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L
ight-emitting materials made by con-
trolled synthetic methods and nano-
fabrication are useful for biological

imaging and sensing. Versatile systems with

easily controllable emission wavelengths

are particularly desirable. Luminescent

dye�polymer conjugates can be processed

as nanoparticles and used to track intracel-

lular structures and pathways.1 Both fluores-

cence and phosphorescence emitters are

widely used for these purposes. Phospho-

rescence is also useful for oxygen sensing,

given sensitivity to oxygen quenching

through triplet energy transfer.2�4 For ex-

ample, dual-emissive, boron biomaterial-

based oxygen nanosensors are effective ra-

tiometric tumor hypoxia imaging agents,

with good spatial and temporal resolution.5

Here we prepared nanoparticles based

on difluoroboron dibenzoylmethane�

poly(lactic acid) or BF2dbmPLA6 and ex-

plored their potential as imaging agents

for cellular uptake and trafficking studies.

The constituent polymer, poly(lactic acid)

(PLA) or polylactide, is commonly used as a

sustainable packaging material and also is a

key component of diverse biomedical de-

vices such as bioresorbable sutures and im-

plants, drug delivery systems, and tissue en-

gineering matrices.7 The boron dye, on the

other hand, exhibits a large extinction coef-

ficient, high emission quantum yield, two-

photon absorption, and sensitivity to the

surrounding environment, similar to non-

polymeric �-diketonate8,9 and BODIPY10 de-

rivatives. Furthermore, in films and bulk ma-

terials, BF2dbmPLA exhibits molecular

weight (MW)-dependent luminescence as a

single-component macromolecular sys-

tem.11

To further assess the potential of this
family of dye�polymer conjugates for biol-
ogy, we investigated whether nanoparticles
formed from BF2dbmPLA12 of different mo-
lecular weights retain color-tunable fluores-
cence in aqueous environments and within
the cellular milieu. Previously, nanoparticles
made from BF2dbmPLA (Mn � 10 400 kDa)
were investigated in vitro, and preliminary
findings suggest that they accumulated in
a perinuclear cellular compartment in Chi-
nese hamster ovary (CHO) cells when they
were added to the cell culture medium.12

However, the optical properties
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ABSTRACT In this study, nanoparticles based on difluoroboron dibenzoylmethane�poly(lactic acid)

(BF2dbmPLA) are prepared. Polylactic acid or polylactide is a commonly used degradable polymer, while the

boron dye possesses a large extinction coefficient, high emission quantum yield, two-photon absorption, and

sensitivity to the surrounding environment. BF2dbmPLA exhibits molecular-weight-dependent emission properties

and can be formulated as stable nanoparticles, suggesting that its unique optical properties may be useful in

multiple contexts for probing intracellular environments. Here we show that BF2dbmPLA nanoparticles are

internalized into cultured HeLa cells by endocytosis, and that within the cellular milieu, they retain their

fluorescence properties. BF2dbmPLA nanoparticles are photostable, resisting laser-induced photobleaching under

conditions that destroy the fluorescence of a common photostable probe, LysoTracker Blue. Their endocytosis is

also lipid-raft-dependent, as evidenced by their significant colocalization with cholera toxin B subunit in

membrane compartments after uptake and their sensitivity of uptake to methyl-�-cyclodextrin. Additionally,

BF2dbmPLA nanoparticle endocytosis utilizes microtubules and actin filaments. Internalized BF2dbmPLA

nanoparticles do not accumulate in acidic late endosomes and lysosomes but within a perinuclear nonlysosomal

compartment. These findings demonstrate the feasibility of using novel BF2dbmPLA nanoparticles exhibiting

diverse emission properties for in situ, live cell imaging and suggest that their endogenous uptake occurs through

a lipid-raft-dependent endocytosis mechanism.

KEYWORDS: polylactide · fluorescence · imaging agent · endocytosis · lipid
rafts · CLIC-GEEC
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of boron nanoparticles (BNPs) made from polymers of
different molecular weights have not been investigated
in detail, either in aqueous suspension or in cells. This
study characterizes the optical properties and stability
of these BNPs, tests their internalization modalities in a
HeLa fibroblast-like model cell line, and begins to deter-
mine their endogenous internalization mechanisms in
this system. We show here that BNPs internalized into
cultured cells retain their unique optical fluorescence
emission properties and are photostable in situ. These
BNPs exhibit equivalent internalization behavior re-
gardless of the constituent polymer molecular weight
within the ranges explored in this study. Finally, BNP in-
ternalization is rapid and occurs via a lipid-raft-
dependent internalization pathway.

RESULTS AND DISCUSSION
Nanoparticle Fabrication and Characterization. Dibenzoyl-

methane (dbm) modified with a primary alcohol func-
tionality was combined with BF3 to synthesize
BF2dbmOH for use as an initiator in controlled, solvent-
free, tin-catalyzed lactide polymerization, thus forming
difluoroboron dibenzoylmethane�poly(lactic acid)
(BF2dbmPLA).6 By changing reaction conditions (e.g.,
monomer loading, polymerization times), boron poly-
mers with different molecular weights were prepared.

Previously, experiments have shown that
BF2dbmPLA fluorescence emission spectra vary de-
pending on the molecular weight of the polymer
chain.11 The MW dependence of BF2dbmPLA fluores-
cence has been confirmed in powder and film states.

To further explore the potential of utilizing the optical

properties of BF2dbmPLA in biological imaging, sens-

ing, and delivery systems and to test whether these

unique color-tunable optical properties persist at the

nanoscale and in aqueous environments, samples of

various MWs were fabricated into nanoparticles via

nanoprecipitation.13,14 Characterization data are pro-

vided in Table 1. Samples are named as BNPX, where X

is the molecular weight of the polymer used to fabri-

cate the particles, 3, 6, 12, 17, and 20 kDa, respectively.

