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Hydrogen-bonded supramolecular polymer nanoparticles (SPNPs), serving as a ratiometric oxygen nanoprobe

for hypoxia sensing and photodynamic therapy (PDT) treatment, were designed. Herein, oxygen-sensitive
phosphorescent Pt(i) porphyrin moiety and oxygen-insensitive fluorescent 9,10-diphenylanthracene moiety
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were assembled through quadruple hydrogen bonding into SPNPs. The efficient energy transfer between
the monomeric donor—acceptor pairs in the SPNPs leads to enhanced phosphorescence with long lifetimes.
The resulting bright phosphorescence can realize hypoxia sensing in living cells and generate singlet oxygen

efficiently in SPNPs to kill cancer cells. This is the first example of a multi-functional supramolecular
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Introduction

Molecular oxygen (O,) is a critical component to provide meta-
bolic energy to cells in aerobic respiration." Hypoxia, a condi-
tion in which O, levels are below normal, is related to many
diseases including cancer, neurological disorders and retinal
diseases.” Thus, the determination of O, levels is of signifi-
cance in diagnosing cancers and understanding the cellular
function and etiology of diseases at their early stage. Optical O,
sensors provide a powerful tool for sensing and mapping the
presence of O, in cells and tissues.? Ratiometric O, sensing, in
which the O, level is calculated using the ratio of O,-insensitive
fluorescence to O,-sensitive phosphorescence, further allows more
accurate measurement and avoids background interference.’?
Currently, there is great interest in the development of ratio-
metric optical oxygen nanoprobes by incorporating metal
porphyrin complexes with conjugated polymer nanoparticles
(CPNs), silica gels and quantum dots.*”” Phosphorescence
quenching of the indicator by the ground triplet state of O,
in principle, can result in the generation of singlet oxygen (*0,).
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polymer-based nanoprobe for ratiometric hypoxia sensing, imaging and PDT treatment.

'0, is highly toxic to cells and is widely used in photodynamic
therapy (PDT) for cancer treatment. Additionally, photosensitizers
such as metal porphyrins, BODIPY and bacteriochlorin deriva-
tives, which are able to react with O, to produce 10,, have been
demonstrated to possess therapeutic abilities, some of which have
obtained approval for clinical use.>® Thus, it is quite possible to
develop a system capable of both hypoxia sensing and PDT
treatment. Although such integrative system for diagnosis and
therapy is highly desirable in the biomedical field, it is rather
challenging owing to the difficulty in combining all the essential
features under hypoxia conditions. To date, only a few oxygen
sensors based on CPNs have been reported to realize multiple
functions for both hypoxia sensing, imaging and treatment.”
However, these sensors contain polymers that require tedious
synthesis procedures and are probably not biodegradable.
Supramolecular polymers are a class of polymers that are
assembled via low-molecular-weight monomers through rever-
sible non-covalent interactions.'®™* Previously, we developed
ureidopyrimidinone (UPy)-based quadruple hydrogen bonded
supramolecular polymer nanoparticles (SPNPs)."* SPNPs exhibit
the same merits of CPNs, such as excellent photostability and
good biocompatibility. Moreover, SPNPs possess several unique
characteristics. (1) The functionalities of SPNPs are mainly
determined by their small monomeric units, and they can be
finely tuned through synthetic manipulations.''*? (2) The non-
covalent interactions between their small molecular monomers
endow the SPNPs potential biodegradability after a reasonable
period. (3) SPNPs with a uniform small particle size can be
readily dispersed in aqueous solution and can penetrate cells.**
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Fig. 1 Chemical structures of Por(Pt)-bisUPy and DPA-bisUPy. SEM image
of SPNPs and schematic of the dual-emissive SPNPs for hypoxia sensing,
imaging and PDT treatment.

(4) The occurrence of fluorescence resonance energy transfer
(FRET) between the appropriate donors and acceptors built into
SPNP has been established.***?

