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ABSTRACT The ability to program the intracellular retention of nanoparticles (NPs) would increase
their applicability for imaging and therapeutic applications. To date, there has been no efficient
method developed to control the fate of NPs once they enter cells. Existing approaches to manipulate
the intracellular retention of NPs are mostly “passive” and particle size-dependent. Different sized
particles hold distinct cellular responses. The adverse effect of particle size may limit the utility of
nanodelivery systems. Therefore, the development of tunable/“active” NP intracellular retention
systems with fixed particle sizes remains a considerable challenge. By replacing the synergistic anions
of transferrin (Tf) immobilized on quantum dots (Tf-QDs, ca. 25 nm), we have examined the feasibility

of this concept. Substitution of synergistic anions of Tf from carbonate (holo-Tf) to oxalate (oxa-Tf)
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significantly increased the intracellular accumulation of the oxa-Tf-QDs as a result of (i) a delay in cellular removal triggered by oxalate (oxa-Tf)-induced

endosomal Tf iron-release retardation and (ii) enhanced recycling of Tf-QD/TfR (Tf receptor) complexes from early endosomes to the plasma membrane. This

accumulation extended the intracellular NP retention interval. The half-maximum fluorescence intensity of the oxa-Tf-QDs in vivo was 4 times higher than

that of the holo-Tf-QDs. Programming of the intracellular NP retention time was accomplished through manipulation of the ratio of holo- and oxa-Tfs on

the surfaces of the QDs. Using this simple and efficient approach, it was possible to readily achieve a desirable intracellular retention interval for the NPs.
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he biomedical efficacy of modern nano-

particle (NP)-derived therapeutics relies

on the successful delivery of the NPs
to target tissues and cells."? The intracellu-
lar retention of NPs determines their release
efficiency, as well as the intracellular accumu-
lation of imaging and therapeutic agents.?~’
Although active delivery systems increase
intracellular drug accumulation, the exposed
ligands may also lead to an overall decrease
in tumor cellular uptake, due to accelerated
NP opsonization and blood clearance®® The
remaining functional NPs would undergo an
unsatisfactory degree of accumulation, gen-
erally less than 10% injected dose/gram of
tumor tissue.'® Therefore, considerable ef-
forts have been devoted to designing nano-
formulations to improve the targeting
efficiency and drug accumulation of NPs
through decreased blood clearance and
withholding by the reticuloendothelial
system."’ An alternative approach to en-
hancing the accumulation of NPs would
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be to manipulate the intracellular NP reten-
tion intervals, a fundamental, yet much less
investigated, area.

Unlike active and passive NP delivery sys-
tems, which are usually developed through
manipulation of the nanomaterials' physi-
cochemical properties (e.g., size, shape,
surface), the existing approaches toward
regulating the intracellular retention of
nanomaterials are mostly particle size-
dependent.'? These particles with de-
fined sizes “passively” control their intra-
cellular retention periods (i.e., they are
regulated by default cell behavior). Parti-
cles that are 50 nm in size demonstrate
superior cell uptake rate than other sized
particles such as 14 and 74 nm.'*'® However
these NPs (50 nm) tend to be restricted in
cells and cause nanocytotoxicity.”> On the
other hand, smaller (<50 nm) NPs result in
less apoptosis but are apt to pass out of
cells."* Additionally, NPs having hydrodynamic
diameters of 20 nm demonstrate more rapid
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tumor permeation than the restricted permeation of
other sized particles (40, 60, 80, 100 nm)."> Thus, there
is an urgent need to develop a strategy to combine the
advantages of different-sized NPs to improve imaging
and therapeutic efficacy; as a result, smaller NPs might
possibly experience an extended intracellular reten-
tion period and improved cellular accumulation. In
addition, prolonged intracellular retention can mark-
edly enhance the efficacy of biocompatible materials,
such as mesoporous silica nanoparticles.'®

At present, there is no efficient approach to “ac-
tively” regulate the intracellular NP retention periods
to attain a desirable NP accumulation. A potential
means of actively controlling the intracellular retention
of nanomaterials could be achieved through manip-
ulation of ligand—receptor interactions, especially
those of intracellular recycling ligand—receptor com-
plexes, against cell behavior. Receptors, such as trans-
ferrin receptor (TfR), can be recycled from the early
endosomes to the cell surfaces in preparation for the
next binding event. Transferrin, a widely used biore-
cognition molecule for enhancing the efficacy of
nanodelivery,'””~?° binds to TfR on the cell surface with
the presence of two ferric (Fe*") ions. The resulting Tf/
TfR complex is subsequently internalized to early en-
dosomes via clathrin-mediated endocytosis. After the
release of iron through acidification of the endosomes,
the apo-Tf/TfR complex can return to the cell surface,
where the components dissociate upon exposure
to the neutral pH;>'*? receptors later participate in
another cycle of iron uptake. Enhanced transferrin
(Tf)—TfR binding can facilitate Tf cycling in cells, result-
ing in extended Tf cellular retention.?®> Consequently,
Tf-modified NPs are capable of altering their intracel-
lular retention through a similar mechanism. Mean-
while, the low pH of early endosomes (pH 6.0) can
assist pharmaceutical carriers in releasing their cargoes
through cleavage of a stimuli-sensitive bond, such as a
pH-sensitive hydrazone (pH 5.0-6.0).2%