In the nanoparticle state, the molecular weight de-

pendence of BF2dbmPLA fluorescence is clearly evi-

dent upon visual inspection (Figure 1) and in emission

spectra (Figure 2). Emission maxima, �em, range from

498 to 437 nm for nanoparticles composed of 3�20

kDa BF2dbmPLA. This trend is likely caused by a dye

concentration effect, induced by local polarity differ-

ences arising from fluorophore�fluorophore (F�F) in-

teractions of different strengths. In nanoparticles made

from lower MW BF2dbmPLA (e.g., BNP3), the fluoro-

phores are in closer proximity and optical dipolar inter-

actions are stronger. The excited state is stabilized, the

energy gap between ground state and excited state is

reduced, and emission is red-shifted. For nanoparticles

made with high MW BF2dbmPLA, in contrast, the stabi-

lizing interaction is less, the energy gap between

ground state and excited states is greater, and emis-

sion is blue-shifted. Under these conditions (i.e., lower

Figure 1. Image of BNP suspensions fabricated from poly-
mers of different molecular weights (left to right, MW (kDa)
� 3, 6, 13, 20) showing green to blue emission color tuning
(�ex � 365 nm).

Figure 2. Fluorescence spectra of aqueous BNP suspensions
(�ex � 365 nm).

TABLE 1. Boron Nanoparticle Characterization Data

sample Mn
a (kDa) PDIb � beforec (M�1 cm�1) � afterd (M�1 cm�1) diametere (nm) PDe �em Ff (nm) �em Pg (nm)

BNP3 3.0 1.11 44900 42800 96 0.22 498 519
BNP6 6.0 1.08 38700 35600 88 0.22 442 509
BNP12 12.3 1.11 38300 36500 85 0.06 440 509
BNP17 16.8 1.21 37700 34900 77 0.14 439 508
BNP20 20.2 1.63 27700 25100 95 0.21 437 508

aDetermined by GPC in THF vs polysytrene standards. bGPC PDI � polydispersity index. cBF2dbmPLA extinction coefficient at �max � 396 nm in CH2Cl2, before nanoparticle
fabrication. dAs in footnote c for lyophilized samples after nanoparticle fabrication. eDetermined by dynamic light scattering. PD � polydispersity. fFluorescence emission
maximum for aqueous nanoparticle suspension. gPhosphorescence emission maximum for aqueous nanoparticle suspension.A
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dye/polymer loading), emission maxima parallel those
observed in dilute solution.

BNPs, regardless of molecular weight, also exhibit
room temperature phosphorescence (RTP). Delayed
emission spectra were recorded with a �500 ms delay
after the black light excitation source was turned off.
Gating allows for detection of long-lived (ms) RTP and
delayed fluorescence (DF) after short-lived (ns) fluores-
cence has ceased (Figure 3). Delayed fluorescence re-
sults from thermal repopulation of the singlet state
from the triplet excited state and appears as a high-
energy shoulder (�440 nm) on the main RTP peak
(�510�520 nm). The DF emission follows the same
trend as fluorescence (S1 ¡ S0) and accounts for differ-
ences in the �400�475 nm region of the emission
spectra (Figures 2 and 3). It should be noted that
BF2dbmPLA phosphorescence is quenched in nor-
moxic environments, and for the cellular uptake stud-
ies, we concentrate on the fluorescence properties of
these nanoparticles, utilizing confocal and multiphoton
fluorescence microscopy, flow cytometry, and
fluorimetry.

The BNPs were also monitored over time to test for
stability. After 11 weeks, the samples still exhibited MW-
dependent fluorescence and RTP. Both the fluores-
cence and delayed emission spectra for the BNPs were
essentially the same after 11 weeks as at the time of fab-
rication. After more than a year, fluorescence and phos-
phorescence are still present. These results suggest
that these BNPs have good shelf life with respect to op-
tical properties and may be exploited for longer term
sensing applications.

Biological Studies. Internalization. It was previously shown
that fluorescent BF2dbmPLA nanoparticles could be de-
tected intracellularly after a 1 h incubation in CHO
cells.12 To expand upon this initial observation, the in-
tracellular distribution and emission spectra of BNPs
were investigated in HeLa cells. Uptake experiments,
where the cells were incubated with BNPs for 1 h and
then analyzed by multiphoton fluorescence micros-
copy, showed that BNPs could be detected in the peri-

nuclear region of the cells (Figure 4). A similar distribu-

tion pattern was observed across the range of MW

Figure 3. Delayed emission spectra for the BNP series. De-
layed fluorescence (DF) (shoulder at � � 440�465 nm) and
room temperature phosphorescence (RTP) (� � 508�519
nm) (�ex � 365 nm; �500 ms delay).