In the present study, we designed a supramolecular polymer
nanoparticle (SPNP)-based O, nanoprobe for ratiometric hypoxia
sensing and cancer therapy. An oxygen-insensitive fluorescence
reference moiety bearing bis-ureidopyrimidinone (bis-UPy) acts as
the energy donor (D), and an oxygen-sensitive phosphorescence
indicator moiety bearing bis-UPy acts as the energy acceptor (A).
We assembled these fluorescence and phosphorescence mono-
meric units into SPNPs through quadruple hydrogen bonding
between UPy. The resulting SPNPs can be readily dispersed in
aqueous solution and can penetrate cells. Efficient FRET among
the D-A pairs in the SPNPs is greatly facilitated, resulting in
drastic phosphorescence enhancement. Importantly, the triplet-
triplet energy transfer (TTET) from the phosphorescent SPNPs
to O, enables sensitive ratiometric hypoxia sensing both
in aqueous solution and in living cells as well as effective
apoptosis of cancer cells by the generated 'O, (Fig. 1). The results
presented demonstrate that SPNPs are excellent luminescent
nanoprobes for practical application in determining O, concen-
tration in biological systems and effective PDT agents in the
treatment of cancer cells.

Results and discussion
Assembly and characterization of SPNPs

The SPNPs we developed for ratiometric O, sensing with FRET
mediated phosphorescence contain two components: a UPy-
containing 9,10-diphenyl anthracene unit (DPA-bisUPy) and a
UPy-containing fluorinated phenyl of Pt(u) porphyrin [Por(Pt)-
bisUPy]. The former acts as the fluorescence reference dye and
energy donor and the latter as a phosphorescence indicator and
energy acceptor. Por(Pt)-bisUPy was synthesized in ~60% yield
via the facile Michael addition of UPy-SH to alkene substituted
Pt(u) porphyrin complexes at room temperature. Por(Pt)-bisUPy
was characterized thoroughly via "H/™>C NMR and HR-MS (see
Experimental section and ESIf for details). DPA-bisUPy was
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synthesized in high yield from 9,10-dibromoanthracene in a
few steps. The water-dispersible nanoparticles containing
two UPy monomers were prepared following a previously
reported method.'** The important role of the strong quad-
ruple hydrogen bonding (K, = 10’ M~" in CHCI;) between UPy
in construction of SPNPs has been established."** SPNPs with
different molar ratios of Por(Pt)-bisUPy and DPA-bisUPy (1: 30,
1:40, and 1:60) were prepared. The morphological studies
conducted via transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) show that stable nano-
spheres with an average diameter of 70 nm were formed using
different molar ratios of DPA-bisUPy and Por(Pt)-bisUPy. The
dynamic light scattering measurements (DLS) indicate that the
hydrodynamic diameter of the SPNPs is ca. 96 nm. The SPNPs
stabilized by cationic cetyltrimethyl ammonium bromide (CTAB)
surfactant have a zeta potential of +16.1 mV. Furthermore, no
significant changes in the size and charge of the nanoparticles
with different ratios of DPA-bisUPy and Por(Pt)-bisUPy were
observed (Fig. 2a, b and Fig. S1, ESIY).

