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ABSTRACT: Inspired by the specificity of acid tumor micro-
environment, we constructed a flexible charge-reversible near-
infrared (NIR) fluorescence nanoprobe in response to tumor
extracellular pH (pHe) for effective tumor-specific imaging. The
nanoprobe consists of an NIR-emitted CulnS,/ZnS quantum dot
(CIS/ZS QDs) core and a tailored lauric acid and 2,3-
dimethylmaleic anhydride modified &-polylysine (e-PL-g-LA/
DMA) shell, which provides not only a dense protective layer for
the QDs but also the ability of pHe-induced positive charge-
mediated endocytosis into tumor cells. The results showed that the
QDs@e-PL-g-LA/DMA nanoprobe with a uniform size of 40 nm
had high chemical stability at pH 7.4 and excellent optical
properties. Especially, it swiftly reversed its surface charge to
positive in 20 min when exposed to pHe due to the cleavage of the
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Charge-reversion Process of the QDs Nanoprobe in Response to pHe

P-carboxyl amide bond of &-PL-g-LA/DMA. Moreover, the cell uptake of the pHe-sensitive QDs nanoprobe exposed at pH 6.8
into HeLa cells is much more significant than that at pH 7.4, which further verified the availability of the electrostatic adsorptive
endocytosis facilitated targeting ability. The pHe-induced targeting imparted the QDs nanoprobe a broad targeting ability in a
variety of solid tumors. Furthermore, as an effective alternative mechanism for tumor targeting, responsive charge reversion is

also universally applicable to other cancer theranostics agent.
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1. INTRODUCTION

Near-infrared (NIR) quantum dots (QDs) based fluorescence
imaging has become one of the most powerful, versatile and
widely used technique for tumor diagnosis, not only because of
the supreme optical properties of QDs including tunable
emission, high brightness, and high resistance to photo-
bleaching, but also for permitting ultrasensitive detection in
deep issue with simplicity and low cost.'~® For tumor diagnosis,
one of the most essential requirements is the ability of specially
targeting.” > An ideal QDs nanoprobe is supposed to
simultaneously exhibit good stability during the circulation
and specific targeting in tumor region.

It has been established that zwitterionic material or neutral
PEG coating is highly effective in reducing nonspecific protein
adsorption and prolonging the circulation time.''~"* Mean-
while, a newly problem emerges considering that the negative
or neutral surface appears to negatively hinder the internal-
ization of nanoparticles and could therefore be an obstacle in
the realization of an efficient cell location.'*™® In view of this,
various targeting molecules such as folate, EGFR receptor, or
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RGD have been introduced to induce cell uptake via specific
receptor—ligand interaction and a lot of successful imaging
outcomes for effective personalized diagnosis and treatment
have been reported."’ ™' However, such a targeting approach
still suffers from certain limitations. For example, the exposed
targeting molecules can compromise the stealth feature and
may evoke immune responses in the blood circulation, leading
to an accelerated removal of particles.20 Besides, the
heterogeneity in receptor expression among different cancer
cells makes it impossible to achieve broad tumor applicability.”!

The tumor extracellular microenvironment is reported to be
more acidic (pHe ~6.5—6.8) than normal tissue (pH ~7.4)
because of glycolytic cancer cell metabolism, hypoxia, and
deficient blood perfusion, which is a typical character of various
solid tumors.>*~?” On the basis of this, new targeting strategies
that exploit the tumor microenvironment have been recently
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developed to construct smart and controllable delivery systems
for tumor diagnosis and therapy.”® > Compared with targeting
cancer cell-surface receptors, targeting the tumor microenviron-
ment may not only avoid many of the complications and pitfalls
but also provide a promising strategy for broad tumor
detection. Inspired by this, we designed a tumor microenviron-
ment responsive QDs nanoprobe with swift charge reversibility
in response to pHe for tumor-specific imaging. At physiological
pH 7.4, the constructed fluorescence nanoprobe had a negative
surface charge and good colloid stability. Upon exposure to
pHe of 6.8, the nanoprobe rapidly reversed its surface charge
from negative to positive due to the hydrolysis of the -carboxyl
imide bond in outer polymer. Our tailor-made nanoprobe was
teatured by its excellent colloid stability at pH 7.4, high
sensitivity and swift reversal in response to pHe, enhanced
cellular uptake into tumor cells due to attractive electrostatic
forces between cationic nanoprobe and anionic cellar
membrane, and broad tumor applicability.