Figure 4. BNP distribution and intracellular emission spec-
tra in HeLa cells. Left column: BNPs of different molecular
weights show comparable punctate intracellular distribu-
tions in HeLa cells. HeLa cells were incubated with 200
�g/mL BNPs of different molecular weights for 1 h at 37 °C.
After incubation, the BNPs were excited using the 790 nm
line of a Chameleon multiphoton laser while emitted light
was restricted in channel mode to a narrow range corre-
sponding to the in vitro fluorescence emission spectrum of
these particles, from 460 to 550 nm for BNP3 and from 420
to 485 nm for BNP6, BNP12, BNP17, and BNP20. Right col-
umn: BNPs were excited using the 790 nm line of a Chame-
leon multiphoton laser, and emission was calculated in
lambda mode for acquisition of a spectral emission signal
ranging from 400 to 600 nm. Spectra corresponding to the
numbered points on the image to the left are shown on the
right, with “1” denoting a region filled with a nanoparticle
and “2” denoting background. Bar � 5 �m.
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used to make the nanoparticles. It should be noted

that BNPs fabricated with different polymer MWs are

comparable in size, in the range of 77�96 nm in diam-

eter. Since size is a critical factor affecting the uptake of

these nanoparticles, it is understandable that a similar

uptake and distribution pattern was observed for the

BNPs of different MW. As shown in Figure 4, the emis-

sion spectra for the internalized BNPs were very close to

the fluorescence emission wavelengths reported in

Table 1 for the corresponding molecular weights and

remained distinct from one other. It should be noted

that the particle excitation was provided by the 790 nm

line of the multiphoton laser, showing the capability of

these particles to exhibit multiphoton excitation and

emission. This is particularly useful for in vivo applica-

tions that require the use of multiphoton excitation be-

cause of its greater ability to penetrate thicker sections

or intact tissue. As an extension of these experiments,

the uptake of two different nanoparticle samples, BNP3

and BNP12, was compared to a reference, UV-excitable

fluorophore, LysoTracker Blue. This blue fluorescent

dye, which labels highly acidic compartments within

live cells and is enriched in lysosomal membranes, has

an emission maxima of 422 nm. As shown in Figure 5,

the intracellular distribution of BNP3 and BNP12 was

quite similar to that of LysoTracker Blue, with all three

showing significant perinuclear enrichment after 1 h

uptake.

Photostability. The BNPs retain fluorescent and phos-

phorescent properties even after a year on the shelf un-

der ambient light. To further explore their photostabil-
ity, BNP3 and BNP12 (�1 month since fabrication) were
exposed to direct UV light for up to 24 h, and the fluo-
rescence intensity was measured both before and after
exposure. The highly photostable LysoTracker Blue was
used as a reference fluorophore. After direct UV light ex-
posure for 24 h, approximately 50% of the fluores-
cence intensity of BNP3 and over 50% of BNP12 re-
mained, while only 20�30% of the fluorescence
intensity of LysoTracker Blue was detected (Figure 6A).
The intracellular photostability of these nanoparticles
was also examined. HeLa cells were incubated with ei-
ther the highly photostable LysoTracker Blue or BNP
(BNP3 or BNP12) for 1 h and were imaged over time
during sequential bleaching. At the zero time point, the
BNP fluorescence intensity exceeded that of
LysoTracker Blue. After approximately 9.5 min of se-
quential bleaching, the LysoTracker Blue signal was al-
most completely photobleached, while the BNP12 sig-
nal was still readily detected (Figure 6B). Similar results
were seen for BNP3 (data not shown). Because of the
strong laser power required to conduct this experiment,
we began to observe cell rounding and detachment
consistent with cellular damage and death at time
points preceding loss of BNP fluorescence. Since we
could no longer focus on nanoparticles, which moved
out of the focal plane as the cells detached, we were un-
able to continue this experiment. However, these stud-
ies do show that BNPs were highly photostable, more so
than a highly photostable live cell commercial probe,
and continuously up to conditions associated with cell
damage/death due to high intensity illumination.

Internalization Mechanisms. To begin to understand BNP
internalization mechanisms, as well as their intracellu-
lar trafficking patterns, we investigated their intracellu-
lar localization. LysoTracker Red is a fluorescent aci-
dotrophic probe for tracking acidic organelles in live
cells. HeLa cells were incubated with both BNP12 and
LysoTracker Red simultaneously and then imaged. Little
to no colocalization of BNP12 and LysoTracker Red
was detected (Figure 7), suggesting that after 1 h the
nanoparticles were not significantly localized to acidic
compartments such as lysosomes, but rather to another
perinuclear compartment. However, the distribution
pattern in apparent membrane compartments con-
firmed an endocytic uptake mechanism. Because BNP
fluorescence was poorly retained after the sample fixa-
tion and permeabilization necessary for use of immun-
ofluorescence detection of specific compartment mark-
ers (data not shown), we were unable to determine
the identity of this nonlysosomal perinuclear mem-
brane compartment where BNPs accumulated. Imag-
ing nanoparticles in fixed samples has historically been
very challenging because nanoparticle fluorescence is
often poorly retained after sample fixation and
permeabilization.15,16 Additionally, lack of potent
mounting media for preserving initial and long-term

Figure 5. HeLa cell uptake of BNP3 and BNP12. HeLa cells were incu-
bated with 200 �g/mL of BNP3 or BNP12 or with 2.5 �M LysoTracker
Blue for 1 h at 37 °C and then imaged using confocal fluorescence mi-
croscopy. Excitation was at 790 nm for all markers. Emission was re-
stricted to 460�550 nm for BNP3, 420�485 nm for BNP12, and
390�465 nm for LysoTracker Blue. Bar � 5 �m. Dotted lines repre-
sent the nuclear region identified from the DIC image.
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fluorescence of the nanoparticles might contribute to

the difficulties.

Endocytosis, the process by which internal mem-

branes are produced by and detached from the plasma

membrane lipid bilayer, can occur by multiple mecha-

nisms. This process is critical for the ability of the cell,

through regulation of its lipid and protein plasma mem-

brane composition, to communicate with the extracel-

lular environment.17 It is equally important for modulat-

ing uptake and cellular sorting of extracellular soluble

and plasma membrane-bound constituents, including

nutrients, hormones, and extracellular particulates such

as nanoparticle diagnostic probes or delivery devices,

into the intracellular membrane system. Understanding

the mechanisms of nanoparticle endocytosis is critical

for development of these novel probes as therapeutic

and diagnostic tools and for understanding how to op-

timize the use of a particular nanoparticle for a given

situation.