Photophysical studies of SPNPs

Fig. 2c shows the absorption spectra of the SPNPs composed
of Por(Pt)-bisUPy and DPA-bisUPy in aqueous solution. The
absorption bands at 350-430 nm are attributed to DPA-bisUPy
and the Soret band of the Por(Pt)-bisUPy moiety. The bands at
510 nm and 542 nm are attributed to the Q (1,0) and Q (0,0)
bands of the Por(Pt)-bisUPy moiety, respectively. Excitation of
the SPNPs at 400 nm resulted in fluorescence at 434 nm from
DPA-bisUPy and phosphorescence at 660 nm from Por(Pt)-bisUPy.
Owing to the substantial overlap between the absorption bands
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Fig. 2 TEM image (a) and DLS analysis (b) of SPNPs with a molar ratio of
40:1 DPA-bisUPy and Por(Pt)-bisUPy. (c) Normalized absorption and
emission spectra of monomers DPA-bisUPy (c = 1.6 x 10™> M) and
Por(Pt)-bisUPy (c = 3.0 x 10~° M) in chloroform and SPNPs (D/A = 40/1)
in aqueous solution (c = 1.7 x 107® M). Black line: absorption of Por(Pt)-
bisUPy, red line: absorption of DPA-bisUPy, blue line: absorption of SPNPs,
black dotted line: phosphorescence of Por(Pt)-bisUPy (1ex = 400 nm), red
dotted line: fluorescence of DPA-bisUPy (lex = 375 nm) and blue dotted
line: emission of SPNPs (/ex = 375 nm). (d) Normalized excitation spectrum
of SPNPs-dispersed aqueous solution ([DI/[A] = 60:1) and normalized
absorption spectrum of DPA-bisUPy in CHCls.
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of Por(Pt)-bisUPy (375-430 nm) and the emission bands of DPA-
bisUPy (400-550 nm) as well as the short D-A distance resulting
from the hydrogen bonding interactions in SPNPs, the FRET
process from DPA-bisUPy to Por(Pt)-bisUPy was confirmed by
recording the emission spectra of SPNPs with different ratios of
donor and acceptor while maintaining the same absorption
intensity at 375 nm (Fig. S2a, ESIt). As shown in Fig. S2b (ESIT),
upon selective excitation at 375 nm, an increase in the A/D
molar ratio from 1/60 to 1/30 lowered the fluorescence intensity
at 434 nm, but enhanced the phosphorescence intensity at
660 nm. The excitation spectrum of the SPNPs at 660 nm
matches the absorption spectrum of DPA-bisUPy, indicating that
the emission was contributed mainly by DPA-bisUPy (Fig. 2d).
The energy-transfer efficiency (Pgr) of the three SPNPs was
96.8%, 94.4% and 89.3%, respectively. The Forster radius (7)
was estimated to be 3.4 nm for the D-A pair (see ESI} for details).
The phosphorescence quantum yield of the Por(Pt)-bisUPy
monomer in chloroform is 0.4%, which was enhanced by more
than 14-times to 5.7% in an aqueous solution of the SPNPs
(D/A = 40:1) due to the light harvesting effect from the FRET
process.”> The photophysical properties of the monomers
and SPNPs were studied and listed in the ESI{ in Table S1.
The phosphorescence lifetime of the SPNPs-dispersed aqueous
solution was found to be 70.3 ps at 660 nm under nitrogen
atmosphere, which is a significant enhancement from that of
the platinum(u)porphyrin moiety in chloroform (z = 36.4 ps) and
conjugated polymers (34.7 us).”* This might be attributed to the
suppression of the aggregation and free motion of Por(Pt)-bisUPy
by the rigid supramolecular backbone. Higher phosphorescence
quantum yield and longer phosphorescence lifetime are beneficial
for sensitive O, detection and efficient 0O, production.

Hypoxia sensing and imaging

The luminescence spectra of SPNPs in water under different O,
partial pressures are presented in Fig. 3a. The D to A ratio
of 40:1 in SPNPs exhibited appropriate fluorescence to phos-
phorescence signal ratios. The fluorescence at 434 nm asso-
ciated with the DPA-bisUPy moiety was almost unchanged,
while the phosphorescence at 660 nm from the Por(Pt)-bisUPy
moiety decreased markedly with an increase in partial pressure
of O,. As a result, the ratio of phosphorescence to fluorescence
intensity in the SPNPs is dependent on the O, concentration.
The red phosphorescence at 660 nm became dominant under
0% O, atmosphere in the presence of efficient FRET from the
singlet excited state of DPA-bisUPy to the Por(Pt)-bisUPy moi-
eties. Upon increasing the O, partial pressure, the emission
colors of the aqueous solution changed from pink to purple,
which can be visualized under a 365 nm UV lamp by the naked
eyes (inset of Fig. 3c). The ratiometric O, sensing was analyzed
quantitatively according to the Stern-Volmer equation based on
the data shown in Fig. 3b.