In our work, the nanoprobe was composed of NIR-emitted
CulnS,/ZnS quantum dots (CIS/ZS QDs) core and a tailored
pHe-sensitive polymer shell. A novel amphiphilic pHe-sensitive
polymer denoted as &-PL-g¢-LA/DMA was synthesized by
grafting e-polylysine (&-PL) with hydrophobic lauric acid (LA)
to render amphiphilic property and 2,3-dimethylmaleic
anhydride (DMA) to generate acid-labile f-carboxylic amide
bond. Corresponding characterizations of "H NMR spectrum
and critical micelle concentration (CMC) were carried out.
Subsequently, the pHe-responsive nanoprobe was constructed
by encapsulating NIR-emitted CulnS,/ZnS (CIS/ZS) QDs
with the tailor-made &-PL-g-LA/DMA. To evaluate the
performance of this smart nanoprobe,we analyzed its
morphology, size, fluorescence emission, colloidal stability,
and charge-reversal ability. In addition, the pHe-induced tumor
cell imaging in vitro was further evaluated through confocal
laser scanning microscopy and flow cytometry.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. All the chemicals were used as
received. Copper(I) iodide (Cul, 99.999%), indium(IIl) acetate
(In(Ac)s, 99.99%), Zn acetate dehydrate (reagent grade), sulfur (S,
99.9%), 1-dodecanethiol (DDT, 98%), oleylamine (97%), oleic acid
(0A, 90%), 1-octadecene (ODE, 90%), Bovine serum albumin (BSA),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich. e-Polylysine (e-PL, M,
~ 4000) was obtained from Zhengzhou Bainafo Bioengineering
Co.Ltd. 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochlor-
ide (EDC-HCI) and N-Hydroxysuccinimide (NHS) were procured
from Shanghai GL Biochem Ltd. Maleicanhydride (MA, 99.5%) and
2,3-dimethylmaleic anhydride (DMA, 96%) were purchased from Alfa
Aesar. Sodium hydroxide (NaOH, 96%), lauric acid (LA, >99.8%),
cyclohexane (99.5%), and acetone (>99.5%) were all supplied by
Tianjinshi Jiangtian Chemical Technology Co. Ltd. Milli-Q water (18
MQ) was prepared using a Milli-Q Synthesis System (Millipore, USA).
All other reagents and solvents without statement were of analytical
grade and used as received.

2.2. Synthesis of pHe-Sensitive Amphiphilic e-PL-g-LA/DMA
Polymer. The amphiphilic &-PL-g-LA/DMA was prepared by grafting
&-PL with lauric acid (LA) and 2,3-dimethylmaleic anhydride (DMA)
according to the methods mentioned in the previous literature.>>**
The procedure was divided into two steps as follows.

Synthesis of amphiphilic e-PL-g-LA polymer: Amphiphilic e-PL-g-
LA was prepared on the basis of carbodiimine chemistry with EDC-
HCI and NHS as the effective cross-linker. Typical procedure was
conducted as follows: In brief, LA (196.9 mg, 0.98 mmol carboxyl
groups) was primarily dissolved in S mL of ethanol, then the &-PL
solution (500.0 mg, 3.9 mmol of primary amine groups dissolved in 5
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mL of H,O/ethanol (10:1, v/v)) and EDC/NHS (2.9 mmol EDC and
2.9 mmol NHS) ,which were three times the theoretical amount to
ensure the conjugation efficiency of LA and e-PL, were added
successively. The mixture was kept at room temperature and avoided
light under vigorous stirring for 12 h, and then subjected to dialysis
against ethanol and DI water to remove free LA (pH 7.4, MWCO =
1000), and finally lyophilized at —40 °C to obtain dry products with a
yield of 90%.

Amidization of &-PL-g—LA with DMA to prepare &-PL-g-LA/DMA:
Briefly, &-PL-g-LA (100.0 mg) was dispersed in DI water with stirring
and the solution pH was adjusted to 9—10. Anhydride DMA was
added by portions at a molar ratio of 5 to NH, in &-PL with the pH
maintained at 9—10 by adding 1 M NaOH. After that, the solution was
stitred for 30 min, then dialyzed against basic (pH 9—10) and neutral
(pH ~7.4) DI water (MWCO = 1000) and followed by lyophilization.
To prepare pH-insensitive polymer as control, MA was grafted to &-
PL-g-LA by a similar procedure, except replacing the DMA with MA in
the whole procedure. The final products were denoted as e-PL-g-LA/
DMA and &-PL-g-LA/MA, respectively.

2.3. Determination of Critical Micelle Concentration (CMC).
The critical micelle concentration (CMC), defined as the midpoint of
the transition region before achieved micellar region, was determined
with a fluorescence spectrophotometer using hydrophobic pyrene as a
fluorescence probe. The concentration of pyrene was set as 6.0 X 1077
M. Excited by an ultraviolet light of 338 nm, the intensities obtained
from emission wavelengths at 373 and 384 nm were recorded. The
fluorescence emission spectra of pyrene were measured at various
concentrations of polymer from 0 to 0.5 mg/mL.