For many years, the study of endocytosis has fo-

cused primarily on the pathway of clathrin-mediated

endocytosis, an internalization mediated by association

of adaptor proteins with the membrane, recruitment

of a clathrin coat, and detachment of the clathrin-

coated vesicle assisted by dynamin, a GTPase acting at

the cytoplasmic face.18�21 More recently, a plethora of

additional mechanisms have emerged that use clathrin-

independent pathways, which appear in fibroblast

Figure 6. BNP photostability. (A) In vitro photostability. BNPs (5 �L of a 1 mg/mL stock) were added to a black, flat-bottomed
96-well plate, and the fluorescence intensity was measured at 0 h. Following exposure to direct UV light for 17 and 24 h,
the fluorescence intensity was measured again as before. LysoTracker Blue was used as a reference UV-excitable fluoro-
phore (n � 3 for both BNP3 and BNP12, * p < 0.05 relative to controls, and # p < 0.05 relative to BNP12). (B) In vivo photo-
stability. HeLa cells seeded on glass-bottom culture dishes were incubated with either LysoTracker Blue or BNP12 and im-
aged over time as described in Methods. Bar � 5 �m.
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cells to be equally prevalent with clathrin-dependent

pathways, and which include caveolar endocytosis, the

clathrin-independent carrier GPI-AP-enriched early en-

dosomal compartment (CLIC/GEEC) endocytosis, arf6-

dependent endocytosis, flotillin-dependent endocyto-

sis, and macropinocytosis. Many of these clathrin-

independent pathways rely on the cholesterol-

dependent clustering of lipid-anchored proteins into di-

verse microdomains.22 The first of these lipid-raft-

dependent pathways to be studied was the caveolar

endocytosis pathway, which was thought to be medi-

ated by flask-like invaginations coated with caveolin-1

detected on the internal plasma membrane of diverse

cell types, including endothelial cells, and to involve de-

tachment of caveolae from the plasma membrane by

the protein, dynamin. It has now become clear that ca-

veolae participate in internalization of only a few mark-

ers, while they appear to be able to also participate in

formation of membrane extensions as well as regula-

tion of other cellular processes.18,22,23 Other mechanisms

appear to account for the variety of other lipid-raft-

dependent internalization mechanisms that are largely

dynamin-independent and that have been detected in

different systems.

For BNP uptake, several inhibitors were utilized to

begin to discern the endocytic internalization mecha-

Figure 7. BNPs are not markedly colocalized with lysosomal
compartments. HeLa cells were incubated with BNP12 (200
�g/mL) and LysoTracker Red for 1 h at 37 °C as described in
Methods and then imaged. A UV laser was used for excita-
tion of nanoparticles (green) and a HeNe1 laser for excita-
tion of LysoTracker Red (red). Bar � 5 �m.

Figure 8. Uptake of BNPs is inhibited by MBCD treatment. (A) HeLa cells were untreated (control) or pretreated with 5 mM MBCD
for 30 min at 37 °C prior to addition of BNP3 or BNP12 (200 �g/mL). Following uptake for 1 h at 37 °C, remaining surface-bound
nanoparticles were removed by a mild acidic wash. The remaining cell-associated fluorescence signal was measured by flow cy-
tometry using appropriate laser and filter settings (n � 6 for BNP3 and n � 5 for BNP12, * p < 0.05). (B) HeLa cells were incubated
with 200 �g/mL BNP12 and 10 �g/mL Alexa Fluor 594-conjugated cholera toxin subunit B (AF594 CT-B) for 1 h at 37 °C with or
without 5 mM MBCD pretreatment for 30 min at 37 °C. A UV laser was used for excitation of BNP12 (green) and a HeNe1 laser for
excitation of AF594 CT-B. Arrows: colocalization of boron nanoparticles (BNP12) and AF594 CT-B. Bar � 5 �m.
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nism. Because initial observations of rates of uptake as

well as intracellular distribution suggested comparable

behavior for all BNPs, we focused on BNP3 and BNP12

for detailed analysis of uptake mechanisms. The first in-

hibitor tested, methyl-b-cyclodextrin (MBCD), depletes

cholesterol from the cell membranes, effectively inhib-

iting diverse cholesterol-dependent endocytic routes

including caveolar endocytosis,24,25 CLIC-GEEC endocy-

tosis,18 and, in some cases, even clathrin-mediated

endocytosis.18,26 HeLa cells pretreated with MBCD

showed significantly reduced uptake of both BNP3

and BNP12 (Figure 8A) suggestive of uptake involving

lipid rafts.

To determine additional features of BNP uptake

through lipid-raft-dependent endocytosis, we utilized

fluorescently labeled cholera toxin B (CT-B), which is

known to be internalized via caveolar endocytosis and

CLIC-GEEC.18 Untreated and MBCD pretreated cells

were incubated with BNP12 and Alexa Fluor 594-

conjugated cholera toxin subunit B (AF594 CT-B). In

control cells, BNP12 and AF594 CT-B were detected in-

tracellularly with a significant amount of colocalization.

In contrast, cells pretreated with MBCD showed re-

duced uptake of both BNP12 and AF594 CT-B (Figure

8B).

