7H36NgO4: 388, Found 388, Elemental Analysis:
Calcd: C, 52.56; H, 9.34; N, 24.63; Found: C, 52.49; H, 9.33;
N, 24.59.

G2: Yield 87%, light yellow liquid, IR cm™': 1640 (amide
1), 1557 (bending, NH,), 3300 (NH,); "H NMR (CDCl3) & =
1.435 (s, 9H, (CH3)3-C), 2.362-2.433 (m, 12H, CH,CONH),
2.437-2.455 (m, 12H, CH,CH;N, CH,CH,NH,), 2.531-2.559
(m, 12H, CH,CH,CONH), 2.731-2.738 (m, 6H, CH,N(CH,),),
2.812-2.820 (t, 8H, CH,NH;), 3.279-3.312 (m, 10H, CH,NH,,
CH,CH,N(CH3)). '3C NMR (CDCl3): &: 28.2, 33.5, 38.8, 39.4,
39.8, 543, 79.2, 156.1, 174.7. MS: m/z Caled for
C37H76N140g: 844, Found 842 (M-2H)", Elemental Analysis:
Calcd: C, 52.59; H, 9.06; N, 23.20; Found: C, 52.48; H, 9.03;
N, 23.13.

G3: Yield 90%, yellow liquid, IR cm™": 1640 (amide I),
1557 (bending, NH,), 3300 (NH,); 'H NMR (CDCl3) & =
1.548 (s, 9H, (CH3)3-C), 2.175 (b, 16H, CH,CH,NH,), 2.363-
2416 (m, 12H, CH,CH,CO0), 2.539-2.548 (t, 6H, CH,CH;N),
2.737-2.753 (t, 12H, CH,CH,CO), 2.808-2.830 (t, 16H,
CH,NH,), 3.192-3.198 (t, 4H, CH,CH,N) 3.249-3.299 (m,
10H, CH,CH,NH, and CH,CH;N [Near focal point]). 3¢
NMR (CDCl3): &: 284, 33.7, 389, 39.5, 39.8, 54.7, 79.1,
156.1, 174.9. MS: m/z Calcd for C;7H;56N30016: 1756, Found
1758 (M+2H)™, Elemental Analysis: Calcd: C, 52.60; H, 8.94;
N, 23.09, Found: C, 52.58; H, 8.99; N, 23.11.

Synthesis of TPD. Reagents of 3-ox0-3-(2-(3-oxo-3-phenyl-
propanoyl)phenoxy) propanoic acid (1 g), succinic anhydride
(0.5 g), dimethylaminopyridine (0.1 mg), and 1.2 mL triethyl-
amine were dissolved in THF and left overnight at room tem-
perature. The resultant solution was poured into deionized
water, and the resulting mixture was extracted three times
using dichrolomethane (DCM). The residue solid was purified
by column chromatography (DCM/hexane). The pink precipi-
tate, which was obtained by evaporating the solvent, was
used for further reaction with 2 mL BF3Et,0 in CH,Cl, at
60°C for 1 h. The reaction mixture was concentrated by a ro-
tary evaporator under reduced pressure. For further purified
the final compound was re-crystallized from acetone and hex-
ane (1:3). Yield 82%, dark yellow solid, IR cm™': 1644
(C=0, carboxyl), 1631 (C=0, complexified with B), 3400
(—OH), *H NMR (CDCl3): 2.688-2.709 (t, 2H, CH,CH,COOH),
2.836-2.980 (t, 2H, CH,COOH), 6.252 (s, 1H, COCHCO),
7.433-7.502 (m, 5H, Ar-H, para to PhCOO(meta to PhCO),
ortho to PhCO and meta to PhCOQO, para to PhCO and meta
to PhCO), 7.743-7.746 (t, 1H, Ar-H, meta to PhCOO and Para
to PhCO), 7.911-7.92(d, 1H, Ar-H, ortho to PhCO), 8.186-
8.199 (d, 1H, Ar-H, ortho to PhC00) '*C NMR (CDCl,):
8:43.2, 48.6, 92.3, 121.2, 121.2, 125.2, 127.4, 1279, 130.5,
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136.2, 146.5, 168.0, 169.2, 180.1. MS: m/z Calcd for
C1gH14B1F;04: 375, Found 375, 374, Elemental Analysis:
Calcd: C, 57.63; H, 3.76, Found: C, 57.62; H, 3.76.