2.4. Preparation of Blank Polymer Micelles. The preparation of
blank polymer micelles was performed by the emulsion-solvent
evaporation method described previously.®® In brief, 2 mg of the
polymer were dissolved in 4 mL of deionized water, in which certain
amount of dichloromethane were added dropwise under pulsed
ultrasonication at 100—200 W in the ice—water bath for 10 min. After
the ultrasonic treatment process, dichloromethane was removed using
a rotary evaporator. The obtained micelle solutions were stored at 4
°C, and further characterization was conducted. Herein, an ultrasonic
cell crushing instrument with an ultrasonic booster (JY92-1ID, Ningbo
Scientz Biotechnology Co., LTD) was used.

2.5. Synthesis of CIS/ZS QDs. The CIS/ZS QDs were
synthesized according to according to our previous reported method
with minor modifications.®® In a typical synthesis of CulnS2nanoc-
rystals, In(Ac); (584 mg, 0.2 mmol), Cul (19.2 mg 0.1 mmol),
Zn(Ac), (0.05 mmol, 11 mg), OA(500ul), DDT (1 mL), and ODE(10
mL) were added to a SO mL round-bottom flask under stirring and the
reaction mixture was heated to 120 °C for 10 min until a clear solution
is formed. The mixture was degassed and backfilled with argon three
times, further heated to the targeted temperature of 230 °C followed
by injection of 1.5 mL of sulfur precursor (0.2 M in ODE/oleylamine,
the ratio is 2/1) and finally kept for 30 min for the growth of QDs. For
the deposition of ZnS shell, 4 mL of Zn(Ac), stock solution (0.1 M in
ODE/oleylamine, the ratio is 4/ 1) was injected into the reaction
mixture in three batches with a time interval of 20 min to allow the
growth of ZnS shell. The obtained crude QDs solution was cooled to
room temperature, precipitated by adding ethanol and centrifugation
(10000 rpm, 20 min), and then purified with cyclohexane/acetone
mixture (three times in excess). The purified QDs were finally
redispersed in cyclohexane and stored at 4 °C.

2.6. Preparation of pHe-Sensitive QDs@e-PL-g-LA/DMA
Nanoprobe. Coating QDs with an amphiphilic e-PL-g-LA/DMA
was done according to a previously reported approach with some
modifications:*” (i) The weighed &-PL-gLA/DMA (2 mg) was
completely dissolved in 4 mL of deionized water in a 10 mL beaker.
(i) QDs were precipitated by acetone and redissolved in dichloro-
methane to a final concentration of ~1 M. (iii) The QD solution was
injected into the &-PL-g-LA/DMA water solution dropwise followed
by pulsed ultrasonication every 3 s for a duration of 3 s at 100—200 W
for 10 min. (iv) The obtained emulsion-like mixture was quickly
vortexed to remove the remaining dichloromethane. (v) The pellucid
QDs@e-PL-g-LA/DMA solution were purified by centrifugation at 25
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000 g for 30 min and washed to remove residual polymer and finally
kept at 4 °C for further use. The preparation of QDs@e-PL-g-LA/MA
nanoprobewas conducted in a similar way.

2.7. pHe-Induced Charge Reversal Property of the QDs@e-
PL-g-LA/DMA Nanoprobe. To test the pHe-induced charge reversal
property, the QDs@e-PL-g-LA/DMA nanoprobe solutions were
dispersed in DI water of pH 6.8 and 7.4 at 0.1 mg/mL separately,
transferred into a dialysis bag and then dialyzed in the same water at
37 °C with shaking. At designated time intervals, an aliquot of the
sample solutions was withdrawn from the dialysis bag and measured by
the Zeta-Nanosizer. Each measurement was performed for S runs. The
pH-insensitive QDs@e-PL-g-LA/MA nanoprobe was used as a
control.

2.8. Stability of QDs@e-PL-g-LA/DMA Nanoprobe at pH 7.4.
To test the stability of the QDs@e-PL-g-LA/DMA nanorobe, the
positive nanoprobe of QDs@e-PL-g-LA was used as a control. The
QDs@e-PL-g-LA nanoprobe was prepared by a same method as
QDs@e-PL-g-LA/DMA nanorobe. The micellar nanoprobes were
gently mixed with PBS buffer at pH 7.4 supplemented with 10% FBS
and their mean diameters and fluorescence intensity after different
periods of incubation time were monitored by dynamic light scattering
(DLS) using a Brookhaven Zetasizer and fluorescence spectropho-
tometer, respectively.