To try to distinguish between caveolar-dependent

internalization of BNP versus their internalization via

other lipid-raft-dependent mechanisms, we utilized

dynasore, an inhibitor of dynamin which is thought

to participate in both clathrin-mediated and caveo-

lar endocytic mechanisms.18 While dynasore did not

consistently impair BNP nor CT-B uptake in HeLa

cells (at doses comparable to those previously used

in other HeLa cells27�30), its effects on a control

Figure 9. Disruption of the cytoskeleton affects BNP uptake. (A) HeLa cells were untreated (control) or pretreated with ei-
ther 33 �M nocodazole or 2 �M Lat B prior to addition of BNP12 (200 �g/mL). Following uptake for 20 or 60 min at 37 °C, re-
maining surface-bound BNPs were removed by mild acid wash. The signal was collected by flow cytometry using appropri-
ate laser and filter settings (n � 8 for 20 min and n � 6 for 60 min nocodazole; n � 12 for 20 min and n � 14 for 60 min Lat
B. * p < 0.05). (B) HeLa cells were untreated (control) or pretreated with either 33 �M nocodazole or 2 �M Lat B prior to ad-
dition of BNP12 (200 �g/mL). Following uptake for 20 min at 37 °C, the cells were imaged using confocal laser microscopy. Ex-
citation � 790 nm. Bar � 5 �m. (C) HeLa cells without any treatment (control) or treated with either 33 �M nocodazole or 2
�M Lat B for 60 min were fixed and labeled with a primary antibody to �-tubulin (green) combined with an appropriate sec-
ondary antibody in parallel with rhodamine�phalloidin to label actin (red). Bar � 5 �m.
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ligand, Texas Red-EGF, which is known to use
dynamin-dependent clathrin-mediated endocyto-
sis,31 also showed little to no effects (data not
shown). This finding suggested that dynasore was
not acting as a reliable dynamin inhibitor under
these conditions in the HeLa cells.

These data suggest that BNP uptake is dependent
upon lipid rafts. Cholesterol depletion would be ex-
pected to affect multiple lipid-raft-dependent en-
docytic pathways including caveolar endocytosis, CLIC/
GEEC endocytosis, and flotillin endocytosis. It has been
established that CT-B traffics through both caveolar and
CLIC/GEEC pathways; since it is significantly colocal-
ized with BNP, this suggests that these nanoparticles
utilize similar internalization pathways. Furthermore,
CT-B has been shown to traffic directly from a periph-
eral tubular intermediate to the Golgi apparatus.18,24

Our finding that BNPs colocalize with CT-B in a perinu-
clear compartment that is not labeled with the acidic
organelle probe, LysoTracker, suggests that these par-
ticles, like many pathogens, may be able to exploit en-
dogenous internalization pathways.

Role of the Cytoskeleton. Actin filaments have been impli-
cated in various capacities in diverse endocytic path-
ways including caveolar and CLIC/GEEC-mediated
endocytosis.18,32 Microtubules are less commonly asso-
ciated with initial endocytic uptake processes but have
been reported to play an important role in the sorting
of endocytosed materials within endosomal compart-
ments, in concert with motor proteins.33,34 We exam-
ined the effects of nocodazole and latrunculin B (Lat B)
on BNP uptake. Both agents disrupt the cell cytoskele-
ton and, by extension, events requiring participation by
these filament systems: nocodazole is an established in-

hibitor of the microtubule network, promoting
microtubule disassembly,33 while Lat B is an in-
hibitor of actin filament assembly.35 Both agents
have previously been used successfully in HeLa
cells.36�38 HeLa cells pretreated with either no-
codazole or Lat B showed significantly reduced
uptake of BNP12 with effects readily detectable
by 20 min (Figure 9A,B)). Comparable results
were seen at 60 min, although the effect was
less pronounced for nocodazole (data not
shown). Analysis of microtubule and microfila-
ment organization in HeLa cells treated with no-
codazole or Lat B confirmed the expected disas-
sembly of microtubules and microfilaments,
respectively (Figure 9C).

While quantitative evaluation of particle up-
take revealed an approximate 40% inhibition
of internalization, evaluation of individual cells
treated with nocodazole or Lat B suggested an
even more potent inhibition. Actin filament dis-
assembly might impact diverse endocytic path-
ways including caveolar or CLIC/GEEC-mediated
endocytosis, consistent with the possibility of

internalization via this pathway. Microtubules are more

commonly associated with endosomal and post-

endosomal sorting processes as well as maintenance

of unique compartment morphologies;39,40 their disas-

sembly by nocodazole might affect the dynamics of in-

tracellular sorting, thus increasing the efficiency of recy-

cling through impairment of post-endocytic processing.

The abundance of nanoparticle formulations, sizes,

shapes, and compositions has provided a series of

hurdles to the comprehensive understanding of their

uptake properties.41 Consensus exists in the literature

about the features of nanoparticles that are important

for their uptake: size and surface charge.42�46 While the

specific effects of size and surface charge are debat-

able, it has been shown that nanoparticles with posi-

tive surface charge are generally more readily endocy-

tosed because of their affinity for the negatively

charged plasma membrane.46,47 The use of common

cationic liposomal formulations, essentially primitive

nanoparticles, for efficient cell transfection lends cre-

dence to this observation.47,48 However, it has been re-

ported that endocytosis of cationic liposomes is signifi-

cantly reduced in cells enriched in lipid raft markers

such as GM-1,49 suggesting that lipid raft domains may

have an underlying preference for negatively charged

nanoparticles. Since the BNPs studied here are likely

negatively charged (based on the inclusion of PLA

which is known to form a negatively charged nanopar-

ticle44) and appear to be internalized using lipid-raft-

dependent processes, this suggests the need for fur-

ther study of the factors governing charge interaction

at lipid rafts. A schematic representation of their inter-

nalization pathway is depicted in Figure 10.