R
?0 =1+ Ks_vPO; (1)

where R and R, are the ratios of the emission intensities of
phosphorescence at 660 nm and fluorescence at 434 nm in the
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Fig. 3 (a) Ratiometric emission responses of the aqueous solution of
SPNPs (D/A = 40:1) under different oxygen partial pressures (0%, 5%,
10%, 15%, 21%, and 100% bar) (iex = 400 nm). (b) Stern—Volmer plot of
RNZ/R vs. different O, partial pressures. (c) Luminescence decays
at 660 nm of the SPNPs in water under oxygen, air and nitrogen atmo-
spheres (lex = 400 nm). The concentration of the SPNPs expressed
by DPA-bisUPy is 2.7 x 107> M. Inset: Emission colors of the SPNPs-
dispersed aqueous solution with different gas atmospheres under a
365 nm UV lamp.

presence and absence of O,, respectively, PO, is the O, partial
pressure, and Ks_y represents the Stern-Volmer constant of the
plot involving Ro/R and PO,. As shown in Fig. 3b, there is
a linear relationship between Ry,/R and PO,, from which Ky y
was estimated to be 7.26 bar . The O, partial pressure in
aqueous solution was determined using this Ksy value. The
high sensitivity of the SPNPs could be expressed as the Q factor
from the total response to O,, which was measured to be 82.6%
(see ESIT for details). The phosphorescence quenching by O, is
rapid and reversible by N, bubbling, revealing the reusability
of the system. The phosphorescence quenching process by
collision with O, was further confirmed by measuring the
phosphorescence lifetimes at 660 nm, which were 15.7 ps,
32.3 us and 70.3 ps for the SPNPs-dispersed aqueous solutions
under O,, air and N, atmosphere, respectively (Fig. 3c).

Imaging of intracellular O, levels by SPNPs in HeLa cells was
investigated via confocal laser scanning microscopy (CLSM).
HeLa cells were cultured with the SPNPs, and then incubated
under 1% and 21% O, atmosphere at 37 °C. Upon excitation
at 405 nm, the signals for fluorescence (430-470 nm, Ip,},¢) and
phosphorescence (660-740 nm, I,.q) were collected in two sepa-
rate channels. The outstanding ratiometric intracellular O,
detection properties of the SPNPs are evident from the changes
in the Iye/lieq ratio values in HeLa cells cultured under 21%
and 1% oxygen atmosphere (Fig. 4).

Mater. Chem. Front., 2018, 2, 1893-1899 | 1895
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Fig. 4 Ratiometric confocal luminescence images of Hela cells cultured
with SPNPs (1.8 x 10~° M in water) under 1% and 21% O, partial pressure.
The ratio between the emission intensities at 430-470 nm to that at
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Photoinduced cytotoxicity by the PDT process

Next, the electron spin resonance spectra (ESR) were recorded to
verify the generation of 'O,. For this purpose, 'O, was trapped with
the well-known scavenger 2,2,6,6-tetramethylpiperidine (TEMP).*®
As shown in Fig. 5a, upon irradiation of a mixture of TEMP and
SPNPs-dispersed aqueous solution for 5 min, ESR signals of the 'O,
adduct was detected. The quantum yield of 'O, generation was
measured via chemical trapping with 1,3-diphenylbenzofuran
(DPBF)"” and Rose Bengal (RB) as the standard photosensitizer
(Prg = 0.80 in MeOH) under 532 nm laser irradiation.'®
As illustrated in Fig. 5b and Fig. S3 (ESIt), the absorption due
to the DPBF solution at a wavelength of 418 nm decreased
linearly over 60 s of irradiation. This suggests that 'O, was
generated efficiently upon direct excitation of the Q band of the
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Fig. 5 (a) ESR spectra of an aqueous solution of SPNPs (4.1 x 10~4 M) and
TEMP (3 ul) upon photoirradiation by an Xe lamp at >400 nm for O min
and 5 min under air. (b) UV-vis absorption spectra of SPNPs (1.4 x 10~* M)
and DPBF (40 puL) upon irradiation by a 532 nm laser. (c) Plots of the optical
density changes of DPBF at 418 nm in the presence of SPNPs and RB
versus irradiation time. (d) CCK-8 cell viabilities of Hela cells incubated
with SPNPs at various concentrations and then irradiated with an Xe lamp
(>400 nm, 30 mW) for 30 min. The concentrations of the SPNPs are
expressed using DPA-bisUPy, in which [D]/[A] = 40:1.
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Por(Pt)-bisUPy moiety in the SPNPs. The 'O, quantum yield was
calculated to be 0.70 (Fig. 5c).