Besides, fluorescent stability of the pHe-insensitive nanoprobes was
further measured in the case of charge reversal. The nanoprobe was
incubated in PBS buffer at pH 6.8, and the fluorescence intensity after
different periods of incubation time was then monitored by
fluorescence spectrophotometer. The luminescent images before and
after the charge reversal in the dark field were taken by a Canon digital
camera.

2.9. In Vitro Cytotoxicity Assay of Blank Micelles of &-PL-g-
LA/DMA and QDs@e-PL-g-LA/DMA Nanoprobe. The MTT assay
was used to evaluate the cytotoxicity of blank polymer micelles and
QDs@e-PL-g-LA/DMA nanoprobe. In brief, HeLa cells were seeded
in 96-well microplates at a density of 5 000 cells per well in 100 yL of
Dulbecco’s modified Eagle’s medium (DMEM, containing 1%
penicillin streptomycin antibiotics, 10% fetal bovine serum) at 37 °C
under a 5% CO, atmosphere for 24 h. Then 100.0 L of fresh medium
containing blank polymer micelles or QDs@e-PL-g-LA/DMA nanop-
robe solutions was added. After 24 h treatment, MTT stock solution
(5 mg mL™" in H,0) was added to the wells (20 ul/well). After
incubation for an additional 4 h, MTT solution was replaced with 200
uL of DMSO followed with shaking the microplate for 10 min. The
UV absorbance of the solution was measured at 570 nm using a
microplate reader and compared to control cells. The cell viability was
normalized to that of nontreated cells.

2.10. pHe-Triggered Targeted Cellular Imaging Measured
by Confocal Laser Scanning Microscopy (CLSM) and Flow
Cytometry. The pHe-triggered targeted cellular imaging and cellular
uptake of the nanoprobes were observed by confocal laser scanning
microscopy (CLSM). HeLa cells were seeded into a small plate (S X
10* to 1.0 X 10° cells/well) and incubated in Dulbecco’s modified
Eagle’s medium (DMEM, containing 10% fetal bovine serum, 1%
penicillin, and 1% streptomycin) for 24 h at 37 °C. The L929 cells
were seeded into medium at 1 X 10° cells/well and cultured in RPMI
medium with 10% fetal calf serum (FCS) and 1% penicillin/
streptomycin added. To explore their cell uptake in the tumor
microenvironment of pH 6.8, we replaced the original medium with
QDs@e-PL-g-LA/DMA nanoprobes containing DMEM (100 pg/mL)
of pH 7.4 or 6.8, respectively. The pH-insensitive QDs@e-PL-g-LA/
MA nanoprobes were used as control. After incubation for
predetermined time, the medium was removed. The cells were
washed three times with cold PBS, then fixed with fresh 4%
paraformaldehyde for 15 min, and finally stained with 4,6-diamidino-
2-phenylindole (DAPI) solution (300 uL, 10 ug/mL) for 1S min at 37
°C for nucleus staining. Finally, the cells were washed twice with cold
PBS and observed by CLSM (Leica Microsystems GmbH, TCS SP 2).

To demonstrate whether the charge-reversal property could
enhance the cellular binding and uptake of the pHe-sensitive
nanoprobe at pH 6.8 compared to pH 7.4, the cellular binding and
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uptake of the QDs nanoprobe at pH 6.8 and pH 7.4 were further
evaluated by flow cytometry. HeLa cells were seeded into a small plate
at a density of 1.0 X 10° cells per well and cultured with Dulbecco’s
modified Eagle’s medium in the incubator under a 5% CO,
atmosphere at 37 °C for 24 h. Then, the original medium was
replaced with QDs@e-PL-g-LA/DMA nanoprobes containing DMEM
(100 pg/mL) of pH 7.4 or 6.8, respectively. After incubated for 1 h,
the cells were washed three times with PBS buffer and harvested. The
results were analyzed by a BD Accuri C6 flow cytometer (BD
Biosciences US).

