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timuli-responsive materials have been

receiving much attention due to their

potential applications in biomedicine;
in particular, those capable of probing envi-
ronmental changes, such as pH and temper-
ature, have been extensively sought for de-
tecting biological phenomena
intracellularly or extracellularly. Intracellular
pH is generally between 6.8 and 7.4 in the
cytosol and between 4.5 and 6.0 in the cell’s
acidic organelles." When compared with
conventional microelectrode techniques,
fluorescent dyes provide an enhanced sen-
sitivity required for optical pH measure-
ments inside living cells and offer a greater
spatial sampling capability. However, the
optical change of fluorescent dyes is often
relatively small and monotonous (in single-
emission pattern), thus limiting their roles in
probing intracellular pH changes.?® This
highlights the need to develop improved
fluorescent probes that can sense pH
changes intracellularly. On the other hand,
many pathological conditions, such as can-
cers, are associated with increased meta-
bolic activity and hypoxia, resulting in an el-
evated extracellular acidity.*> Imaging
acidic regions could provide valuable infor-
mation about disease localization and pro-
gression and might enhance diagnosis and
therapy. Therefore, developing a pH-
responsive fluorescence probe that can be
used for detecting variations in the environ-
mental acidity is of significant interest.

In this study, a dual-emission nanoprobe
that can sense changes of the environmen-
tal pH is developed based on the concept of
pH-responsive Forster resonance energy
transfer (FRET) of a biocompatible polyelec-
trolyte, N-palmitoyl chitosan (NPCS), conju-
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ABSTRACT A dual-emission nanoprobe that can sense changes in the environmental pH is designed based on

the concept of pH-responsive Forster resonance energy transfer induced by the conformational transition of an

associating polyelectrolyte, N-palmitoyl chitosan, bearing a donor (Cy3) or an acceptor (Cy5) moiety. We
demonstrate that the developed pH-responsive nanoprobe can be used to ratiometrically image and thus

discriminate the pH changes in the biological environment at different length scales.
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ratiometric imaging - dual emission -
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gated with a donor (Cy3) or an acceptor
(Cy5) moiety (Figure 1). FRET involves the
nonradiative transfer of energy from an
excited-state fluorophore (donor) to a sec-
ond chromophore (acceptor) in a close
proximity (less than 10 nm).5~8 FRET mea-
surements offer a highly effective means of
probing either molecular interactions or a
single molecular event, such as molecular
cleavage and conformational transition of a
protein, thus providing a platform to de-
sign a sensor molecule for detecting the
variation in molecular environments.>~ '
FRET imaging that allows the simultaneous
recording of two emission intensities at dif-
ferent wavelengths in the presence or ab-
sence of analytes has provided a feasible
approach for visualizing a complex biologi-
cal process at the molecular levels.' There-
fore, developing dual-emission fluorescent
probes provides ratiometric measurements
of the emission intensities by modulating a
FRET process.

RESULTS

Our central idea is schematically illus-
trated in Figure 1. NPCS is an associating
polyelectrolyte characterized by the pres-
ence of alternating charges (protonated
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Figure 1. Design and working principle of the pH-responsive FRET nanoprobes. Schematic illustrations showing a dual-
emission nanoprobe that can sense changes of the environmental pH, based on the concept of pH-responsive FRET of a bio-
compatible polyelectrolyte, NPCS, conjugated with a donor (Cy3) or an acceptor (Cy5) moiety.