Synthesis of BG1, BG2, and BG3. A mixture of DMAP (8
mg, 0.06 mmol) and EDC (178 mg, 0.93 mmol) was added
to a 5 mL dry DMSO solution of dye TPD (360 mg, 0.93
mmol) and G3 PAMAM dendrons (200 mg, 0.11 mmol)
while stirring. The reaction mixture was stirred for 1 day.
The precipitate (byproduct) was removed by filtration and
the solvent was removed under a reduced pressure. Den-
drons materials were purified by dialysis with a 1000 Da
cutoff membrane against methanol for 1 day.

BG1: Yield 69%, IR cm™': 1640 (amide I): 1644 (C=O0,
carboxyl of TPD), 1631 (C=0, complexified with B), 'H NMR
(CDCl3) & =1.497 (s, 9H, (CH3)3-C), 2.259-2.288 (m, 4H,
CH,CH,COOPh), 2.506-2.522 (m, 8H, CH,CONH, CH,COOPh),
2.653-2.702 (m, 6H, CH,N(CH,), CH,CH,NHCO), 2.712-2.721
(t, 4H, CH,CH,COO), 3499 (m, 8H, CH,CH,N, CH,NHCO)
6.854 (s, 2H, COCHCO), 7.446-7.503 (m, 10H, Ar-H, para to
PhCOO and meta to PhCO, ortho to PhCO and meta to PhCOO,
para to PhCO and meta to PhCO), 7.706-7.708 (t, 2H, Ar-H,
meta to PhCOO and para to PhCO), 7.946-7.965 (d, 2H, Ar-H
ortho to PhCO), 8.247-8.266 (d, 2H, Ar-H, ortho to PhCOO).

BG2 Yield 72%, IR cm ™% 1642 (C=0), 1644 (C=0, car-
boxyl of TPD), 1632 (C=0, B complex with CO), "H NMR (d-
DMSO) & = 1462 (s, 9H, (CH3)5-C), 2.221-2.234 (m, 8H,
CH,CH,COOPh) 2.261-2.533 (m, 20H, CH,CONH, CH,COOPh),
2461-2476 (m, 12H, CH,CH,N, CH,CH,NH,), 2.524-2.611
(m, 12H, CH,CH,CONH), 2.720-2.745 (m, 6H, CH,N(CH,),)
3.309-3.342 (m, 10H, CH,NH, CH,CH,N(CH;),). 6.634 (s,
4H, COCHCO) 7.352-8.112 (b, 24H, Ar-H, Para to Ph-COO and
meta to PhCO, ortho to Ph-CO and meta to PhCOO, Para to
Ph-CO and meta to PhCO, meta to Ph-COO and Para to
PhCO), 8012-8.201 (b, 4H, Ar-H ortho to PhCO), 8.281-8.311
(b, 4H, Ar-H, ortho to PhCOO).

BG3 Yield 74%, IR vpa/cm™ ' 1642 (C=0), 1645
(C=0, carboxyl of TPD), 1634 (C=0, B complex with C0), 'H
NMR (d-DMSO) & = 1.357 (s, 9H, (CHs)s-C), 1.728 (b, 8H,
CH,CH,NH,) 2.213-2.709 (t, 28H, CH,CH,CO, CH,CH,COOPh),
2.444-2.445 (m, 16H, CH,COOPh), 2.8585 (b, 18H, CH,CH,CO,
CH,CH,N), 3.081 (b, 8H, CH,CH,NHCO) 3.3912 (b, 14H,
CH,CH,N, CH,CH,NHCO and CH,CH,N [Near focal point]),
6.526 (s, 8H, COCHCO) 7.673-8.033 (b, 48H, Ar-H, Para to Ph-
COO and meta to PhCO, ortho to Ph-CO and meta to PhCOO,
Para to Ph-CO and meta to PhCO, meta to Ph-COO and Para
to PhCO), 8.191 (b, 8H, Ar-H ortho to PhCO), 8.291-8.321 (b,
8H, Ar-H, ortho to PhCOO).

Measuring UV-visible absorption and fluorescence
spectroscopy

The TPD-labeled PAMAM Dendrons were dissolved in phos-
phate buffered saline (PBS) buffer solution, and UV-vis
absorption spectra were recorded on a JASCO V-670 spec-
trophotometer. Emission and excitation spectra were
recorded by a HITACHI F-7000 spectrophotometer. To deter-
mine the excitation spectrum, all of the TPD-labeled PAMAM
dendrons were illuminated at a wavelength ranging from
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300 to 900 nm, and the fluorescence was collected at an
emission wavelength of 400 nm. To determine the emission
spectra, the excitation wavelengths were set to 400 nm, 780
nm, and 860 nm.