2.11. Characterization. 'H NMR spectra were recorded on a
Varian Inova-500 M instrument (Varian Inc., Palo Alto, USA) with
tetramethylsilane (TMS) as the internal standard. Fourier transform
infrared spectroscopy (FTIR) spectra were recorded on a Spectrum 65
FT-IR Spectrometer. UV—vis absorption and PL spectra were
recorded on a Shimadzu UV-2450 and Gangdong F-280 spectro-
fluorometer at room temperature, respectively. Organic QDs were
visualized using a Tecnai G2 F20 transmission electron microscope
(HRTEM) operating at an acceleration voltage of 200 kV, while blank
polymer micelles and polymer-coated QDs determined by a Technai
G2 20-STWIN transmission electron microscope. Carbon-coated
nickel grids were dipped in the QDs solutions to deposit NCs onto the
film. The X-ray diffraction (XRD) patterns were obtained by using a
Rigaku Ultima III diffractometer equipped with a rotating anode and a
Cu-Ka radiation source. Energy-dispersive spectroscopy (EDS)
spectrum was measured by a scanning electron microscope (JEOL
JSM-6700F). The average particle size, polydispersity, and zeta
potential of nanoprobes were determined at 25 °C by dynamic light
scattering (DLS) using a Brookhaven Zetasizer (Brookhaven Instru-
ments Ltd.,, USA). Three different samples were prepared, measured,
and averaged. The HeLa cells were observed by confocal laser
scanning microscopy (CLSM) (Leica Microsystems GmbH, TCSSP
2) and flow cytometer (BD Biosciences US).

3. RESULTS AND DISCUSSION

The performance of the charge-reversible QDs nanoprobe was
illustrated in Figure 1. The smart nanoprobe was supposed to
have good stability and little nonspecific adsorption during the
blood circulation to ensure a prolonged circulation time, and
finally accumulating in the tumor tissue by EPR effect. Once
exposed to the tumor microenvironment, the nanoprobe
became positively charged, greatly enhancing their retention
in tumor issue and cellular uptake into tumor cells.

3.1. Synthesis and Characterization of the pHe-
Sensitive Amphiphilic Polymer. In our work, to fabricate
the charge-reversible QDs nanoprobe, a novel pHe-sensitive
amphiphilic polymer denoted as -PL-g-LA/DMA was prepared
by modifying e-polylysine with hydrophobic lauric acid (LA)
and 2,3-dimethylmaleic anhydride (DMA).The synthesis
procedure was illustrated in Figure 2a. In this polymer, the
long carbon chain of LA was introduced as the hydrophobic
segment and the DMA was conjugated to the residual amines
of &PL-gLA to form acid-sensitive bond. The chemical
structure of the &-PL-gLA/DMA was characterized by 'H
NMR. As shown in Figure 2b, the signals of a at 3.8 ppm, b at
1.7 ppm, c at 1.2 ppm, d at 1.4 ppm, and e at 3.1 ppm were
attributed to H-a, H-f, H-y, H-6, and H-¢ of &-PL, respectively.
The distinctive signal peak at 0.69—0.73 ppm corresponded to
—CHj; groups of the long carbon segment, demonstrating the
successful introduction of LA. The grafting percentage of LA to
amines of the &-PL was about 20%, as calculated from the 'H
NMR spectrum. In addition, the significantly increased signal
intensity at 1.7 ppm and the further reduced signal intensity at
3.8 ppm than e-PL-g-LA suggested the success of DMA
amidization (see Figure S1 in the Supporting Information).
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Figure 1. (a) Schematic illustration of the performance of the charge-
reversible QDs nanoprobe in response to the tumor extracellular pH
(pHe). At physiological pH 7.4, the smart QDs fluorescence
nanoprobes are negatively charged with good colloid stability, and
have little nonspecific adsorption. Upon exposure to pH 6.8, the
nanoprobe spontaneously becomes positively charged with electro-
static interaction with cellular membrane because of the hydrolysis of
the f-carboxyl imide linker, facilitating cellular uptake through
adsorptive endocytosis. (b) pHe-induced surface charge reversal

property.

Generally, an amphiphilic polymer can self-assemble into
nanosized micelle in aqueous media. To study the aggregation
behavior of e-PL-g-LA/DMA in deionized water, its critical
micelle concentration (CMC) was analyzed with hydrophobic
pyrene as a fluorescence probe. The fluorescence emission
spectra of pyrene at various concentrations of e-PL-g-LA/DMA
from 0 to 0.5 mg/mL are shown in Figure 2¢, from which the
shift of the peak with the increasing concentration can be
observed. The ratio of fluorescence intensities at 373 and 384
nm (I;3/I5,) was calculated and plotted against the logarithm
concentrations of the polymer (Figure 2d). Calculated from the
interception of two straight lines, the CMC value of the &-PL-g-
LA/DMA was about 6.98 mg/L. The quite low concentration
value demonstrated its easiness to self-assemble into micelle in
water, reflecting great potential for coating hydrophobic
nanoparticles.