amine groups) and hydrophobic side chains (palmitoyl
groups). We have shown previously that NPCS in an
aqueous environment exhibits a rapid nanostructure
transformation within a narrow pH range through a
proper balance between charge repulsion and hydro-
phobic interaction.'® Here we further attach a tiny
amount of Cy3 or Cy5 moiety to the backbone of NPCS
to yield Cy3—NPCS and Cy5—NPCS, respectively. The
molar ratio of Cy3 or Cy5 to NPCS monomers was ca.
0.4%; therefore, a NPCS chain contained about one Cy3
or Cy5 group as estimated from the polymer molecu-
lar weight. Cy3—NPCS and Cy5—NPCS in equal
amounts were added into the aqueous solution with a
prescribed pH to yield the solutions containing the mix-
ture of these two species. It has been shown that the
NPCS with a sufficiently high degree of substitution (DS,
e.g. 15%) of palmitoyl group would form nanoscale net-
work clusters [which will be called “nanoparticles (NPs)”
hereafter] at low pH, where a fraction of the hydropho-
bic side chains associated to form micellar aggregates
that acted as the physical cross-links tying NPCS chains
to generate the network.'® The NPCS chains between
the physical cross-links were highly expanded due to
charge repulsion between the protonated amine
groups on the backbone. Our quantitative analysis of
the small-angle X-ray scattering profile associated with
these network clusters revealed that the characteristic
mesh size of the network was in the order of 2 nm.'® As
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a result, in the network clusters containing both
Cy3—NPCS and Cy5—NPCS chains, Cy3 and Cy5 moi-
eties are well exposed to each other, and their separa-
tion distance should lie within the critical distance (~10
nm) required for FRET. An energy transfer from Cy3 to
Cy5 is hence expected to take place at low pH. When pH
is raised, the increase in hydrophobicity of NPCS aris-
ing from deprotonation of the amine groups induces
the collapse of polymer chains into globules. Once the
intrachain collapse dominates, Cy3 and Cy5 moieties
will be embedded within the individual globules and
hence will become inaccessible to their counterpart for
energy transfer. Consequently, the ability of NPCS to
self-associate to form expanded network clusters of-
fers the close proximity between the donor and the ac-
ceptor moieties required for FRET, while the pH-driven
conformational transition prescribes the on-to-off
switch of the energy transfer.

NPCS was prepared by conjugating a hydrophobic
palmitoyl group onto the free amine groups of chito-
san (CS). CS, a natural-origin polysaccharide, is biode-
gradable, nontoxic, and soft-tissue compatible and thus
has been used extensively in biomedical applications."”
It is known that the pK, of CS is approximately 6.5.'78
The pH-triggered conformational transition was dem-
onstrated by comparing the hydrodynamic radii (Ry) of
NPCS with a DS of 15% (denoted as NPCS-15%) at pH
4.5 and 7.4, measured by dynamic light scattering at

Wwww.acsnano.org



160

s8%%s ® pH45
150 - s O pH7.4
]
140 @ ®s
[ ]
[ ]
_130{ © t
£ s 8
£ 1204 o} ]
& o
110+
g 4
100 oo
Q
90 o g oo ]
80+ T . . T r T —
30 32 34 36 38 40 42 44 46
T(°C)

Figure 2. Hydrodynamic radii (R,) of test nanoparticles pre-
pared by NPCS with a degree of substitution of 15% at pH
4.5 and 7.4, measured by dynamic light scattering at varying
temperatures.

varying temperatures (Figure 2). It can be seen that Ry,
at pH 4.5 was always greater than that at pH 7.4 under
a given temperature. At the physiological temperature
(ca. 37 °C), for instance, R, at pH 4.5 was 145 nm as com-
pared to 97 nm at pH 7.4. It is noted that the size of
NPs measured was significantly larger than that ex-
pected for single polymer chains (at the order of sev-
eral nm), thereby confirming that aggregates or clus-
ters of NPCS were formed in aqueous media.