Cell culture and treatment

HeLa Cells lines were cultured in DMEM supplemented with
10% FBS in T25 culture flasks and were incubated at 37°C in
a humidified atmosphere containing 5% CO,. Cells were also
regularly passaged by trypsinization with 0.1% trypsin in PBS.

Cell affinity experiment of TPD-labeled PAMAM
dendrons

The HelLa cells (5 x 10° cells) were cultured on cover slips
and kept in a 35 mm Petri dish for 16-20 h. The HeLa was
then fixed with 4% paraformaldehyde in PBS for 30 min at
room temperature followed by permeabilization in 0.1% Tri-
ton X-100 in PBS for 30 min.2° After rinsing, HeLa cells were
incubated with BG1, BG2, and BG3 for 1 h, and the concen-
tration of BG series was fixed at TPD dye at approximately 5
pg/mL. After washing with PBS again, the specimens were
stained for lipid droplets by adding 1 pL of dilute Nile red
stock solution (1 mg/mL stock solution diluted 1:500 in
PBS) for 3 min. Images were obtained using a two-photon
Leica TCS SP5 confocal laser microscope (CLSM).

In situ optical monitor uptake process of BG3

HeLa cells (5 x 10° cells) on cover slides after incubation
for 24 h were treated with BG3 (TPD dye concentration at 5
png/ mL in the medium) before observation. BG3 in HeLa
was simultaneously observed using a Leica TCS SP5 confo-
cal laser microscope (CLSM) with excitation at 780 and 400
nm and using a filter of 390 nm for BG series detection. To
acquire the BG3 uptake in HeLa cells simultaneously, live
cells were imaged every 30 s for 18 min at 37°C. The Laser
power for two-photon confocal images and one-photon con-
focal images were both controlled at 6 mW. All settings for
observing images from one-photon and two-photon excita-
tion were under identical conditions.

LDH release assay

The effect of the BG3 on the HeLa cell membrane was investi-
gated by a LDH assay after observation by confocal micros-
copy. The LDH was determined by measuring the fluorescence
at 544 nm (excitation)/590 nm (emission) according to manu-
facturer instructions. The percentage LDH release was calcu-
lated using the following formula, where the blank is the fluo-
rescence reading of blank assay solution prepared without the
cells. The Laser power for two-photon confocal images and
one-photon confocal images were both controlled at 6 mW.

%LDN release = (experimental value)/(maximal value) x 100.

Dual imaging of TPD-labeled PAMAM dendrons

HelLa cells (5 x 10° cells) were incubated with BG3 at the
dye concentration of 5 pg/mL in the medium; and a Lyso
tracker DND 99 subcellular marker was added to the final
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concentration of 75 nM to monitor the intracellular pathway
of BG3. After incubating for 2 h, images were obtained using
a two-photon Leica TCS SP5 confocal laser microscope
(CLSM).

Co-localization analysis

Co-localization of two image was determined by the Image]
software (US National Institute of Health) with JACoP plug-
in. The confocal image of cell affinity experiment (BG3 in
green and Nile Red in red) and dual imaging experiment
(BG3 in green and DND99 in red) were analyzed, obtained
co-localization value. The plug in provide, Pearson’s coeffi-
cient (Rr value, ranging between 0 and 1, where 1 is perfect
correlation), Manders’ overlap coefficient (Ro value, ranging
between 0 and 1, where 1 is high and 0 is low co-localiza-
tion), Manders’ colocalization coefficient (M1, fraction of
green overlapping red and M2, fraction of red overlapping
green), M1 is define as the ratio of the “summed intensities
of pixels from green image for which the intensity in the
red channel is above zero” to the “total intensity in the
green channel” and M2 define conversely for red.