To evaluate the PDT performance of the SPNPs quantita-
tively, the photoinduced cytotoxicity of the SPNPs in HeLa cells
was measured using the standard Cell Counting Kit-8 assay
(CCK-8) at various concentrations (0-9.84 pM). As shown
in Fig. 5d, under the PDT process, prominent cytotoxicity
was revealed. Upon increasing the sample concentration to
9.84 uM, the viability of the cells decreased to 37%. However,
the SPNPs had a negligible effect on the viability of the cells in
the dark, confirming the need for light in the process. The PDT
effects of the SPNPs against cancer cells were further studied by
monitoring the morphological variations in the HeLa cells
with SPNPs under 514 nm laser irradiation using CLSM. As
illustrated in Fig. S4 (ESIt), the morphology of the cells changed
significantly upon laser irradiation, with the formation of
numerous blebs and shrinkage of the HeLa cells, indicating
apoptosis and death of the tumour cells, respectively. In sharp
contrast, no significant morphological changes in the cancer
cells were observed without SPNPs under the same conditions,
suggesting that the SPNPs efficiently generated 'O, upon laser
irradiation. Furthermore, the SPNPs exhibited superior storage
stability and photostability, which are critical in biomedical
applications (Fig. S5 and see ESIt for details).

Conclusions

In summary, we presented our design of a multifunctional
SPNPs-based O, nanoprobe for ratiometric hypoxia sensing,
imaging and therapy. The nanoprobe was assembled by a
phosphorescent Pt(u) porphyrin unit and fluorescent 9,10-
diphenylanthracene moiety through quadruple hydrogen
bonding. Bright phosphorescence with long lifetime was facili-
tated by the efficient energy transfer in the nanoprobe, resulting
in sensitive ratiometric hypoxia sensing both in solution and in
living cells. More importantly, the singlet oxygen generated
during the quenching process also causes damage to cancer
cells. The SPNPs possess the advantages of easy preparation
and structural modulation, good water-dispersibility, excellent
stability, and low dark cytotoxicity toward living cells. The pre-
liminary experiments demonstrate the great potential of SPNP-
based integrated systems for diagnosis therapy in the biomedical
field. The investigation of SPNPs in PDT for near-infrared multi-
photon excitation is currently underway.

Experimental section
Synthesis

DPA-bisUPy was prepared in high yield according to the reported
procedure.'*® Por(Pt)-bisUPy was synthesized following the steps
outlined in Scheme S1 (ESIt).

Synthesis of Por(Pt)-bisUPy: a mixture of P4 (100 mg,
0.089 mmol), UPy-SH (75 mg, 0.235 mmol) and triethylamine
(0.1 mL) in CH,Cl, (50 mL) was stirred under N, at room
temperature for 24 h. After evaporation of the solvent, the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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product was purified via gel chromatography using CH,Cl,/
CH;O0H (100: 1, v/v) as the eluent to afford 0.06 g of the product.
Yield: 60%. "H NMR (400 MHz, CDCl,): § (ppm) = 0.87-0.91(m,
12H), 1.27(s, 8H), 1.58-1.67(m, 8H), 2.34(s, 2H), 2.94-3.10(m,
12H), 3.60-3.61(m, 4H), 5.90(s, 2H), 7.50-7.52(d, 4 H, ] = 6.8 Hz),
8.15-8.17(d, 4H, J = 7.2 Hz), 8.72-8.73(d, 4H, J = 3.6 Hz),
8.88-8.90(d, 4H, J = 4.0 Hz), 10.60(s, 2H), 12.09(s, 2H),
13.21(s, 2H). **C NMR (100 MHz, CDCl,):  11.76, 13.91, 14.16,
22.57,22.77, 25.66, 26.75, 27.24, 27.34, 29.43, 29.71, 29.80, 29.89,
31.66, 32.02, 32.99, 35.41, 40.07, 45.51, 106.45, 120.31, 122.55,
129.43, 132.62, 134.80, 138.23, 140.59, 141.60, 151.10, 154.99,
155.82, 157.07, 170.56, 173.29. HR-ESI-MS: m/z calculated for
[M + H]" C,H,,F1(N;,05PtS,: 1752.4424, found 1752.4442.