Figure 3a shows the FRET spectra of Cy3—/
Cy5—NPCS-15% NP solutions, which were normalized
to the maximum Cy3 donor peak around 570 nm, as a
function of the environmental pH; their corresponding
emission ratio of Cy5/Cy3 is shown in Figure S1 of the
Supporting Information. All spectra were obtained by ir-
radiating solutions at 520 nm, corresponding to the ex-
citation wavelength of the FRET donor, Cy3. As the en-
vironmental pH was changed, spectral changes were
observed; sequential increases in the fluorescence
emission ratio of Cy5/Cy3 were observed with decreas-
ing the pH. The increase in the emission ratio of Cy5/
Cy3 was due to a higher FRET efficiency; that is, more
energy transferred from Cy3 to Cy5 at lower pH. The
variation in the FRET efficiency with pH values was con-
sistent with our postulated mechanism of the pH-
triggered NPCS conformational change. This accor-
dance implies that intrachain collapse of NPCS in the
network clusters at higher pH should take place pre-
dominantly; in this case, Cy3 and Cy5 moieties were lo-
cated at different globules such that their mutual inter-
actions required for energy transfer were effectively
shielded. If interchain collapse was the dominated
mode, then a single globule would have contained
both Cy3 and Cy5 moieties, and hence energy transfer
was still accessible. It is interesting to note that some
Cy5 emission still existed at pH 8.0 (Figure 3a). This may
be due to the presence of some Cy3 and Cy5 groups
at the surface of the collapsed aggregates, such that a
small fraction of Cy3 moiety was still able to interact
with Cy5 to induce the energy transfer.
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It is noted that Cy3—/Cy5—NPCS with a DS of 15%
represented the optimum prescription for attaining
high FRET efficiency. NPCS with a lower DS was found
to display lower FRET efficiency (see Supporting Infor-
mation, Figure S2), given that the polymer chains could
not form clusters effectively in aqueous media at lower
pH due to a weaker hydrophobic interaction. In this
case, a significant fraction of chains remained well dis-
persed, and their large separation distance at low poly-
mer concentration (100 pg/mL) frustrated the energy
transfer from the Cy3 groups in a given chain to the Cy5
groups in others. On the other hand, the variation in
size for the NPs prepared from NPCS with a DS larger
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Figure 3. FRET measurements. (a) FRET spectra of Cy3—/
Cy5—NPCS-15% nanoparticle suspensions, which were normal-
ized to the maximum Cy3 donor peak around 570 nm, as a func-
tion of environmental pH and (b) the corresponding non-
normalized FRET spectra; (c) dual-emission pH images of Cy3—/
Cy5—NPCS-15% nanoparticle suspensions obtained by an in vivo
imaging system. All of FRET spectra and dual-emission pH images
were obtained by irradiating nanoparticle suspensions at 520
and 535 = 15 nm, respectively, corresponding to the excitation
wavelength of the FRET donor, Cy3. NPCS-15%: NPCS with a de-
gree of substitution of 15%.
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Figure 4. Endocytosis pathway and intracellular trafficking.

(a) Effects of inhibitors on the internalization of NPCS NPs in the
presence of chlorpromazine (7 p.g/mL), wortmannin (500 nM),
MBCD (3 mM), or genistein (200 M). Negative control: the group
without any treatment; control: the counterpart in the absence of
inhibitors; and NPCS NPs: nanoparticles of NPCS with a degree of
substitution of 15%. (b) Confocal images (scale bar, 20 um) of the
intracellular trafficking of NPCS NPs taken at the indicated time
points using the immunohistochemical stains to identify caveolae/
caveosomes (CAV1), early endosomes (EEA1), and late endosomes/
lysosomes (LAMP2). Area defined by a square is shown at a higher
magnification in the inset.

than 15% became significant; therefore, they were not
used in the study.

Figure 3b shows the non-normalized FRET spectra
of Cy3—/Cy5—NPCS-15% NP suspensions. With de-
creasing the pH, concomitant systematic increases in
Cy5 emission and decreases in Cy3 emission, due to an
increase in Cy3 to Cy5 FRET, were observed. This pH-
dependence phenomenon allows the ratio of fluores-
cence intensities emitted from the donor and acceptor
dyes at two emission wavelengths (570 and 670 nm) to
be used for quantitative determinations of pH. Figure
3c shows the dual-emission pH images obtained by an
in vivo imaging system (IVIS). Cy3 and Cy5 images were
acquired through 580 = 10 and 680 = 10 nm band-
pass emission filters, respectively. When Cy3—/
Cy5—NPCS-15% NP suspensions were excited at 535
*+ 15 nm, the fluorescent intensity of the Cy3 band de-
creased gradually, and the Cy5 band increased with de-
creasing pH. As a result, an obvious change in fluores-
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cent ratio color imaging (spectral composite) from
green (pH 7.5) to orange (pH 6.0) and then red (pH

5.0) was observed. These ratiometric images may be
used to discriminate the environmental pH changes at
a length scale related to the pathological acidic regions
in tissues, thus providing valuable information about
the disease localization and progression.

The aforementioned results suggest that the devel-
oped Cy3-/Cy5-labeled NPCS NPs can be used as a dual-
emission nanoprobe for detecting variations in the en-
vironmental acidity, especially in the pH ranges of
7.5—4.0. Moreover, the environmental pH can be im-
aged from the ratio of signal intensity of Cy3 (FRET do-
nor) and Cy5 (FRET acceptor) on NPCS via modulating a
pH-responsive FRET process. Further, this technique
was demonstrated in a cell model to access the possi-
bility of using the developed Cy3-/Cy5-labeled NPCS
NPs to probe, image, or discriminate varied acidity of
cellular organelles.