Figure 10. Schematic diagram depicting BNP uptake through lipid-raft-dependent
internalization pathways that also serve as the routes of uptake for cholera toxin
B (CT-B). The BNPs may ultimately reach the perinuclear trans-Golgi network (TGN)
by one of two pathways. The first is by direct communication between the GPI-AP-
enriched early endosomal compartment (GEEC) and the TGN. The second is by
communication between caveosomes and classical endosomes and subsequent
communication between the latter and the TGN.
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Nanoparticle endocytosis can occur in a variety of
ways. In fact, a single type of nanoparticle can employ
multiple endocytic routes depending on its size. For ex-
ample, carboxyl-modified fluorescent polystyrene
nanoparticles that are 24 nm in diameter were able to
enter HeLa cells via a nonclassical (clathrin-, caveolin-,
and cholesterol-independent) pathway, while equiva-
lently composed 43 nm nanoparticles entered cells pre-
dominantly via clathrin-mediated endocytosis.50 PLA
and polylactide�polyglycolide (PLGA) nanoparticles
have been shown to enter vascular smooth muscle cells
through a combination of fluid phase pinocytosis and
clathrin-mediated endocytosis.44,51,52 Cationic poly(eth-
ylene glycol)(PEG)�PLA nanoparticles also use the
clathrin-mediated pathway in HeLa cells, whereas an-
ionic PEG�PLA nanoparticles do not.53 Polystyrene
nanoparticles appear to translocate across rat alveolar
epithelial cell monolayers by an endocytosis-
independent, transcellular pathway.54 Other factors
that may influence endocytosis of nanoparticles are
their formulation and surface group modifications. It is
generally assumed that the addition of one or more tar-
geting moieties may facilitate retargeting of the core
nanoparticle away from the default pathway and to a
new one, depending on the efficiency of coating of the
targeting moiety, its accessibility to the targeted recep-
tor, the strength of the interaction, and the abundance
of the targeted receptor.14,46,53,55 The findings on BNPs
thus far suggest that BNPs composed of the different
MW polymers tested here may utilize similar trafficking

pathways, suggesting that the features that dominate
their behavior are associated with the surface character-
istics of the particle rather than the small variations in
particle size. Finally, nanoparticle internalization charac-
teristics may vary depending upon whether the cells
are transformed (like HeLa cells), or not, and may also
vary with the cell cycle. Our work has focused on assess-
ment of internalization in nondividing, subconfluent
but unsynchronized cells, but future analyses which
compare the pathways in different states of the cell
cycle may be of great interest.

Cytotoxicity Assessment. Among the potential applica-
tions for use of biodegradable nanoparticles are bio-
logical imaging and sensing. For this reason, it was im-
portant that the cytotoxicity be evaluated. HeLa cells
were exposed to various doses of BNP3 or BNP12 for
various time periods, and their viability was assayed us-
ing a viability/cytotoxicity kit. Approximately 60% of
the cells incubated with BNPs were viable after 24 h of
exposure, comparable to control cells not exposed to
BNPs (Figure 11). Viability was reduced to �60% in con-
trol cells due to the absence of serum, which we omit-
ted in these studies so as to make the cytotoxicity as-
says comparable to those used for analysis of BNP
uptake. These data suggest that the BNPs are not
acutely cytotoxic.

CONCLUSION
The first steps in demonstrating biological utility for

a new nanoparticle formulation are the characteriza-

Figure 11. BNP exposure does not affect cell viability. HeLa cells were exposed to culture medium (A), 20 �g/mL (B), 100
�g/mL (C), or 200 �g/mL (D) of BNP3 or BNP12 for various time periods up to 24 h at 37 °C. Cell viability was assayed us-
ing a LIVE/DEAD viability/cytotoxicity kit (n � 3).
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tion of its properties when in biological environment(s)
of interest, as well as the characterization of its interac-
tions with this environment. The unique optical proper-
ties of nanoparticles must be sustainable within a bio-
logical milieu to be useful for biomedical diagnostic
applications. Here we have demonstrated that the
unique and photostable emission properties of
BF2dbmPLA nanoparticles are discernible both in aque-
ous solution and in situ in live cells using multiphoton
excitation. We have also shown the selective endocyto-
sis of BNPs, through a specific mechanism, and the abil-
ity of the cells to tolerate high doses of BNPs for up to
24 h in culture. These studies, collectively, suggest that
BNPs are useful, nontoxic agents for further develop-
ment in the investigation of intracellular environments
and trafficking pathways.

The next step in characterization of the endoge-
nous internalization mechanism in these fibroblastic
cells will logically involve utilization of molecular con-
structs allowing manipulation of different effector path-
ways and assessment of colocalization of BNPs in situ
with additional live cell membrane compartment mark-
ers. Likewise, investigation of the dynamics of BNP traf-
ficking within cells expressing fluorescent tubulin and
actin will enable visualization of intracellular movement
in real time with respect to other membrane and struc-
tural markers. An equally important question that re-
mains to be addressed is whether BNPs can be success-
fully redirected from their default pathway,
characterized here in HeLa cells, to other endocytic

pathways so as to expand their potential utility as

probes. Utilization of the unique optical properties of

BNPs would ideally involve the attachment of target-

ing ligands, which may direct these moieties to diverse

intracellular environments, as probes to explore mi-

croenvironments and their dynamic properties, includ-

ing local oxygen concentrations and ways that they

change over time. Another attractive application of the

bright, color-tunable BNPs is that conjugating the BNPs

of different molecular weights to different ligands of in-

terest would enable the performance of multiplex

studies.