RESULTS AND DISCUSSION

Synthesis and characterization of TPD-labeled PAMAM
dendrons

Synthesizing the PAMAM dendrons were initiated from the
N-boc-ethyldiamine focal point and the dendrons were
stretched out by traditional PAMAM branch extension via
Michael addition and exhaustive amidation, as shown in
Scheme 1(A). To trace the uptake process of a PAMAM den-
drons, a marker TPD with two-photon absorption properties
was synthesized, as shown in Scheme 1(B). The carboxyl
group in TPD was obtained using linker elongation through
the ring opening of succinic anhydride. Boron complex in
TPD was generated by reacting TPD with BF3-Et,0. Finally,
three PAMAM dendrons with different generations conjugat-
ing the two-photon dye (BG1, BG2, and BG3) were synthe-
sized by esterification of the PAMAM dendrons (G1, G2, and
G3) with TPD, as shown in Scheme 1(C). Successful synthe-
sis of PAMAM dendrons conjugated TPD was confirmed by
'H NMR and GPC. In 'H NMR in d-DMSO, the methyl proton
(CH,CH;NH;) at 2.8 ppm completely disappeared after TPD
esterification of the PAMAM dendrons; however, the benzyl
proton of TPD at 6-8 ppm appeared, demonstrating that all
primary amines at the periphery of the PAMAM dendrons
reacted with TPD. The increase in molecular weight and re-
moval of unreacted monomer were confirmed by GPC. All of
the PAMAM dendrons conjugated TPD exhibited a single
peak, indicating that purification of PAMAM materials via a
dialysis process could be successively achieved, and un-reac-
tants were effectively removed (data not shown). The mo-
lecular weight of BG1, BG2, and BG3 were 1000, 2100, and
4600 Da, respectively. Because all the PAMAM dendrons
conjugating TPD were readily soluble in a polar solvent
(such as methanol, ethanol, or water), it could easily be
applied to a biomedical study.
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SCHEME 1. (A) Synthesis of PAMAM dendron materials (G1, G2, and G3). (B) Synthesis of two-photon excitation difluoroboron dye (TPD)

(C) Synthesis of TPD-labeled PAMAM dendron materials (BG1, BG2, and BG3). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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FIGURE 1. The UV-visible spectrum of TPD, BG1, BG2, and BG3 in
PBS solution. The concentration of BG series was fixed at 10 mmol of
TPD dye in solution. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

UV-vis and fluorescence spectra of TPD-labeled PAMAM
dendrons

In the UV-vis spectrum, the two-photon dye dissolved in
PBS exhibits an absorption band A, at 396 nm, as shown
in Figure 1. The absorption bands of BG1, BG2, and BG3 ex-
hibit the large blue shift of A,. with generation of den-
drons, 357 nm, 355 nm, and 354 nm, respectively. Because
the PAMAM dendrons do not absorb in a spectral range at
250-500 nm, this absorption band of BG1, BG2, and BG3
originally comes from the two-photon dye.

The hydrophobic characteristic of the dye moieties
mainly drives the aggregation process. H-aggregation of azo-
dye or porphyrin within the dendrimers has been reported
to be caused mainly by n-r stacking of the molecule.?! Dye
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FIGURE 2. Fluorescence excitation spectrum of TPD, BG1, BG2, and
BG3 in PBS solution fixed the emission peak at 500 nm. The Jablonski
diagrams for the electronic transitions were inserted in the figure.
The concentration of BG series was fixed at 10 mmol of TPD dye in
solution. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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molecules are known to form aggregates in the presence of
anionic and cationic polyelectrolytes.?>"2> The polyelectro-
lyte chains of PAMAM dendrons also provide an electrostatic
scaffold that assists aggregation among dye molecules by
partly neutralizing the coulombic repulsions.?® That might
be a reason why H-aggregation increased with increased
dendron generation.

The emission spectra at 500 nm of TPD, BG1, BG2, and
BG3 show common excitation bands at 780 nm, 810 nm,
and 860 nm, as shown in Figure 2. The excitation band at
810 nm showing two times the absorption band of TPD
could be classified as a two-photon absorption of energy for
electronic (SO — S1) transition; and the band obtained at
780 nm corresponds to higher energy for electronic (SO —
SN) transition. The excitation band at 860 nm might come
from multi-photon absorption of TPD. These electronic tran-
sitions are schematically indicated in the insert picture of
Figure 2. Multi-bands of the TPD and TPD conjugated den-
drons in the near infrared region could be widely applied to
cell bio-imaging. Fluorescence only occurs in the SO state,
even if emission photons differ significantly in energy. In
nonlinear optical fields and applications, the linear and
nonlinear photophysical properties of TPD are crucial when
investigating specific fluorescence characteristics. Therefore,
the following experiment emphasizes the two-photon fluo-
rescence of TPD-labeled PAMAM dendrons activated at 780
nm, which also refers to the near infrared region.