Previous studies have revealed that the Fe*" ion in
the metal binding site of Tf is anchored by six coordi-
nation sites; four are from conserved amino acid
residues, and the other two are from bound synergistic
anions, usually carbonate in vivo.?? Substitution of the
synergistic anions with oxalate can strengthen the
binding of the Fe*" ions to Tf because of the oxalate
anion's low pK, and symmetric bidentate mode of
binding.?>?*~%" Replacing Tf carbonate with oxalate
enhances the stability of the Tf/TfR complexes. Using
this approach, the intracellular retention time of Tf-
coated nanostructures might possibly be controlled.
Programming of the intracellular retention time of NPs
would then become feasible through adjustment of
the carbonate-/oxalate-Tf ratio on the surfaces of the
nanostructures.

In this study, we attempted to develop a nano-
platform for programmable intracellular NP retention.
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By manipulating the synergistic anions of Tf, we found
that oxalate-Tf-modified quantum dots (oxa-Tf-QDs)
experienced extended intracellular retention both in
vitro and in vivo. This extension was due to the delay in
NP cellular removal triggered by (i) oxalate (oxa-Tf)-
induced retardation of endosomal Tf iron release and
(ii) recycling of Tf/TfR complexes from early endosomes
to the plasma membrane. We could control the pro-
gramming of the intracellular NP retention time by
manipulating the ratio of oxalate- and carbonate-Tf
species on the surfaces of QDs. To the best of our
knowledge, this paper reports the first demonstration
of the regulation of intracellular NP retention through
manipulation of ligand—receptor interactions, rather
than through variations of particle sizes, shapes, and
charges. The information obtained herein might pro-
vide guidance to advance the development of nano-
biomedicinal carriers and devices. In addition, this
method should be a simple one for programming
nanostructures with desirable retention times for a
diverse range of applications, including diagnostic
imaging and optimal payload release with decreased
nanotoxicity.

RESULTS AND DISCUSSION

Formulation of Tf-QD Conjugates. Tf-QDs (emission
525 nm, QD525), including holo- (iron saturated with
carbonate as the synergistic anion), apo- (iron desatu-
rated with carbonate as the synergistic anion), and oxa-
Tf-QD (iron saturated with oxalate as the synergistic
anion), were examined for their ability to modulate the
intracellular retention of NPs. Bovine serum albumin—
QDs (BSA-QDs) were also prepared as a control group.
The protein—QD bioconjugates were prepared through
ethyl(dimethylaminopropyl) carbodiimide (EDC)-mediated
coupling between carboxyl-modified QDs and the primary
amino groups of Tf. The conjugation of the QDs and
proteins was examined using gel electrophoresis (see
Figure S1a); the protein-tagged QDs (BSA: 67 kDa; Tf:
80 kDa) moved slower than the bare QDs. Figure S1b
displays the spectrophotometric profiles of different
protein—QD conjugates. The absorbance intensity varied
depending on the nature of the modifying protein.
The protein—QD bioconjugates and free QDs provided
similar emission spectra. These results confirmed the
conjugation of the QDs to the selected proteins. We
used dynamic light scattering (DLS), a zeta potential
analyzer, and inductively coupled plasma—mass spec-
trometry (ICP-MS) to measure the hydrodynamic sizes,
particle surface charges, and protein occupancy®® of
the proteins conjugated to the QDs, respectively, for
the various protein—QD bioconjugates (Table S1). The
sizes of the three types of Tf-QDs (apo, holo, oxa)
ranged from 22 to 25 nm (Figure S2); their zeta
potentials ranged from —40 to —42 mV; the occupancy
of the conjugated proteins to the QDs ranged approxi-
mately from 9 to 11. These data reveal that the three
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Figure 1. Schematic representation of intracellular retention of Tf-QD conjugates. (a) Holo-Tf-QD conjugates bind to Tf
receptors and are then internalized by cells. They release iron in the endosomes at pH 5—6, subsequently forming apo-Tf
conjugates. The apo-Tf-QD conjugates dissociate from the Tf receptors and are removed from cells. Meanwhile, Tf receptors
are recycled by returning to the cell surface and waiting for the next cycle. (b) Oxa-Tf-QDs/Tf receptor complexes recycle from
the endosomes to the cell surface and undergo reuptake by cells. This recycling results from the replacement of carbonate
with oxalate, which retards iron release in endosomes. Oxa-Tf-QD conjugates remain bound to the Tf receptors, undergoing
cellular recycling until (c) the oxalate is replaced by carbonate, with subsequent release of iron, leading to their cellular
removal. (d) Iron loading and (e) releasing profiles of holo- and oxa-Tf conjugates at endosomal pH 5.6.

types of Tf-QDs exhibited comparable physicochemi-
cal characteristics, except for the nature of the syner-
gistic anions (carbonate vs oxalate).