Preparation of SPNPs

SPNPs with different molar ratios of Por(Pt)-bisUPy and DPA-bisUPy
(1:30, 1:40, 1:60) were prepared by following the general method
outlined below for a solution of 1:40 molar ratio of Por(Pt)-bisUPy
and DPA-bisUPy: a mixture of Por(Pt)-bisUPy (0.24 mg, 0.14 mmol)
and DPA-bisUPy (4.76 mg, 5.54 mmol) in 200 pL of CHCl;
was quickly injected into 10 mL of CTAB aqueous solution
(1.0 x 10~ M), sonicated for 25 min, centrifuged and washed
with water three times to afford uniform nanoparticles.

The concentration of the SPNPs in aqueous solution is expressed
by the DPA-bisUPy concentration. Different concentrations of SPNPs
in water were prepared by diluting the concentrated stock aqueous
solution of SPNPs. Lifetime and quantum yield measurements
were performed by carefully degassing all solutions.

Phosphorescence quantum yield measurements

The phosphorescence quantum yield was measured using
[Ru(bpy);]Cl, (@ = 0.094 in deoxygenated acetonitrile) as the
standard according to the literature procedure.'®>°

ur(B)(8)() e

In eqn (2), @ represents the quantum yield, F denotes the
integrated phosphorescence intensity, n represents the refrac-
tive index, and A is the optical density. The subscript S stands
for the standard.

Measurement of quantum yield for 'O, generation

RB and DPBF were used as the singlet oxygen photosensitizer
and 'O,-trapping agent, respectively. In the experiments, 40 uL
DPBF solution (0.75 mg mL~ " in MeOH) was added to 2 mL
SPNP-dispersed aqueous solution (1.4 x 10~* M) and photo-
irradiated under a 532 nm laser at a power of 40 mW. The
reaction decay rate was obtained by recording the absorption of
DPBF at 418 nm at different irradiation times. The 'O, quan-
tum yield was calculated using eqn (3):

D 4x) = Purp) 3)

Srp Fx
where subscripts x and RB denote the nanoprobe and RB,
respectively, and S represents the linear slope of the plot of
DPBF absorbance at 418 nm versus irradiation time. F, which is
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given by F = 1-10"°P, represents the absorption correction
factor (OD stands for the optical density of the SPNPs and RB
at 532 nm). @ ,zp) is the singlet oxygen quantum yield of RB,
and @ 4g) = 0.80 in MeOH. Photoirradiation of the solutions
under identical conditions but in the absence of either photo-
sensitizer or light induced negligible absorption changes.

Cytotoxicity of SPNPs

The dark cytotoxicity and photocytoxicity of the SPNPs on HeLa
cells were evaluated using the standard CCK-8 assay. The SPNPs-
dispersed aqueous solution was diluted to various concentra-
tions (0, 4.92, 6.56, 8.20 and 9.84 pM) with DMEM medium
containing 5% FBS. The HeLa cells were then incubated with the
above solutions under 5% CO, at 37 °C for 4 h. After removing
the medium, the HeLa cells were washed with fresh medium
twice to remove free SPNPs, and irradiated by a Xe lamp at an
intensity of 30 mW for 0 or 30 min. Following this, fresh growth
medium (100 pL) containing CCK-8 (10 pL) was added to each
well. Upon 20 h incubation, the absorbance intensity at 450 nm
was recorded using a microplate reader. The control wells did
not include SPNPs. The reference point of 100% cell viability was
established by the absorbance of an untreated cell population
under identical experimental conditions. The ratio between the
average absorption intensities of the sample wells and control
wells, [A]sampie/[A]control, Was calculated to obtain the cell viability
relative to the control.
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