Figure 3 shows the two-photon excitation fluorescence
of BG1, BG2, and BG3 in PBS. Findings show the same blue
shift behavior when incorporating the TPD in the dendrons
periphery. The An.. in the photon excitation profile (one-
photon and multi-photon are shown in Supporting Informa-
tion) behaves as a small blue shift relative to the UV-vis
absorption spectrum in Figure 1. This difference in blue
shift may arise from a transition symmetric requirement for
two-photon excitation and three-photon excitation profiles
of TPD dye in vibration transition.’” The fluorescence

Twe pheton emission spectrum 780nm
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FIGURE 3. Two-photon emission spectrum of TPD, BG1, BG2, and
BG3 in PBS excited at 780 nm. The concentration of BG series was
fixed at 10 mmol of TPD dye in solution. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. Two-photon confocal image of BG1, BG2, and BG3 incubated with fixation HelLa cells for 30 min. HelLa cells were extracted with
0.1% Triton X-100 for 30 min after fixation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

intensity of one-photon excitation for BG2 and BG3
appeared to be the same (see Supporting Information S1).
However, the intensity at the multiphoton excitation profile
is dramatically different (as seen in Figs. 3, S2, and S3),
which show the multi-photon emission spectrum of the BG
series. Therefore, combining the multiphoton absorption dye
in the dendrons could enhance fluorescence intensity for
optical imaging research.

Cell affinity study of TPD-labeled PAMAM dendrons

To visualize the physical interaction between the TPD-la-
beled PAMAM dendrons and HeLa cells, this study investi-
gated the affinity of TPD-labeled PAMAM dendrons within
HeLa cells in the internalization process. This work exam-
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ined the dendrons in dead cells, because live cells contain a
complicated biological uptake process, making it difficult to
estimate the affinity of the TPD-labeled PAMAM dendrons
with cells. Triton X-100 is one of the most widely used non-
ionic surfactants for lysing cells to extract protein and other
cellular organelles or to permeabilize the cell membrane.?®=3°
Thus, the fixed HelLa cells were immersed in 0.1% Triton
X-100 for 30 min to increase permeability of dendron materi-
als through the cell membrane. It has been reported that the
permeability of cells could be enhanced when increasing ex-
posure time with Triton x-100.%' In Figure 4(A,B), fluores-
cence light of aggregates in a spherical shape was observed
for HeLa incubated with BG1 and BG2. The fluorescence
appearing in the organelle might be from the diffusion of
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TABLE I. Co-localization Coefficients Obtained by Computational Analysis of Confocal Image (Figs. 4 and 7)

Co-localization Coefficient

1 (Green) 2 (Red) Rr Ro M1 M2
Cell affinity experiment BG1 Nile red 0.863 0.999 0.969 0.822
BG2 Nile red 0.924 0.999 0.973 0.900
BG3 Nile red 0.609 0.996 0.333 0.919
Dual image experiment BG3 DND99 0.800 0.930 0.520 0.873

Definition of coefficients was described in the experimental section.

TPD-labeled PAMAM dendrons driven by a concentration gra-
dient and a high concentration of TPD-labeled PAMAM den-
drons in medium diffuse to low concentration of cells. Figure
4(C) shows the remarkable results obtained from the HeLa
cells incubated with BG3. We still can find spherical fluores-
cence dots within cells, with the most crucial being the fluo-
rescence spread on the whole cell's membrane, when com-
pared with BG1 and BG2.

In Figure 4(A,B), the fluorescent spherical dots in the
cells overlap with lipid droplet organisms within the cells.
Lipid droplets are spherical organelles ranging in diameter
from 50 nm at formation to 200 pm in mature adipocytes.
In addition, lipid droplets (LDs) are cytoplasmic organelles
found in most cell types, consisting of two major compart-
ments: a core filled with neutral lipids, such as triacylglycer-
ides, diacylglycerol, and cholesterol esters; and a surround-
ing phospholipid monolayer, containing free cholesterol and
proteins.>* Amphiphilic BG series can be dissolved not only
in the water phase, but also in the organic phase. All BG se-
ries should have the possibility of accumulating in those
hydrophobic nanopools of lipid droplets. The high intensity
of fluorescence spread on the whole cell’s membrane incu-
bated with BG3 demonstrates the third generation TPD-la-
beled PAMAM dendron’s high affinity on the cell membrane.
Although the fluorescence spread on the whole cell, as
shown in Figure 4(A,B), we can conclude that Generation 3
dendron materials exhibited higher multivalency behavior
than did Generations 2 and 1. This result indicates that Gen-
eration 3 dendrons can act as dendrimers to achieve the
multivalency function on cell membranes.