Because the iron-release rate of oxalate-replaced Tf
derivatives is approximately 87-fold slower than those
of the carbonate analogues,?? we wished to use our
oxalate-replaced Tf derivatives as NP cellular targeting
ligands to modulate the intracellular NP retention time.
Figure Ta—c illustrates the concept of modulating the
intracellular NP retention and the characteristics of the
various protein—QD conjugates. The iron loading and
releasing of holo- and oxa-Tf-QDs were examined.?
We measured the iron loadings of the holo- and oxa-
Tf-QDs at 465 and 470 nm, respectively (Figure 1d)
and their iron releasing at 470 nm (Figure 1e).

WU ET AL.

The iron-release profile of the oxa-Tf-QDs was significantly
slower than that of the holo-Tf-QDs. As illustrated in
Figure 1a, holo-Tf conjugates are internalized into cells
after binding to Tf receptors. They release iron in the
endosomes at pH 5—6, consequently forming apo-Tf
conjugates, which dissociate from Tf receptors and
become removed from the cells. Meanwhile, the Tf
receptors are recycled to the cell surface, where they
wait for the next cycle. On the other hand, oxa-Tf-QDs/
Tf receptor complexes (Figure 1b) underwent recycling
from the endosomes to the cell surface and then were
subjected to reuptake by the cells. This enhanced
recycling resulted from replacement of carbonate by
oxalate, that is, because of the retarded release of iron
in endosomes. The oxa-Tf-QD conjugates remained
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Figure 2. Internalization of Tf-QDs by HeLa cells. (a—d) Fluorescence confocal microscopy images of internalized protein—QD
bioconjugates in Hela cells. Notably, low or no fluorescence intensity appears for the (a) BSA-QDs and (b) apo-Tf-QDs; higher
fluorescence intensity appears for the (c) holo-Tf-QDs and (d) oxa-Tf-QDs. (e) Time study of the cellular internalization of the
protein—QD bioconjugates BSA-QD, apoTf-QD, holoTf-QD, and oxaTf-QD, determined using flow cytometry. (f) ICP-MS
quantification of Cd in holo-Tf-QD and oxa-Tf-QD after various incubation periods (*p < 0.05, **p < 0.01).

bound to the Tf receptors to undergo cellular recycling
until the oxalate was replaced by carbonate (Figure 1c)
with subsequent iron release, leading to their cellular
removal.

Intracellular NP Retention of Tf-QDs in Hela cells. Figure 2
depicts the cellular accumulation of the different types
of Tf-QDs in Hela cells. After 2 h of incubation, the
accumulation of the BSA-Tf-QDs was lower than those
of the others (Figure 2a). The apo-Tf-QDs accumulated
to a low level because of the absence of iron in the Tf
moieties (Figure 2b). On the other hand, the accumula-
tion of the holo- and oxa-Tf-QDs resulted in enhanced

WU ET AL.

fluorescence in Hela cells (Figure 2c, d). After 2 h of
incubation, the oxa-Tf-QDs provided the highest level
of cellular fluorescence. Analyses using flow cytometry
(Figure 2e) and ICP-MS (Figure 2f) provided results
similar to those from confocal microscopic analysis.
The cellular mean fluorescence intensity (MFI) of the
apo-Tf-QDs did not increase upon increasing the in-
cubation period, whereas the MFI (p < 0.05) increase
was significant for both the holo- and oxa-Tf-QDs, with
the latter exhibiting a 1.8-fold-higher MFI than that of
the former 2 h after treatment (82.5% vs45% for oxa- and
holo-Tf-QD, respectively). ICP-MS analysis confirmed that
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Figure 3. Release profiles of holo-Tf-QD and oxa-Tf-QD in HeLa cells. HeLa cells were preincubated with (a) holo- and (b) oxa-
Tf-QDs (20 nM) for 2 h. After washing with PBS, these cells were cultured with unbound free Tf (2.5 mg/mL; serum Tf
concentration). Confocal microscopy images were recorded at designated time points (20, 40, 60 min) after administration of
free Tf. Free unconjugated Tf competed with the Tf-QDs for the limited TfRs. (c) Flow cytometric analysis at designated time
points (1, 2, 4, and 6 h) after treatment with free Tf. Each measurement was conducted in triplicate.

the intracellular accumulation of the oxa-Tf-QDs was
greater than that of the holo-Tf-QDs (6.2 vs 3.8 ng/mL
for oxa- and holo-Tf-QD, respectively) (Figure 2f). These
results suggested that the nature of the Tf synergistic
anions (carbonate or oxalate) markedly affected the level
of cellular accumulation of the Tf-QDs. The increased
accumulation of the oxa-Tf-QDs presumably resulted
from extended NP cellular retention intervals, possibly
caused by oxa-Tf-QD-induced delay of cellular removal.
To further examine this hypothesis, we analyzed the
cellular removal of the various Tf-QDs (Figure 3). After
preincubating the Hela cells with the holo- and oxa-Tf-
QDs (20 nM) for 2 h, we washed the cells with PBS and
then cultured them with unbound free Tf (2.5 mg/mL;
serum Tf concentration). Free unconjugated Tf would
compete with the Tf-QDs for the limited number of
TfRs, thereby decreasing the rebinding of the Tf-QDs to
the TfRs and triggering the removal of the intracellular
Tf-QDs, as observed by the decline in the cellular
fluorescent intensity. Confocal microscopic analysis
(at 20, 40, and 60 min after administration of free Tf)
revealed (Figure 3a, b) that the fluorescence intensity
of both the holo- and oxa-Tf-QDs decreased, indicating
that these two types of Tf-QDs could compete with free
Tf for the TfRs. Increasingly more TfRs were gradually