Since no toxicity has been reported at high doses

of BNPs in cultured cells, these particles exhibit charac-

teristics in vitro that may be preferable relative to alter-

native nanoparticles such as quantum dots, whose core

structure is relatively more toxic, and toxicity is gener-

ally poorly studied.56,57 For example, BNPs are two-

photon excitable, bright, and also degradable. These

properties are particularly useful for in vivo applications.

The relative ease of preparation and cost effectiveness

suggest great value in the further investigation and ap-

plication of BNPs in diverse in vitro and in vivo situa-

tions which require photostable, inexpensive, and

modifiable nanoparticles to probe diverse environ-

ments. The demonstration that they are excitable us-

ing multiphoton excitation, also in this study, extends

their applicability into animal models and even into the

clinical setting.

METHODS
Reagents. 3,6-Dimethyl-1,4-dioxane-2,5-dione (D,L-lactide, Ald-

rich) was recrystallized twice from ethyl acetate and stored un-
der nitrogen. Solvents, CH2Cl2 and THF, were dried and purified
by passing through alumina columns. Tin(II) 2-ethylhexanoate
(Sn(oct)2, Spectrum), boron trifluoride diethyl etherate (Aldrich,
purified, redistilled), and all other reagents and solvents were
used as received without further purification. DbmOH,58

BF2dbmOH,6 and BF2dbmPLA6 samples of different molecular
weights11 were prepared as previously reported. Dialysis tubing
(Spectrum, volume/length � 6.4 mL/cm, MWCO � 12�14 000)
was washed and soaked in distilled H2O overnight before use.
Nanoparticles were fabricated as previously described.12 Methyl-
�-cyclodextrin (MBCD) was purchased from Sigma-Aldrich. Texas
Red-EGF (TR-EGF), LysoTracker Red DND-99, LysoTracker Blue
DND-22, AF594 cholera toxin B, nocodazole, and the LIVE/DEAD
viability/cytotoxicity kit for mammalian cells were all purchased
from Invitrogen. Latrunculin B (Lat B) was purchased from
Calbiochem.

Characterization of Nanoparticles. UV/vis spectra were recorded
on a Hewlett-Packard 8452A diode-array spectrophotometer.
Molecular weights were determined by GPC (THF, 20 °C, 1.0 mL/
min) versus polystyrene standards with RI and UV/vis detection
(� � 396 nm for BF2dbmPLA), and a correction factor of 0.58 was
applied to all data, as previously described.4 Polymer Laborato-
ries 5 �m mixed-C columns along with Hewlett-Packard instru-
mentation (Series 1100 HPLC) and Viscotek software (TriSEC GPC
Version 3.0, Viscotek Corp) were used in the GPC/RI or GPC/UV
analysis. Nanoparticle sizes were determined by dynamic light
scattering (DLS) (90° angle) on the Photocor Complex (Photocor
Instruments Inc., USA) equipped with a He�Ne laser (Coherent,

USA, Model 31-2082, 632.8 nm, 10 mW). Size and polydispersity
analyses were performed using DynaLS software (Alango, Israel).
The suspension was analyzed as such or diluted (0.5 mL) in H2O
(9.5 mL). Photographs of nanoparticles were taken in the dark us-
ing a Casio Exilim Zoom EX-Z850 camera with the automatic set-
ting (no flash).

Acquisition of Luminescence Spectra. Emission spectra for the BNP
suspensions were recorded with an Ocean Optics USB2000 fi-
ber optic spectrometer after excitation with a hand-held UV
lamp (�ex � 365 nm; long wavelength setting). A �500 ms de-
lay was employed in collecting delayed emission spectra (i.e., de-
layed fluorescence and phosphorescence).

Cell Culture. HeLa cells were obtained from the American Type
Culture Collection (ATCC) and were cultured in a humidified in-
cubator at 37 °C in 95% air/5% CO2 in phenol-red-free Dulbecco’s
modified essential medium (DMEM) (4.5 g/L glucose with 10%
FBS, 1% glutamine, and 1% nonessential amino acids) and split
with trypsin/EDTA as recommended by the manufacturer. Cells
were routinely analyzed at low passage in the subconfluent
state, although they were not synchronized.

Photostability Assays. For measurement of in vitro photostabil-
ity, different BNPs were assayed using a black flat-bottomed 96-
well plate. BNPs were added dropwise (5 �L of a 1 mg/mL stock)
into 195 �L room temperature incubation buffer (phenol-red-
free, serum-free DMEM with 1% penicillin/streptomycin and 20
mM HEPES). Serum was omitted from the incubation buffer to
prevent possible nanoparticle aggregation. LysoTracker Blue was
used as a reference for a UV-excitable and photostable fluoro-
phore (5 �L of a 1 mM stock). Fluorescence intensity was mea-
sured at 0 h using an Envision 2103 Multilabel Reader (Perkin-
Elmer, excitation filter � 340 nm, emission filter � 460 nm). The
plate was exposed to direct UV light for 17 or 24 h and the fluo-
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rescence intensity measured again as before. For in vivo photo-
stability studies, HeLa cells were seeded on 35 mm glass-
bottomed culture dishes at a density of 8.5 � 104 cells/dish. On
day 2 of culture, the cells were rinsed once with PBS and the me-
dium was replaced with cold incubation buffer of the composi-
tion described above (800 �L). BNPs were added dropwise (200
�L) and incubated at 4 °C for 1 h. Unbound BNPs were rinsed off
gently using PBS, the incubation buffer was replaced (1 mL),
and the cells were incubated at 37 °C for 1 h. For reference,
LysoTracker Blue (2.5 �M final concentration) was added to cells
after initial rinse, and the cells were incubated at 37 °C for 1 h.
Following the 37 °C incubation, the cells were rinsed four times
with PBS and imaged. The BNPs or LysoTracker Blue were im-
aged using time series sequential bleach settings. For each cycle,
the image was acquired using a line 4 average, which was fol-
lowed by 10 iterations of bleaching using the 790 nm line at 4%
power (74 mW). Bleaching was started after one scan and re-
peated after one scan. Time-lapse imaging was performed us-
ing a Zeiss LSM 510 Meta NLO imaging system equipped with a
Chameleon multiphoton laser mounted on a vibration-free table.