To elucidate their potential cellular uptake path-
way, the interaction between NPCS-15% NPs
(fluorescein-labeled) and cell membranes was investi-
gated by treating cells (HT1080 human fibrosarcoma)
with different chemical inhibitors and then analyzed by
flow cytometry; the counterparts in the absence of in-
hibitors were used as controls. Chlorpromazine and
wortmannin have been used as inhibitors for clathrin-
mediated uptake and macropinocytosis,
respectively.’ 22 As shown in Figure 4a, treatment
with chlorpromazine or wortmannin did not result in a
significant inhibition of uptake of NPCS NPs, indicating
that neither clathrin-mediated endocytosis nor macro-
pinocytosis was involved in the endocytosis. Methyl-$3-
cyclodextrin (MBCD) and genistein are known to inhibit
caveolae-mediated endocytosis, each acting by a differ-
ent mechanism.'®~22 As compared to the control, cells
treated with MBCD or genistein significantly diminished
the fluorescence intensity, an indication of caveolae-
mediated endocytosis. The aforementioned results sug-
gest that the caveolae-mediated pathway played a sig-
nificant role in the internalization of NPCS NPs.

Caveolae are characterized by the presence of a fam-
ily of caveolin proteins including caveolin-1 (CAV1).2324
To further support the entry of NPCS NPs via the
caveolae-mediated pathway, the potential colocaliza-
tion of CAV1 and test NPs during and after entry into
cells was investigated. As shown in Figures 4b and S3
(in the Supporting Information), NPCS NPs were initially
observed in cell membranes and colocalized with CAV1
(caveolae marker, at 15 min after incubation). The inter-
nalized NPs were found associated with CAV1-positive
structures (caveosomes, at 30 min after) near the cell
periphery. Subsequently, significant levels of NPs were
found colocalized with early endosomes (EEA1, at 1 h
after); the early endosomes then matured into late en-
dosomes and then to lysosomes at longer incubation
time points (1 to 4 h, LAMP2). These data demonstrate
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Figure 5. Mapping spatial pH changes in living cells. Dual-emission fluorescence images (scale bar, 20 um) of cells treated with
Cy3—/Cy5—NPCS NPs for distinct durations taken by a confocal laser scanning microscope by irradiating NP suspensions at 543
nm. The fluorescence images were acquired in optical windows between 560—600 nm (Cy3 imaging channel) and 660—700
nm (Cy5 imaging channel). The corresponding pseudocolored ratio images were obtained by analyzing the ratio of the signal in-
tensities of Cy5 to Cy3 imaging channels. NPs: nanoparticles of NPCS with a degree of substitution of 15%.

that following the caveolar endocytosis, NPCS NPs traf-
fic within early endosomes, which mature into acidic
late endosomes and lysosomes.

The feasibility of using the prepared fluorescent
(Cy3-/Cy5-labled) NPCS NPs to probe the intracellular
acidic organelles (early endosomes, late endosomes
and lysosomes) was evaluated. Cells were incubated
with Cy3-/Cy5-labled NPCS NPs for distinct durations,
and fluorescence images were then taken by a confo-
cal laser scanning microscope (CLSM) (Figure 5) in opti-
cal windows between 560—600 nm (Cy3 imaging chan-
nel) and 660—700 nm (Cy5 imaging channel) when
irradiating NP suspensions at 543 nm. By 15 min after
treatment, fluorescence was already observed in the
Cy3 imaging channel; in contrast, no fluorescence was
observed in the Cy5 imaging channel until 1 h after in-
cubation. With time progressing, the intensity of intra-
cellular fluorescence seen in the Cy5 imaging channel
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became stronger. The superposition of Cy3 and Cy5 im-
aging (the third column in Figure 5) changed appar-
ently from red (15 to 30 min, FREF off), to orange (1 to
1.5 h, FRET on) and then yellow (2 to 4 h) due to an in-
crease in FRET from Cy3 to Cy5 over time. This indicates
that after cellular internalization, test NPs may traffic in-
tracellularly from neutral (caveosomes, 30 min) to acidic
organelles [early endosomes (1 h) and late endosomes/
lysosomes (2 to 4 h)], which is consistent with the re-
sults observed in Figure 4b.