WU ET AL.

occupied by the free Tf, leading to limited cycling of the
Tf-QDs. Similarly, flow cytometric analysis (at 1, 2,4, and
6 h after treatment) revealed that the MFls of the holo-
and oxa-Tf-QDs both decreased, indicating the re-
moval of these NPs from the cells. Notably, the MFI of
the oxa-Tf-QDs was approximately 1.6 times higher
than that of the holo-Tf-QDs (88 vs 50, respectively, at
2 h; Figure 3c), implying that the oxa-Tf-QDs were
detained by the Hela cells, leading to delayed cellular
removal. On the basis of these results (Figures 2 and 3),
the nature of the synergistic anion appears to signifi-
cantly influence the cellular accumulation of the NPs.
The cellular behavior of the oxa-Tf-QDs revealed that
their increased accumulation resulted from their de-
layed cellular removal, which led to extended intracel-
lular retention periods.

Mechanism of Oxa-Tf-QD-Induced Change in Intracellular
Retention Interval in Hela Cells. The variation in the oxa-
Tf-QD-induced intracellular retention interval might
possibly have resulted from reentry of the oxa-Tf-QD/
TfR complexes into cells and retardation of endosomal
Tf iron release.??> We investigated the mechanisms
behind the variations in intracellular retention through
the arrest of endocytosis and the inhibition of endoso-
mal acidification. We used dynasore, a cell-permeable
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Figure 4. Mechanisms of the cellular recycling of oxaTf-QDs
in HelLa cells. The cellular recycling mechanisms were inves-
tigated in terms of (a) the arrest of endocytosis (treatment
with dynasore) and (b) the inhibition of endosomal acid-
ification (treatment with bafilomycin A1). Hela cells were
precultured with (a) oxa-Tf-QDs or (b) holo-Tf-QDs for 2 h
and then subjected to a series of washes before being co-
incubated with free Tf (2.5 mg/mL) and dynasore (80 «M) or
bafilomycin A1 (250 nM) for designated periods of time.
Flow cytometric analysis was performed after treatment for
0, 1, and 2 h. Each measurement was conducted in triplicate
(*p < 0.05, **p < 0.01).

inhibitor of dynamin, to suppress the receptor recycling
pathway by arresting dynamin-dependent endocytosis
and the scission of newly generated vesicles from
membranes of cellular compartments. After precultur-
ing the Hela cells with oxa-Tf-QDs for 2 h, we subjected
the cells to a series of washes and then co-incubated
them with free Tf (2.5 mg/mL) and dynasore (80 uM).
Figure 4a presents the results from flow cytometric
analysis of the Hela cells after treatment with dynasore
for 2 h. The MFIs of the dynasore-treated groups de-
creased more significantly (p < 0.05) than those that had
not been treated (70 vs 98% at 1 h; 58 vs 90% at 2 h,
respectively), indicating the inhibition of reinternaliza-
tion. These observations suggested that oxa-Tf-QD-
induced variation in the intracellular retention interval
resulted partly from cellular recycling of the Tf/TfR
complexes.

After confirming the cellular recycling of Tf-QD/TfR
complexes, we were interested in whether endosomal
iron release was also a key factor affecting the variation

WU ET AL.

in the retention period, because recycling of the oxa-Tf-
QDs was partly caused by the stabilized Tf/TfR com-
plexes and was dependent on iron binding. We used
bafilomycin A1 (250 nM), an inhibitor of vacuolar H*-
ATPases (V-ATPase) on endosomes, to inhibit endo-
somal acidification, leading to the disrupted Tf iron
release. After preculturing the Hela cells with holo-Tf-
QDs for 2 h, we subjected them to a series of washes
and then co-incubated them with free Tf (2.5 mg/mL)
and bafilomycin A1 (250 nM) for 2 h. As displayed in
Figure 4b, the MFIs of the bafilomycin A1l-treated
groups were significantly higher than those of the
nontreated groups (91% vs 64% at 1 h; 79% vs 50%
at 2 h, respectively). These data suggested that inhibi-
tion of endosomal acidification could retard iron re-
lease from the holo-Tf-QDs, leading to elevated levels
of accumulated holo-Tf-QDs. On the basis of these
results, the inhibition of iron release from Tf, through
either the endosomal acidification inhibitory system
(holo-Tf-QDs) or the synergistic anion replacement
system (oxa-Tf-QDs), was a vital element in the varia-
tions of the NP intracellular retention periods.