3.2. Fabrication and Characterization of the pHe-
Sensitive QDs@ &-PL-g-LA/DMA Nanoprobe. In this study,
NIR-emitted CIS/ZS QDs were used for their advantages of
near-infrared (NIR) emission and biocompatibility.**~* The
corresponding XRD and EDS characterizations of the obtained
CIS/ZS QDs were given in the Supporting Information (Figure
S2 and Figure S3). To prepare the nanoprobe, we employed a
simple and robust ultrasonication-induced assembly method.
Upon ultrasonication in the biphase system, the amphiphilic
polymer self-assembled into micelles and thus incorporated the
QD into their inner hydrophobic core because of the strong
hydrophobic interactions between LA segments and the DDT
on the surface of QDs (Figure 3a).
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Observed from the photograph of Figure 3c, the successful
polymer coating and phase transfer of hydrophobic QDs was
achieved. The as-prepared QDs beads were only soluble in the
aqueous phase instead of oil phase and exhibited strong
fluorescent signals with no obvious visible change when
compared with the original hydrophobic QDs in organic
phase. FTIR spectra of the QD nanoprobes further confirmed
this by the appearance of obvious characteristic absorption
peaks of —COO— at 1407 and 1570 cm™' and —CONH- at
1659 cm™' from &-PL-gLA/DMA (see Figure S4 in the
Supporting Information). Observed from images b and d in
Figure 3, the original hydrophobic CIS/ZS QDs were nearly
monodisperse with typical diameters of about 3 nm and the
obtained QD nanoprobes were well-dispersed with uniform size
of about 30 nm and no aggregation. Further magnified image
(inset of Figure 3d) showed that multiple CIS/ZS QDs were
incorporated in a single nanoprobe. The further qualitative
fluorescence analysis measured by fluorescence spectropho-
tometry in Figure 3e showed that the QDs nanoprobes
reserved more than 85% of the original emission intensity. The
well-preserved fluorescence indicated that a relatively complete
surface passivation of the QDs was provided by the compact
polymer layer. In addition, the emission peak shifted slightly to
longer wavelength (~15 nm), which may be attributed to the
interaction between the adjacent QDs encapsulated in each
micelle. The DLS measurements shown in Figure 3f indicated
that the average hydrodynamic diameter (HD) of the QDs
nanoprobes was about 40 nm with a uniform size distribution, a
little larger than the size in dry condition measured by TEM
because of the swelling of the polymer chain in water.*!

3.3. pHe-Induced Charge-Reversal Property. Once in
the slightly acid tumor microenvironment, the outside amides
of the nanoprobes were supposed to regenerate the amines for
promoting cell-internalization ability. To test the charge-
reversal property of the pHe-sensitive nanoprobe in response
to pHe, we measured the zeta potentials of the QDs
nanoprobes with time at pH 6.8 and 7.4, respectively. And
the pH-insensitive polymer (denoted as &-PL-g-LA/MA)
coated QDs beads were used as control. The e-PL-g-LA/MA
was prepared by a similar method except that DMA was
replaced with maleic anhydride (MA) and responding "H NMR
spectrum was shown in Supporting Information (see Figure
SS).

As indicated in Figure 4a, b, both the pH-sensitive and pH-
insensitive QD beads revealed a persistent negative charge of
about —22 mV with a small fluctuation with the extension of
incubation time to 2 h at pH 7.4, indicating their good charge
stability in normal physiological conditions. In the case of
incubation at pH 6.8, in contrast, the zeta potential of the
sensitive QD beads increased quickly at the beginning, reversed
at about 20 min, and finally reached a plateau with a positive
value of about 14 mV, whereas the insensitive ones in the
control group remained negatively charged throughout. To
study the hydrolysis of the sensitive $-carboxyl amide bond, we
further checked the 'H NMR spectrum of e-PL-g-LA/DMA
after incubation at pH 6.8 for 30 min. As seen from Figure S6 in
the Supporting Information, the H-a signal intensity at 3.8 ppm
significantly increased after incubation, suggesting the success-
ful cleavage of B-carboxyl amide bond and exposure of amino
groups. Therefore, the expected pHe-induced charge-reversal
property of our fabricated QD@e-PL-g-LA/DMA nanoprobe
had been basically achieved.
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Figure 2. (a) Schematic description of the synthesis procedure of the pHe-sensitive e-PL-g-LA/DMA; (b) 'H NMR characterization of e-PL-g-LA/
DMA and &-PL; (c) fluorescence emission spectra of pyrene measured at various concentrations of &-PL-g-LA/DMA; (d) ratio of fluorescence
intensities at 373 and 384 nm (Iy,3/L354) plotted against the logarithm concentrations of e-PL-g-LA/DMA.