A LysoTracker (Yellow-HCK-123) probe, a fluores-
cent acidotropic probe, was used as a control for label-
ing acidic organelles in cells (the fourth column in Fig-
ure 5), and their images were acquired in optical
windows between 500—540 nm. As early as 15—30
min after incubation, intracellular acidic organelles were
already stained by LysoTracker (indicated in purple);
however, the color of LysoTracker was monotonous
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throughout the entire course of the study (up to 4 h).
In contrast, at 15—30 min after incubation, the internal-
ized test NPs (stained in red, the fifth column in Figure
5) were still at cell membranes or near the cell periph-
ery. At this time, no apparent colocalization of test NPs
with LysoTracker was observed; therefore, the red color
shown in Cy3/Cy5 images (the third column in Figure
5, FRET off) represents a neutral pH environment (ca-
veosomes). After incubation for 1 h, test NPs were
found in colocalization (in white) with the organelles
stained by LysoTracker, and their color turned to orange
(the third column in Figure 5, FRET on), indicating their
trafficking into the weakly acidic early endosomes. At a
later time point (1.5 h after), the color of test NPs (colo-
calized with LysoTracker) changed gradually again from
orange to yellow, suggesting that NPs were conveyed
from early endosomes to more acidic organelles (late
endosomes or lysosomes). With time progressing (2 to
4 h), this phenomenon was more remarkable, an indica-
tion of the accumulation of test NPs in lysosomes.

Variations in the intracellular acidity can be further
evaluated using the ratio of the signal intensities of
Cy5 to Cy3 imaging channels analyzed by ZEN 2009
Light Edition Software; the obtained Cy5/Cy3 emission
ratio is represented by a range of pseudocolors pre-
sented in the last column in Figure 5. As shown, the
Cy5/Cy3 emission ratio in cells varied with time after
the internalization of test NPs. With time increasing,
stimulated by the decrease in intracellular pH, an in-
crease in the Cy5/Cy3 emission ratio was observed, an
indication of a higher FRET efficiency. The higher FRET
efficiency seen in a lower pH environment was induced
by the pH-triggered NPCS conformational change, as
discussed above. The aforementioned results demon-
strate that the developed Cy3-/Cy5-labeled NPCS NPs
can be used effectively as a ratiometric fluorescent pH-
sensor for probing the acidity of endocytic organelles in
live cells. This feature is advantageous over the tradi-
tional fluorescent acidotropic probe (LysoTracker),
which can only display a monotonous color and is
therefore not able to distinguish the variation in envi-
ronmental pH in intracellular organelles.

DISCUSSION

Development of a sensitive and practical means for
the detection of environmental pH changes is essen-
tial in addressing the challenges in locating intracellu-
lar acidic organelles and acidified morbid tissues. FRET
is a powerful technique in optical imaging; it substan-
tially improves the performance of the conventional

EXPERIMENTAL SECTION

Materials. Chitosan (CS, viscosity 5 mPa s, 0.5% in 0.5%
acetic acid at 20 °C, MW 50 kDa) with a degree of deacetyla-
tion of approximately 85% was purchased from Koyo Chemi-
cal Co. Ltd. (Tokyo, Japan). Palmitic acid N-hydroxysuccinimide
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florescence-based probes, which displays merely single-
emission patterns with a modest change in fluores-
cence intensity when responding to the environmen-
tal stimuli. A few FRET-based pH sensing methods,
including conjugating/entrapping a pH-sensitive fluo-
rescent dye on quantum dots or in nanogels, have been
reported in the literature;*>~%” however, their pH sensi-
tive capacity is limited to 6.0—8.0, thus restricting their
biological applications below pH 6.0.

To address this concern, we develop a dual-emission
FRET nanoprobe made of NPCS for sensing pH changes
in the biological environment. With the modulation of
their conformational transition in response to the envi-
ronmental pH changes, the gradual alteration in acces-
sibility of the donor (Cy3) to the acceptor (Cy5) on NPCS
for energy transfer contributes to different FRET effi-
ciencies. This conformational transition enables the de-
veloped NPCS nanoprobe functioning as a pH sensor in
the range of 4.0—7.5 (Figure 3a and b), which is suit-
able for monitoring the pH changes intracellularly and
extracellularly. Additionally, the developed pH-
responsive nanoprobe can be used to produce ratio-
metric images and thus discriminate the variation in en-
vironmental pH at different length scales examined by
IVIS (Figure 3c) or CLSM (Figure 5).