Effect of Tf Synergistic Anion on the Direction of Intracellular
Tf-QD Trafficking Route in Hela Cells. It has been suggested
that the size of a Tf-conjugated NP (TCNP) plays a
critical role in directing its intracellular trafficking
routes.'? When NPs are larger than 50 nm,'* they be-
come incorporated into late endosomes,?® sub-
sequently fusing with and accumulating in lysosomes.
These large TCNPs may reside intracellularly for long
periods of time before they are excytosed. In contrast,
TCNPs that are less than approximately 30 nm'* enter
the early endosomes and recycle to the cell surface.
These observations suggested that the particle size is
one of the decisive factors affecting the NP intracellular
trafficking route. Therefore, we examined whether
substitution of the Tf synergistic anion (oxa-Tf-QDs vs
holo-Tf-QDs) resulted in redirection of the Tf-QD traf-
ficking route through tracking of the intracellular
localization of these endocytosed Tf-QDs. Herein, we
used Rab5-RFP, expressed in early endosomes, and Red
DND-99, a lysotracker for the identification of acidic
organelles such as late endosomes and lysosomes,
to track the intracellular localization of the Tf-QDs.
Confocal microscopy revealed that the intracellular
holo- and oxa-Tf-QDs were co-localized with Rab5-RFP
(Figure 5a, b), but neither were co-localized with lyso-
somes (Figure 5¢, d). These results suggested that the
intracellular localization of oxa-Tf-QD, similar to that of
holo-Tf-QD, involved existence in early endosomes, but
not much in acidic organelles or lysosomes.'*'43°

Moreover, TEM analysis revealed similar localization
of oxa-Tf-QD and holo-Tf-QD, in that they were both
wrapped up in a 200 nm endosome-like vacuole
(Figure 5e, f). Notably, the accumulation of the oxa-
Tf-QDs was greater than that of the holo-Tf-QDs
(Figure 2f). Because the holo- and oxa-Tf-QDs underwent
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Figure 5. Co-localization of holo-Tf-QDs and oxa-Tf-QDs in HeLa cells. (a, b) Rab5-RFP was used to trace the localization of (a)
holo-Tf-QDs and (b) oxa-Tf-QDs. Rab5-RFP was expressed in early endosomes. Arrows indicate the co-localization of Tf-QDs
and early endosomes. (c, d) Red DND-99, a lysotracker, was used to identify late endosomes and lysosomes in cells treated
with (c) holo-Tf-QDs and (d) oxa-Tf-QDs. (e, f) TEM analysis of (e) holo-Tf-QDs and (f) oxa-Tf-QDs. Arrows indicate the existence

of Tf-QDs in endosome-like vacuoles.

comparable intracellular localization, these observations
suggested that substitution of the Tf synergistic anions
did not redirect the Tf-QD trafficking route, but instead
increased the degree of particle accumulation.
Programmable Tf-QD Intracellular Retention Periods. The
intracellular Tf-QD retention period could be pro-
grammed by adjusting the ratio of oxa- and holo-Tfs
on the QD surfaces to manipulate the NP intracellular
retention interval through control of the cellular recy-
cling levels of the Tf/TfR complexes (Figure 6). At a ratio
of 1:1 (holo-Tf:oxa-Tf), the MFI of the mixed-Tf-QDs
(78%) was between those of the pure oxa- (86%) and
pure holo-Tf-QDs (52%), indicating that the recycling of
the Tf-QDs could be “ratio-dependently” programmed.

WU ET AL.

Accordingly, manipulation of the oxa-/holo-Tf ratio on
QD surfaces may provide a means of programming
intracellular NP retention time, potentially improving
imaging or the efficacy of therapeutic nanodelivery.
In Vivo Retention Profile of Tf-QDs in A549 Xenograft Tumor
Models. We used the oxa-Tf-QDs in imaging studies to
investigate whether the synergistic anion effect was
applied in vivo. After injecting various Tf-QDs (BSA-,
apo-, holo-, and oxa-Tf-QDs) intratumorally, we used a
spectrophotometric system to measure the emitted
fluorescence at different time intervals (1, 30, 60, and
120 min; 24 h). The fluorescence intensities (Figure 7)
revealed that the oxa-Tf-QDs exhibited the highest
fluorescence intensity among the tested group.
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The fluorescence intensity of the negative control groups
(BSA- and apo-Tf-QDs) was not higher than those of the
holo- and oxa-Tf-QDs. The half-maximum fluorescence
intensity of the holo-Tf-QDs was approximately 30 min
after injection, whereas that of the oxa-Tf-QDs was 4-fold
longer at approximately 2.2 h. Notably, the endogenous
concentration of serum Tf was approximately 2.5 mg/mL.
These unbound Tf units would compete with the injected

. . ] Tf-QDs for available TfRs, potentially decreasing the

T 50 f . L I cellular retention of the Tf-QDs in vivo. Our results
= | revealed that the cellular retention of the oxa-Tf-QDs
% 60 I was longer than that of their holo-form counterparts,
g ] both in vivo and in vitro. Thus, the substitution of
% 8 oxalate for carbonate in Tf significantly extended the
E 20 cellular retention time. Therefore, the NP intracellular
& retention period can be manipulated in vitro and
0 in vivo through substitution of Tf synergistic anions

holoTfQD mix1TfQD mix2TfQD mix3TfQD oxaTfQD

Figure 6. Programmable intracellular retention of Tf-QDs.
Tf-QDs presenting holo- and oxa-Tf at ratios of 75:25, 50:50,
and 25:75 were used to program the cellular retention of
NPs. Hela cells were incubated in serum-free MEM with Tf-
QD (20 nM) at 37 °C for 2 h. Cells were then washed twice
with PBS and stripping solution, trypsinized, and collected
for FACS analysis (*p < 0.05, **p < 0.01, ***p < 0.001).

to interfere with the iron release from Tf. Retarded iron
release would stabilize Tf/TfR complexes and, thereby,
promote cellular recycling of these complexes.