In addition, the fluorescence stability of a nanoprobe is a vital
prerequisite for its use in fluorescence imaging applications.“’43
Herein, the fluorescence stability of pHe-sensitive QDs@ée-PL-
g-LA/DMA nanoprobes in the case of charge reversal at pH 6.8
was also examined. As can be seen from the changes of
fluorescence intensity (Figure 4c, d) and corresponding dark-
field image (inset of Figure 4c), the reversal of the surface
charge did not influence the fluorescence property of the QDs
nanoprobe, suggesting that the QDs were well-isolated from
the surroundings with the compact and complete protective
layer offered by the amphiphilic polymer and the charge
reversal had little effect on them.

3.4. Stability of the pHe-Responsive QD@e¢-PL-g-LA/
DMA Nanoprobe. Furthermore, the stability of the pHe-
sensitive nanoprobe was tested with the positive QDs@e-PL-g-
LA nanoprobe as a control. The change of size and fluorescence
intensity with different incubation time in PBS buffer of pH 7.4
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supplemented with 10% FBS is shown in Figure S. From Figure
Sa, the pHe-sensitive nanoprobe kept good fluorescence and
showed no obvious change in size, demonstrating good
fluorescence stability and minimal protein adsorption, implying
their potential for prolonging the circulation time in blood.
However, the positive QDs@e-PL-g-LA nanoprobes showed
great increase in size because of the strong interaction with the
proteins, indicating that the positively charged QDs@e-PL-g-
LA nanoprobes may potentially be cleared fast from blood
circulation (Figure Sb). It can be concluded that the charge-
reversal strategy can effectively reduce the nonspecific protein
adsorption by masking the positive charges.

3.5. In Vitro Cytotoxicity. Prior to biological imaging
experiments, possible cell toxicity of the QDs nanoprobe
against HeLa cells was investigated by using the (3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) (MTT)
assay. Figure 6 showed the cell viability with the different
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Figure 3. (a) Scheme of the phase-transfer procedure; (b) HRTEM image of the original CIS/ZnS QDs; (c) dark-field photo of the original QDs
and the nanoprobe; (d) HRTEM image of the QDs@e-PL-g-LA/DMA nanoprobe and magnified image of a single nanoprobe (inset); (e)
fluorescence spectra with excitation wavelength at 470 nm and absorption spectra of the original QDs and the nanoprobe; (f) DLS result of the

QDs@e-PL-g-LA/DMA nanoprobe.

concentrations of blank micelles and QDs@e-PL-g-LA/DMA
nanoprobe after incubation for 24 h. From Figure 6, the cell
viabilities of the HeLa cells with concentration of 200 ug/mL
were more than 90% for both blank micelles of e-PL-g-LA/
DMA and QDs nanoprobes. When the concentration were up
to 400 ug/mL, the cell survivals of HeLa cells incubated with
blank micelles and QDs nanoprobes were 83.8 and 83.4%,
respectively. Therefore, both the polymer and the QDs@e-PL-
g-LA/DMA nanoprobes were of low cytotoxicity in the
investigated concentration regime of 25 ug/mL to 400 ug/
mL. The MTT results indicated that the polymer micelles of &-
PL-g-LA/DMA and corresponding QDs@e-PL-g-LA/DMA
nanoprobe were quite biocompatible, which was further in
favor of their use as safe nanocarriers and imaging agent.

3.6. pHe-Triggered Targeted Cellular Imaging in
Vitro. To verify the feasibility of the pHe-sensitive charge-
reversible QDs@e-PL-g-LA/DMA nanoprobes for targeted
cellular imaging, we observed the tumor cellular imaging
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using CLSM in HeLa cells. The pHe-sensitive QDs@e-PL-g-
LA/DMA nanoprobes were incubated with HeLa cells at pH
6.8 and 7.4, respectively. Meanwhile, the fibroblast L929 cells
incubated with QDs@ée-PL-g-LA/DMA nanoprobes at pH 7.4
were used as control. The results are shown in Figure 7 and
Figure S7 in the Supporting Information. As shown in Figure
7a, b, both 1929 cells and HeLa cells incubated with QDs@e-
PL-g-LA/DMA nanoprobes at pH 7.4 for 1 h showed little
fluorescence, which indicated that few nanoprobe was
internalized at normal physiological pH. In contrast, a strong
red fluorescence of the QDs nanoprobe in the HeLa cells can
be clearly observed when incubated at pH 6.8 for 1 h (Figure
7c). Besides, a continuously enhanced fluorescence with
elongated incubation time at pH 6.8 could be observed from
the fluorescent images in Figure S7 in the Supporting
Information and Figure 7c, reflecting an increased cell uptake
of the charge-reversible nanoprobes into HeLa cells in response
to pHe 6.8. Given that the fast hydrolysis of the f-carboxyl
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Figure S. Size and fluorescence change with different incubation time in PBS buffer of pH 7.4 supplemented with 10% FBS. (a,, a,) pHe-responsive
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imide linker can make the pH-sensitive nanoprobes become
positively charged, the enhanced cell uptake probably resulted
from the attractive electrostatic forces between cationic
nanoparticles and anionic cell membrane.**~*