Choosing specific fluorophores (donor and accep-
tor) for FRET-based imaging probes must consider their
respective excitation and emission ranges. In our ap-
proach, several FRET pairs, not limited by fluorophore
wavelengths, may be used to conjugate on NPCS to
perform the energy transfer in response to their under-
lying conformation transition in mapping the environ-
mental pH changes based on the needed experimental
conditions for biological applications.

CONCLUSIONS

In conclusion, we successfully developed a dual-
emission pH-responsive nanoprobe made of Cy3-/Cy5-
labeled NPCS NPs. The change from a weakly charged,
globule construction at high pH to a highly charged, ex-
panded coil structure in the network clusters formed
at low pH enables the prepared NPs to act as a simple
switch off (suppress FRET) or on (gain FRET) in response
to changes in the environmental pH, thus may be used
to probe the intracellular acidic organelles, such as
early/late endosomes and lysosomes. Additionally, this
technique may have the potential to localize diseases
involving environmental pH changes and hence facili-
tate diagnosis and therapy.

ester was obtained from Sigma-Aldrich (St. Louis, MO).
N-hydroxy-succinimide (NHS)-functionalized cyanine 3
(Cy3—NHS), cyanine 5 (Cy5—NHS), and fluorescein
(fluorescein—NHS) were acquired from Amersham Bio-
sciences (Piscataway, NJ) and Thermo Scientific (Chicago,
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IL), respectively. All other chemicals and reagents used were
of analytical grade.

Synthesis of NPCS. A mixture of CS (1 g) and aqueous acetic
acid (50 mL, 1% w/v) was stirred for 24 h to ensure total solubil-
ity. The pH was adjusted to 6.0 by slow addition of 1 N NaOH, and
the final volume of CS solution was 100 mL. A solution of palm-
itic acid N-hydroxysuccinimide ester (0.1, 0.2, 0.3, or 0.4 g) in ab-
solute ethanol was added dropwise to the CS solution at 98 °C
and reacted for 36 h. Subsequently, the prepared solution was
cooled to room temperature, and then acetone was added. The
solution was precipitated by adjusting its pH value to 9.0. The
precipitate (NPCS) was then filtered, washed with an excess of
acetone, and air dried. The synthesized NPCS was analyzed by
the proton nuclear magnetic resonance ("H NMR) and Fourier
transformed infrared (FT-IR) spectroscopy, and the results were
presented in our previous report.'® Additionally, the degree of
substitution (DS) on NPCS was determined by the ninhydrin as-
say?® and the potassium polyvinylsulfate (PVSK) titration
method.?®

Preparation and Characterization of NPCS NPs. The synthesized NPCS
was dissolved in 1% aqueous acetic acid, and its pH value was
adjusted to 4.0 by adding a few drops of 1 N NaOH under mag-
netic stirring to form NPs. The hydrodynamic radii (Ry) of the pre-
pared NPs at pH 4.5 and 7.4 (adjusted by phosphate buffer)
were investigated by dynamic light scattering (ALV/CGS-3, Malv-
ern Instruments Ltd., Worcestershire, U.K.) at varying
temperatures.

Preparation of Fluorescent NPCS. Cy3-labeled NPCS (Cy3—NPCS),
Cy5-labeled NPCS (Cy5—NPCS), and fluorescein-labeled NPCS
(fluorescein—NPCS) were synthesized as per the methods de-
scribed in the literature.*° Briefly, a solution of Cy3—NHS,
Cy5—NHS, or fluorescein—NHS in DMSO (1 mg/mL) was pre-
pared and added gradually into an aqueous NPCS (2 mg/mL)
while stirring; the weight ratio of fluorescent dye to NPCS was
kept at 1:50 (w/w). The reaction was maintained at pH 5.5 and
stirred continuously for 12 h in the dark. To remove the uncon-
jugated fluorescent dyes, the synthesized Cy3—, Cy5—, and
fluorescein—NPCS were dialyzed in the dark against deionized
water and replaced on a daily basis until no fluorescence was de-
tected in the supernatant. The resultant Cy3— and Cy5—NPCS
and fluorescein—CS were lyophilized in a freeze dryer.