Our results have several important implications for
the use of nanodelivery systems in therapeutic and
imaging applications. Substitution of the synergistic
anions of Tf allows the intracellular NP retention periods

No-injection 1 min 30 min 60 min 120 min 24 hr —_
—6
h°';ﬂ'°° o |polemre0 holoT-QD holoTf-QD holoTf-QD g
[ ] & . @ . &
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Figure 7. Tumor retention profiles of various protein—QD bioconjugates in A549 xenograft tumor. Various Tf-QDs, including
BSA-, apo-, holo-, and oxa-Tf-QDs, were injected intratumorally. The emitted fluorescence was observed after various time
intervals (1, 30, 60, and 120 min; 24 h) and collected using a spectrophotometric system (Xenogen/Caliper IVIS-200 in vivo
imaging system). Mice were anesthetized with 2.5% isoflurane (ip). Using a heating pad, the animal body temperatures were
maintained at 37 °C. The animals (nude mice, 20 g, 6—8 weeks old) were fasted for 12 h prior to imaging to reduce rodent chow
autofluorescence within the Gl tract. Images were recorded for 1 min after each 10 min interval after the injection of the QD
solution (0.1 mL, 100 nM in PBS). The fluorescence signals were then quantified by using Living Image software.
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of Tf-conjugated NPs (25 nm) to be manipulated. This
approach has the potential to enhance the function
and efficacy of designed nanomaterials and to com-
pensate for the low in vivo accumulation of introduced
NPs, for example, in tumor tissues, where it is generally
approximately 2—3% of the injected dosage in both
targeted and untargeted delivery.* Nanoparticles mod-
ified with oxalate-replaced Tf exhibit extended intra-
cellular retention periods because they decrease the
degree of NP cellular removal, caused by stabilized
Tf/TfR complexes and their subsequent cellular recycling.
In this study, we achieved Tf/TfR complex stabilization
through oxalate-induced disruption of endosomal
Tf iron release, which resulted in enhanced interaction
of Tf/TfR. In addition, through the immobilization of
oxalate- and carbonate-Tfs at various ratios on the
surfaces of the NPs, we could tailor the intracellular
retention time to a desirable level for specific applica-
tions. However, it is possible that the modification of
synergistic anions may make limited changes in the
total retention time for larger particles (e.g., ~50 nm)
due to their incorporation into late endosomes/lysosomes.

This simple approach is quite easy to perform.
Unlike the conventional approach toward intracellular
retention through manipulation of particle sizes, often
troublesome because of the need to prepare uniformly
special sized nanostructures, our present method to-
ward tunable retention periods depends solely on
substitution of the synergistic anions of the conjugated
ligands (Tf). In a recent investigation of the effect of
the ligand content of Tf on AuNPs,* a high Tf content
tended to result in the AuNPs being accumulated
within cancer cells. Similarly, the oxa-Tf-QDs in our
present study also accumulated to higher degrees
relative to counterparts in Hela cells both in vitro and
in vivo. These results further demonstrate the effec-
tiveness and significance of our developed approach,
which grants us a convenient means of improving the
performance of nanodelivery systems.

Moreover, we anticipate that a series of anions (e.g.,
malonate, glycolate) with various iron-release abilities**”
could be selected as substituting agents for carbonate.

MATERIALS AND METHODS

Preparation of Oxalate-Transferrin. Oxa-Tf was prepared, using a
modification of the procedure reported by Everse et al,*
through the addition of two equivalents of Fe(lll)-nitrilotriace-
tate (NTA), with the iron and NTA premixed at a ratio of 1:2, to
apo-Tfin 20 mM potassium oxalate. The mixture was incubated
at room temperature for 1 h, followed by exhaustive exchange
into 10 mM KCl containing 10 mM potassium oxalate using
Centricon 10 microconcentrators (Milipore, Billerica, MA, USA).
Free oxalate was removed by passing through a PD-10 desalting
column (GE Healthcare, Piscataway, NJ, USA), eluting with
10 mM borate buffer (pH 8.0), to avoid interference in the
subsequent EDC/N-hydroxysuccinimide (NHS) reaction.

Bioconjugation of Quantum Dots. Tf-modified quantum dots were
prepared through conjugation of Tf (holo- and oxalate-replaced
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Different synergistic anions would presumably result
in distinct retention times because they would vary the
strength of ligand—receptor binding; in the near
future, we will report our findings on the effect of
substitution with other synergistic anions on intracel-
lular retention. We stress that the oxalate-substituted
Tf studied herein was merely a model to prove the
concept of regulating the intracellular NP retention
time. It is likely that other diverse features of certain
ligand—receptor interactions could be used to manage
the NP retention periods. Furthermore, synergistic
anion-replaced Tf derivatives (e.g., oxa-Tf) could pre-
sumably be incorporated with other targeting ligands
on NPs for multiligand binding. These NPs might,
therefore, undergo target identification first, followed
by triggering of cell internalization for designed intra-
cellular periods. With this fascinating tool in hand, the
intracellular retention times of nanodelivery systems
could be programmed; meanwhile, the imaging and
therapeutic efficacy might also be enhanced.