Uptake Assays. HeLa cells were seeded on 6-well plates at a
density of 1.5 � 105 cells/well. On day 2 of culture, cells were
rinsed briefly with phosphate-buffered saline (PBS) containing 1
mM CaCl2 and 0.5 mM MgCl2 and the media replaced with incu-
bation buffer (900 �L) with or without MBCD (5 mM) or Lat B (2
�M) and incubated at 37 °C for 30 min. After cooling on ice for
10 min, BNPs (100 �L) were added dropwise and incubated at 4
°C for 1 h. For nocodazole pretreatment, 33 �M nocodazole was
added prior to incubation at 4 °C. Unbound BNPs were rinsed
off with a gentle PBS (	Ca2	, 	Mg2	) wash, the incubation
buffer was replaced, and the cells were warmed to 37 °C for vari-
ous times up to 1 h. After incubation, the cells were incubated
with an ice-cold mild acidic wash buffer (0.1 M sodium acetate,
0.05 M NaCl, pH 5.5) for 10 min at 4 °C. Following the acid wash,
the cells were washed three times with ice-cold PBS (	Ca2	,
	Mg2	). To collect the cells, 700 �L of trypsin (37 °C) was added
to each well and incubated at 37 °C for 3 min. The cells were
then transferred to 1.5 mL Eppendorf tubes and centrifuged for
5 min at 800 rpm at 4 °C. The cell pellet was resuspended in 0.5
mL of ice-cold PBS (without Ca2	 or Mg2	) and filtered through a
70 �m nylon filter, and the fluorescence intensity was mea-
sured by flow cytometry.

Confocal and Multiphoton Fluorescence Microscopy. For BNP uptake
studies, HeLa cells were seeded on 35 mm glass-bottomed cul-
ture dishes at a density of 8.5 � 104 cells/dish. On day 2 of cul-
ture, the cells were rinsed with PBS prior to addition of BNPs
dropwise (200 �L) with incubation at 4 °C for 1 h. Unbound BNPs
were rinsed off with a gentle PBS wash, the incubation buffer
was replaced, and the cells were warmed to 37 °C for various
times up to 4 h in the absence or presence of treatments. After
incubation, the cells were rinsed four times with PBS and imaged
with a Zeiss LSM 510 Meta NLO imaging system equipped with
a Coherent Chameleon multiphoton laser mounted on a
vibration-free table. For most studies, BNPs were excited in in-
tact cells using the 790 nm line of the multiphoton laser. For as-
sessment of colocalization of BNP and LysoTracker Red or AF594
cholera toxin B in live cells, we utilized a Zeiss LSM 510 confocal
microscope equipped with UV, argon, and green HeNe lasers for
confocal fluorescence microscopy. For MBCD or Lat B pretreat-
ment, 5 mM MBCD or 2 �M Lat B was added for 30 min at 37 °C
prior to addition of BNPs. For nocodazole treatment, 33 �M no-
codazole was added with the BNPs prior to incubation at 4 °C.
For colocalization studies, LysoTracker Red (50 nM), AF594 chol-
era toxin B (10 �g/mL), or TR-EGF (200 ng/mL) was added to cells
prior to incubation at 37 °C. For immunostaining, following treat-
ment with either 33 �M nocodazole or 2 �M Lat B, the cells
were fixed in 4% paraformaldehyde prior to the addition of
mouse monoclonal antibody to 
-tubulin and appropriate sec-
ondary fluorophore-conjugated antibody.

Cytotoxicity Assays. HeLa cells were seeded on 96-well plates at
a density of 8 � 103 cells/well. On day 1 of culture, the cells were
rinsed briefly in 200 �L of ice-cold PBS (	Ca2	, 	Mg2	). Vary-
ing concentrations of BNPs (20�200 �g/mL) in incubation buffer
(phenol-red-free, serum-free DMEM with 1% P/S and 20 mM
HEPES) were added dropwise (200 �L total volume) and incu-

bated on ice for 1 h. Following the incubation, the cells were
washed once in 200 �L of ice-cold PBS (	Ca2	, 	Mg2	), the me-
dia replaced with 200 �L of 37 °C incubation buffer, and the
plate was incubated at 37 °C for various time points (1�24 h).
Calcein (494/517 nm) and ethidium homodimer-1 (528/617 nm)
provided in the LIVE/DEAD cell assay kit (Invitrogen) were used
to detect live/dead cells and were added to cells after the incu-
bation (50 �L of 0.5 �M calcein AM and 1.5 �M EthD-1). Fluores-
cence intensity was measured using an Envision 2103 Multila-
bel Reader (Perkin-Elmer).

Statistics. Cells from each experiment were analyzed individu-
ally, and the results from different experiments were compared
using the Student’s t-test with p � 0.05 to evaluate the statisti-
cal significance of any observed changes.
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