To reveal the presence and distribution of areas of co-
localization of TPD-labeled dendrons materials and lipid
droplet in HeLa cells, we analyze two image (BG series in
green and Nile red in red) using Image] for Figure 4(A-C).
Four colocalization coefficients were calculated, such as
Pearson’s correlation coefficient (Pr),*® Manders’ overlap
coefficient (P0),>® and colocalization coefficient (M1 and
M2)3* are presented in Table I. For the HeLa cells co-cul-
ture with BG1, the small area of co-localization of BG1 and
Nile red were characterized and exhibited high correlation
indicated by Pr = 0.863, Ro = 0.999, M1 = 0.969, and M2
= 0.822. Also, in the case of HeLa cells co-culture with
BG2 the co-localization of BG2 and Nile red were very
high (Pr = 0.924, Ro = 0.999, M1 = 0.973, and M2 =
0.900), and therefore we can conclude that both BG1 and
BG2 exhibit high co-localization with lipid droplet in the
HeLa cells. However, HeLa cells cultured with BG3 showed
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a different pattern, lower Pearsons’ correlation coefficient
and M1 coefficient were found (Pr = 0.609 and M1 =
0.333). These results suggest that the interaction between
the cell membrane and BG3 diminished the Pr and M1
coefficient value. In contrast, the Manders’ overlap coeffi-
cient (Po = 0.996) and co-localization coefficient (M2 =
0.919) of BG3 were similar with the result in BG1 and
BG2 reveal that high degree of Nile red overlap with BG3
within the cells.

Uptake behavior of TPD-labeled PAMAM dendrons

in situ

High generation TPD-labeled PAMAM dendrons (BG3) were
incubated with the living HeLa cells for observing the cell
uptake process of dendrons in situ, as shown in Figure 5.
The emission spectrum of BG3 within HeLa cells is the
same as BG3 in the PBS excited 780 nm (see Supporting
Information Fig. S4). In the early stage of incubation
shown in Figure 5(A,B), fluorescent small spots appeared
within the cells, indicating that the TPD-labeled PAMAM
dendrons travel through the endocytosis pathway. A living
image was taken every 30 s during the cell uptake process
of the TPD-labeled PAMAM dendrons. First, shirking HeLa
cells [appearing in Fig. 5(C)] and floating HeLa cells
[appearing in Fig. 5(D)] indicate that the two-photon light
triggers the cells entering the apoptotic pathway. Second, a
fluorescence trace of outflow from the cell membrane in
Figure 5(E,F) reveals that the cell membrane was damaged.
Both of these effects on the cell reveal that phototoxicity of
TPD conjugated PAMAM dendrons, excited by the two-pho-
ton laser, damaged the cell membrane. Two-photon excita-
tion of TPD can be concentrated to a small volume at the
laser focus; therefore, two-photon activated phototoxicity
could be strengthened at the region where TPD is
located.>>3° Phototoxicity is strongly dependent on two
factors: laser power and the dosage of dye (photosensitive
agent) because the laser power used in confocal micros-
copy is set to 6 mW and is quite low. The phototoxicity
might be caused by the binding of a large quantity of TPD-
labeled PAMAM dendrons on the membrane during the
uptake process. To distinguish the two-photon effects of
the TPD-labeled PAMAM dendrons influencing the cell
membrane, the research was also performed by one-pho-
ton excitation with HeLa cells incubated with the TPD-
labeled PAMAM dendrons. This condition proves that no
membrane damage or floating cells occurred (see Support-
ing Information Fig. S5). In addition, the same condition
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FIGURE 5. In situ two-photon optical image of cell uptake process of BG3 incubated with living HelLa cells at different time lapses. A: 1 min; B:

3 min; C: 6 min; D: 9 min; E:
wileyonlinelibrary.com.]