CONCLUSION

In summary, replacing the synergistic anions of Tf on
NPs can provide a nanodelivery system with the
following features: (1) a programmable intracellular
retention time; (2) an intracellular trafficking pathway
similar to holo-Tf-QDs; and (3) a simple, easy, and cost-
effective protocol. We focused on the manipulation of
intracellular retention time of nanoparticles with the
characteristic of rapid tumor permeation (~20 nm) to
improve their tumor accumulation and to avoid the
nanotoxicity observed in larger sized NPs (~50 nm). A
desired level of NP retention can be achieved through
adjustment of the nature of the synergistic anion of Tf
or the ratio of Tf with different synergistic anions. This
design can improve not only the targeting efficiency of
nanomaterials but also potentially the safety and ther-
apeutic efficacy of nanoformulations. Future works will
attempt to study whether the synergistic anion substi-
tution effect could be applied on other sized nanopar-
ticles to increase their cellular accumulation through the
manipulation of intracellular retention time.

forms) with carboxyl quantum dots (Qdot ITKTM carboxyl, Invitro-
gen, Grand Island, NY, USA) via EDC/NHS coupling reactions. The
QDs were mixed with EDC and NHS in 10 mM borate buffer (pH 8.0)
to activate the QD carboxyl groups at room temperature for 1 h.
Protein conjugation was performed by adding proteins into the QD
conjugation reaction solution at room temperature. After incubation
for 1 h, the protein—QD conjugation reaction mixture was centri-
fuged at 3000g, using a 100 kD centrifugal filter (Milipore, Billerica,
MA, USA) to remove free protein and excessive reagents. QD
analyses were performed on the basis of quantification of '''Cd
and “8Se concentrations using ICP-MS (Elan6100; PerkinElmer,
Shelton, CT, USA)3" The protein contents of the protein—QDs were
measured using protein assay kits (Bio-Rad, Hercules, CA, USA).
PA-AGE Gel Preparation and Electrophoresis. Hybrid gels com-
posed of 2% polyacrylamide (PA) and 0.5% agarose (AGE) were
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prepared for QD-based PA-AGE electrophoresis analysis.>
Equal volumes of 1% AGE and 4% PA were mixed, and then
ammonium persulfate [to a final concentration of 0.05% (w/v)]
and TEMED (1:5000, v/v) were added. Electrophoresis was
performed at 90—150 V for 1—2 h. The running buffer was
0.5x TAE buffer containing 0.1% SDS.

Particle Characterization: Transmission Electron Microscopy Imaging of
Protein—QDs. Protein—QD complexes were imaged using a
Hitachi H-7650 transmission electron microscope operated at
80 kV. Diluted QDs were dissolved in ddH,0 and placed onto a
Formvar-coated Cu grid. For negative staining, the grids were
treated with 1% uranyl acetate (5 uL) for 40 s and then dried in a
vacuum hood.

Particle Size and Zeta Potential Measurements. The hydrodynamic
diameters and zeta potentials of the particles were measured
using dynamic light scattering on a Malvern Zetasizer Nano
system (Malvern, Worcestershire, UK) equipped with a 633 nm
laser. The relationship between the sizes of particles and their
Brownian motion is described by the Stokes—Einstein equa-
tion.>® The zeta potentials of particles influence their electro-
phoresis and mobility, as determined by the Henry equation
and the Smoluchowski approximation.3* The concentration of
the QDs was 2—3 uM. The QDs were dispersed in ddH,0 at a
concentration of 0.3 uM, and the zeta potential was measured.
Hydrodynamic sizes and zeta potentials are reported herein as
means of triplicate measurements =+ SD.

Kinetics of Iron Release from Holo-Tf and Oxalate-Tf. Iron-release
reactions were performed according to Woodworth et al.>® in a
quartz cuvette and monitored using UV—Vis spectroscopy. Iron-
loaded Tf was filtered (0.2 um Acrodisc filters; Gelman Sciences,
Ann Arbor, MI, USA) and added into a sample cuvette contain-
ing 2-(N-morpholino)ethanesulfonic acid (MES)—EDTA buffer
(pH 5.6) to a final protein concentration of 40—45 uM. The time
of mixing in the MES—EDTA buffer (pH 5.6) was considered as
the zero time. All samples were determined against a reference
MES—EDTA buffer. The matched pairs of samples and refer-
ences were equilibrated at 25 °C for 10—15 min prior to mea-
surement. For measurement of the iron released from Tf, the
absorbance decrease at a wavelength of 470 nm was monitored
and recorded for 1 h. The measurements were conducted at
least in triplicate.