To highlight the effect of pHe-induced charge reversal of the
smart nanoprobe, we used the pH-insensitive QDs@e-PL-g-
LA/MA nanoprobes as control (Figure 7d). From the
negligible fluorescence in Figure 7d, we can see that the
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QDs@e-PL-g-LA/MA nanoprobes were weakly internalized at
pHe 6.8. The electrostatic repulsion between the persistent
negatively charged surface of the nanoprobe and cell membrane
may account for this.*”** Furthermore, a much higher uptake of
QDs@e-PL-g-LA/DMA nanoprobes than pH-insensitive
QDs@e-PL-g-LA/DMA nanoprobes was observed from Figure
7e, f. The flow cytometry results further verified this pHe-
induced targeting ability of the pHe-responsive nanoprobe.
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Figure 6. In vitro cell viability of HeLa cells treated with the blank
micelles of &-PL-g-LA/DMA and QDs@e-PL-g-LA/DMA nanoprobe
for 24 h with different concentrations: 25, 50, 100, 200, and 400 ug/
mL. The pure DMEM served as the control. Errors bars indicate the
standard deviation of three separate experiments.

On the basis of the above analysis, the smart QD nanoprobes
indeed showed the desired property of significantly increased
ability of targeted cellular imaging and enhanced uptake into
tumor cells than the pH-insensitive QDs nanoprobes once
exposed to tumor extracellular pH value of 6.8. It is expected to
achieve prolonged circulation time in the blood vessel and fast
accumulation and effective cell uptake in the tumor tissue in
vivo. The charge reversal strategy avoids the limitations of
heterogeneity in receptor expression among different cancer
cells accompanied by targeting molecules and is also applicable
to the construction of the emerging attractive upconverting
nanoparticle-based multifunctional nanoplatform.*”>® As acidic
pHe is a hallmark of various cancers, the pHe-responsive

nanoprobe therefore could be used in a variety of tumors.
Although the targeted identification on the molecular level may
be more or less compromised, the fast response to pHe and
bright near-infrared emission make it more promising for rapid
in vivo tumor diagnosis in future. And a versatile QD-based
theranostic platform could also be easily constructed from this
just by combining some anticancer drugs.

4. CONCLUSIONS

In summary, a flexible charge-reversible NIR fluorescence
nanoprobe in response to pHe with CulnS,/ZnS QDs core and
a tailored pH-sensitive polymer shell has been constructed in a
facile and straightforward way. The polymer was prepared by
modifying e-polylysine with hydrophobic lauric acid and 2,3-
dimethylmaleic anhydride. The obtained QDs@e-PL-g-LA/
DMA nanoprobe had a uniform size of 40 nm and exhibited
excellent fluorescent properties, good colloidal stability and
negative surface charge at pH 7.4. More excitingly, once
exposed to pHe, the developed nanoprobe swiftly reversed its
surface charge from negative to positive in 20 min and
demonstrated significantly enhanced cell uptake into HeLa cells
than that at pH 7.4 and the insensitive nanoprobe. With acidic
extracellular pH as a universal phenomenon of solid tumors, the
pHe-responsive nanoprobe could be used for targeted imaging
in a more wide range of cancers. To sum up, all the advantages
including easy preparation, uniform size, excellent colloid
stability at pH 7.4, high sensitivity and quick reversal in
response to pHe, enhanced tumor cell uptake due to
electrostatic adsorptive endocytosis, and broad tumor applic-
ability make it a promising imaging agent in a variety of tumors.
Furthermore, the responsive charge reversion strategy working
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(a) L929 cells

b) pH 7.4

d) pH 6.8

(b,c,d) HeLa cells
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Figure 7. Confocal fluorescence microscopy images of (a) L929 cells and (b) HeLa cells incubated with QDs@ée-PL-g-LA/DMA nanoprobe at pH
7.4, (c) HeLa cells incubated with QDs@e-PL-g-LA/DMA nanoprobe at pH 6.8, and (d) HeLa cells incubated with QDs@ée-PL-g-LA/MA
nanoprobe at pH 6.8 for 1 h. The scale bars are 30 ym. (e, f) Flow cytometry results of HeLa cells incubated with QDs@e-PL-g-LA/DMA
nanoprobe and QDs@e-PL-g-LA/MA nanoprobe, respectively, at pH 6.8 for 1 h.
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as an effective alternative mechanism for tumor targeting is also
universally applicable to other cancer theranostics agents.
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