FRET Measurements. Fluorescent NPs were prepared by mixing
an equal volume of aqueous Cy3—NPCS and Cy5—NPCS (1% by
w/v) and then sonicated in a bath sonicator using a similar pro-
cedure as described above. The emission spectra of the prepared
fluorescent (Cy3-/Cy5-labled) NP suspensions (100 pwg/mL) at dis-
tinct pH values were determined by a fluorescence spectrom-
eter (Spex FluoroMax-3, Horiba Jobin Yvon, Edison, NJ). For FRET
measurements, the donor (Cy3) was excited at 520 nm, and the
emission spectra of the donor—acceptor were recorded at all
wavelengths simultaneously.

Dual-emission images of fluorescent NP suspensions at dis-
tinct pH environments were acquired using an IVIS (Xenogen,
Alameda, CA). In the study, Cy3-/Cy5-labled NP suspensions (100
rg/mL, 200 L per well) were loaded in a 96-well plate. The
plate was irradiated at a wavelength of 535 = 15 nm and then
imaged with sequential emission filters (580 = 10 and 680 = 10
nm bandpass) to obtain unmixed Cy3 and Cy5 images. The com-
posite images of unmixed Cy3 and Cy5 images were then pro-
cessed using the Living Imaging 3.0 Software.

Endocytosis Pathway. To elucidate the potential cellular uptake
pathway of NPCS NPs, the interaction between NPCS NPs
(fluorescein-labeled) and cell membranes was investigated by
treating cells with different chemical inhibitors and then ana-
lyzed by flow cytometry. HT1080 cells were seeded in 12-well
plates at 1 X 10° cells/well and were allowed to adhere over-
night. Subsequently, cells were preincubated with the following
inhibitors individually at concentrations which were not toxic to
the cells: 7 wg/mL of chlorpromazine,'*?® 500 nM wortmannin,?'
3 mM methyl-B-cyclodextrin (MBCD),'® or 200 wM genistein.?
Following the preincubation for 30 min, the inhibitor solutions
were removed, and freshly prepared fluorescein-labeled NPCS
NPs (10 pg/mL) in media containing the same inhibitor concen-
trations as those mentioned above were added and further incu-
bated for 2 h. After incubation, the cells were washed three
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times with PBS, detached by 0.025% trypsin/EDTA, and then
transferred to microtubes. Subsequently, cells were resuspended
in PBS containing 1T mM EDTA and 2% FBS and fixed in 4%
paraformaldehyde. Finally, the cells were introduced into a flow
cytometer equipped with a 488 nm argon laser (Beckman
Coulter, Fullerton, CA).

Intracellular Trafficking. To study the intracellular trafficking of
test NPs, cells were treated with the Cy5-labeled NPCS NPs (50
rg/mL) in the serum-free medium. After incubation at predeter-
mined time points, cells were washed twice with the prewarmed
PBS before they were fixed in 4% paraformaldehyde. The fixed
cells were investigated using the immunohistochemical stains to
identify caveolae, caveosomes, early endosomes, and lysos-
omes. The primary antibodies used in the study were poly-
clonal rabbit anticaveolin-1 antibody (Cell Signaling Technology
#3238, Beverly, MA), polyclonal rabbit anti-EEAT antibody (Ab-
cam #ab2900), and monoclonal mouse anti-LAMP2 antibody
(Abcam #ab25631). After the primary antibody incubation, the
following secondary antibodies were used: Alexa Fluor 488 goat
antirabbit IgG (H + L) (Invitrogen #A11034) or Alexa Fluor 488
goat antimouse IgG (H + L) (Invitrogen #A110209). The stained
cells were counterstained to visualize nuclei with propidium io-
dide (PI, Sigma-Aldrich) and examined using CLSM (TCS SL, Leica,
Germany). In the study, images of cellular organelles (identified
by Alexa Fluor 488), cellular nuclei (stained by PI), and Cy5-
labeled NPCS NPs were acquired in optical windows between
500—540, 560—650, and 660—700 nm, respectively (after the ex-
citation at 488, 543, and 633 nm, respectively).

Mapping Spatial pH Changes in Living Cells. To perform the intracel-
lular fluorescence ratiometric imaging, cells were treated with
Cy3-/Cy5-labeled NPs as per the procedure used in the intracel-
lular trafficking study. The FRET donor Cy3 was excited at 543
nm, and fluorescence images were monitored in a Cy3 imaging
channel (560—600 nm) and a Cy5 imaging channel (660—700
nm). The corresponding pseudocolored ratio images were ob-
tained by analyzing the ratio of the signal intensities of Cy5 to
Cy3 imaging channels using ZEN 2009 Light Edition Software.
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