Tf-QD Cellular Uptake and Removal. Hela cells (2 x 10°/well)
were seeded and incubated in six-well culture plates for 24 h.
For Tf-QD cellular uptake experiments, HelLa cells were incu-
bated in serum-free MEM with the Tf-QDs (20 nM) at 37 °C for
designated periods. At each time point (0.5, 1, 2, and 4 h), Hela
cells were washed twice with PBS and stripping solution (25 mM
citric acid, 24.5 mM sodium citrate, 280 mM sucrose, pH 4.6) to
remove nonspecifically bound Tf-QDs, trypsinized, and then
collected in 15 mL centrifuge tubes for analysis through fluo-
rescence-activated cell sorting (FACS). For Tf-QD cellular re-
moval experiments, Hela cells were incubated in serum-free
MEM with the Tf-QDs (20 nM) at 37 °Cfor 2 h; the cells were then
washed twice with PBS before being incubated in MEM with 1%
FBS and free Tf (2.5 mg/mL) at 37 °C for designated periods. At
each time point (1, 2,4, and 6 h), cells were washed with PBS and
stripping solution, trypsinized, and collected in 15 mL centri-
fuge tubes for FACS analysis. For the QD cellular removal
inhibition experiments, HeLa cells were first incubated in MEM
with 1% FBS and Tf-QDs (20 nM) for 2 h. After washing twice
with PBS and stripping solution, the cells were incubated in
MEM with 1% FBS, free Tf (2.5 mg/mL), and dynasore (80 M) for
different periods of time (1 and 2 h). For the endosome
acidification inhibition experiments, Hela cells were first incu-
bated in MEM with 1% FBS, bafilomycin A1 (250 nM),*® and the
Tf-QDs (20 nM) for 2 h. After washing twice with PBS and
stripping solution, the cells were incubated in MEM with 1%
FBS, free Tf (2.5 mg/mL), and Bafilomycin A1 (250 nM) for
different periods of time (1 and 2 h). Finally, the cells were
washed and collected for analyses through FACS and confocal
microscopy.

Quantification of Tf-QDs in Cells through FACS Analysis. Hela cells
(2 x 10%/well) were cultured in serum-free MEM with Tf-QDs
(20 nM) at 37 °C for designated periods (1, 2, 4, and 6 h). After
washing twice with PBS and stripping solution, the cells were
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centrifuged (100g) and subjected to flow cytometric analysis
(FACS Calibur, BD Biosciences, San Jose, CA, USA).

Confocal Microscopy Imaging. Hela cells were plated onto

35 mm Petri dishes with a thin bottom for high-end microscopy
(Ibidi, Madison, WI, USA) and incubated in low-serum MEM (1%
FBS) containing Tf-QDs (20 nM) at 37 °C, 5% CO, for 2 h. At each
time point, the cells were washed with fresh culture medium
and examined using a Leica TCS SPE confocal laser scanning
microscope (Leica, Wetzlar, Germany) equipped with CO, and
temperature control. QDs and QD conjugates were excited with
an Ar laser (488 nm) with emission channels of 500—540 nm
for QDs. WGA594, Lysotracker Red DND99, and Rab5-RFP
were excited with the 535 nm laser with emission channels
of 570—625 nm. Hoechst33342 was excited with the 405 nm
laser with emission channels of 460—480 nm.?® Identification of
the QDs' intracellular localization (cell membranes, nuclei,
lysosomes) was performed by incubating fluorescent dyes—
WGA594 (5 ug/mL), Hoechst33342 (1 ug/mL), and Lysotracker Red
DND-99 (0.5 M) (Invitrogen, Carlsbad, CA, USA), respectively—with
live cells for 15—30 min and then imaging them using confocal
microscopy. For the labeling of early endosomes, Hela cells
were transfected with Rab5-red fluorescent protein (Rab5-RFP)
plasmid through electroporation, and then they were seeded
and incubated for 48 h. Rab5, a small GTPase located at early
endosomes, functions as a regulator for the fusion between
endocytic vesicles and early endosomes.

Animals and Tumor Formation. Athymic nude mice (nu/nu;

male, 6 weeks old or older, and weighing 20—24 g) were used
for human lung carcinoma cell (A549) tumor xenografts. A549
cells were cultured in F12K supplemented with 10% FBS,
penicillin (100 units/mL), and streptomycin (100 units/mL).
Trypsinized A549 cells, during the exponential phase of growth,
were resuspended in PBS and Matrigel (BD Biosciences, San
Jose, CA, USA) and injected (subcutaneous) into nude mice at
2 x 10° cells per mouse. Tumors were allowed to grow to
50—100 mm? in volume prior to introduction of the QDs and

imaging.
In Vivo Fluorescence Imaging. /n vivo fluorescence imaging was

performed using a commercial Xenogen/Caliper IVIS-200 in vivo
Imaging System (Alameda, CA, USA). Light from a 100 W
Hamamatsu Xe lamp was passed through fluorophore-depen-
dent bandpass interference filters (545AF75, Omega Optical) to
induce QD525 fluorescence. The imaging sensor was a charge-
coupled device camera (DW436, Andor Technology), thermo-
electrically cooled to —90 °C. Bandpass interference filters
(FF495 Ex 02-25, Smerok, USA) were placed over a 50 mm
/1.2 lens (Nikon, Tokyo, Japan) to pass fluorescent light but
block excitation light3” Mice were anesthetized with 2.5%
isoflurane (ip). Each animal's body temperature was maintained
at 37 °C using a heating pad. The animals (nude mice, 20 g, 6—8
weeks old) were fasted for 12 h prior to imaging to reduce
rodent chow autofluorescence within the Gl tract. Images were
recoded for 1 min after each 10 min interval after injection of
the QD solution (0.1 mL, 100 nM in PBS); fluorescence signals
were then quantified using Living Image software.”*
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