for live confocal images was performed, and no floating
cell/membrane damage for either one-photon or two-pho-
ton excitation occurred, without adding BG3 (see Support-
ing Information Figs. S6 and S7). To further prove that the
cell membrane damage occurred after two-photon light
treatment, the integrity of the plasma membrane was eval-
uated by an LDH assay after light treatment. As shown in
Figure 6, this result confirms that BG3 did not cause cell
membrane damage after one-photon irradiation. The LDH
release showed a time dependent on the two-photon light
treatment, 25.78% of LDH release was obtained at 12 min
after two-photon confocal microscopy observation. The
release of LDH in the cytotoxicity results is consistent with
the membrane damage found in the confocal microscopy
image. Therefore, membrane damage or disruption of cell
membranes can be ascribed to a concentrated photo-reac-
tion effect on cell membranes from the following: (1) the
multivalency binding effect of BG3, leading to a large quan-
tity of two-photon dye localized on the membrane during
the uptake process; and (2) the two-photon excitation that
occurred on the focal region. The subcellular localization of
photosensitizers has been shown to be a key factor in pho-
todynamic treatment inducing cell death.
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12 min; and F: 15 min. [Color figure can be viewed in the online issue, which is available at

Dual labeling imaging of TPD-labeled PAMAM dendrons

Lysotraker red DND 99, one of the two-photon fluorescence
probes for imaging acidic vesicles in live cells, was used for
dual imaging in this study. Figure 7 shows the fluorescent
image of BG3 after incubation with HeLa cells stained with
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FIGURE 6. Percentage of total LDH release from Hela cells.
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FIGURE 7. Evaluation of cell uptake of BG3 with living HelLa cells for 2 h; the green color represents BG3 dendron materials, and the red color
represents the cytosome compartment. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DND99 for 2 h at 37°C. When the excitation laser is tuned
to 780 nm, it should be excited with both BG3 and DND99,
and the band path filters should facilitate detecting two sep-
arate emissions simultaneously. To quantify the co-localiza-
tion of BG3 and DND99 in the HeLa cells, Figure 7 was also
analyzed by image] with JACOP plug in. The co-localization
coefficients were calculated in Table I. The high value of
Pearson’s correlation coefficient (Pr = 0.800), Manders’
overlap coefficient (Po = 0.930) and M2 (M2 = 0.873)
revealed that the highest degree of red color (DND99) co-
localized with the green color of BG3. In contrast, the low
value of M1 (M1 = 0.520) demonstrated only 52% of green
color colocalized with red color. This result showed that the
endocytosis is not the only way for BG3 internalized into
the HelLa cells.

The ability of dendrimers to cross cell membranes is of
much interest because of their application in drug and gene
delivery. Endocytosis of the TPD-labeled PAMAM dendrons
should be located at the lysosome, which we stained with
DND 99 to develop a red color. Otherwise, the dendrimers
penetrate the cell membrane, re-arrange lipid bilayers via
hole-formation, and enter the cells. Although we cannot
directly observe the holes exhibition on cells membrane
from confocal microscopy image, the accumulation of BG3
did not match lysosome indicates the possibility of BG3
crossing the cell membrane and located within others or-
ganelles. This may be why green fluorescence shows more
spots than red one in the merged figure (the arrow part).
Although several studies on dendrimer and liposome inter-
action have revealed structural changes to the lipid
bilayer,>”*! the current study provides different evidence
that TPD-labeled PAMAM dendron crossed the cell mem-
brane and accumulated on the organelle, using dual imaging
from two-photon confocal microscopy.

CONCLUSION

This study developed a two-photon difluoroboron dye and
the multi-emission band of TPD extends the usage of a light
source in the near infrared region. The multiple TPD ligands
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conjugated in BG3 achieved the chelating effect of den-
drimer on cell membranes*® which was confirmed in the
cell affinity experiment. Previous reports have indicated that
the dendrimer uptake process results in membrane absorp-
tion and subsequent endocytosis.3>® Photo-damage on the
cell membrane during live cell optical imaging, when HeLa
cells were incubated with BG3, also indicated a high possi-
bility of TPD-labeled PAMAM dendrons binding on the cell
membrane during the uptake process. Emission bands at
long wavelengths on the spectrum of TPD-labeled PAMAM
dendrons eventually facilitated dual image observation with
the cell simultaneously stained with DND-99. These findings
not only provide useful information for designing the TPD-
labeled PAMAM dendrons as macromolecular probe in drug
or gene carrier, but also establish a new two-photon difluor-
oboron dye for biomedical applications.
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