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Compared with traditional organic contrast agents, semiconductor nanocrystals (NCs) have unique
optical properties that are vital for biological applications with ultrahigh sensitivities, such as long fluor-
escence lifetime and large multiphoton absorption (MPA). However, the MPA properties and biological
applications of chiral-ligand-stabilized semiconductor NCs have scarcely been reported, which seriously
hinders their relevant applications. In this work, we report the aqueous phase transfer of CdSe/CdS dot/
rod NCs with the use of cysteine molecules, after which the NCs preserve their high fluorescence
quantum vyield, long lifetime, and efficient circular dichroism. More importantly, the investigated dot/rod
NCs show extremely large two- and three-photon absorption action cross-sections in the first and
second biological windows, with maximum values of ~21 000 GM at 800 nm and ~4.6 x 10778 cm® s? per
photon2 at 1300 nm, which are among the largest values reported for water-soluble fluorescent nano-
particles. Interestingly, the dot/rod NCs exhibit a high singlet oxygen generation efficiency of 35%. In
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addition, for the first time, two-photon fluorescence lifetime imaging and photodynamic therapy of the
dot/rod NCs were successfully demonstrated. The performed investigation of the optical properties of
these water-soluble CdSe/CdS dot/rod NCs indicates that they are promising candidates for nonlinear

rsc.li/nanoscale biological imaging applications.

Introduction

In recent decades, semiconductor nanocrystals (NCs) have
attracted substantial attention due to their wide use in numer-
ous biological applications and optoelectronic devices."
Semiconductor NCs offer several advantages compared to
organic dyes, including narrow emission spectrum, high
brightness and stability against photobleaching.” Additionally,
the development of semiconductor NCs with different mor-
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phologies, such as one-, two- and three-dimensional geome-
tries, can introduce novel properties into the resulting
systems.® For example, compared with their spherical counter-
parts, one-dimensional semiconductor nanorods usually
exhibit much stronger multiphoton absorption (MPA) due
to their enhanced quantum confinement effect. However,
the existing literature reports only their MPA at select
wavelengths.””” To gain insight into the intrinsic features of
semiconductor NCs, it is extremely important to characterize
their MPA properties over a wide range of wavelengths to find
the optimal excitation wavelengths for a given application.
Although the MPA properties of semiconductor NCs in
organic solvents have been widely investigated, it is still a real
challenge to achieve water-soluble semiconductor NCs with
excellent photostability and efficient fluorescence emission for
biological applications.® " There are two approaches for the
design of water-soluble NCs. The first method is based on a
silica-coating approach,'” while the other method involves
organic coatings with linker molecules.” For example, Stasio
et al. demonstrated that CdSe/CdS dot/rod NCs can be trans-
ferred into an aqueous environment by a ligand exchange
method employing mercaptopropionic acid."® Among the
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various linker molecules, chiral ligands, such as cysteine, peni-
cillamine and glutathione, have attracted increasing attention
due to the possibility of imbuing chiroptical activity to the NCs
that is induced by the chiral distortion of the surface atoms or
orbital hybridization."*™'® After surface functionalization with
chiral molecules, the semiconductor NCs can be transferred to
a nontoxic aqueous environment, which allows for their appli-
cations in bioimaging and chiral drug molecular recognition.”
The combination of the decreased toxicity, chiral selectivity
and large MPA of surface engineered semiconducting NCs can
open new perspectives. Because chirality is an important
phenomenon in living systems and nearly all biological fluo-
rescent probes must be homochiral to function, the appli-
cation of chiral CdSe/CdS dot/rod NCs will be especially impor-
tant in various biological applications. However, to the best of
our knowledge, the combination of MPA and chiroptical pro-
perties in a single NC and the relevant biological applications,
including two-photon fluorescence lifetime imaging (FLIM)
and photodynamic therapy (PDT), have never been reported,
although it would represent a foundation for the development
of novel nonlinear optoelectronic devices and biological
applications.

Among the various semiconductor NCs, dot/rod NCs
exhibit unique optoelectronic properties. On the one hand,
dot/rod NCs have a quasi-1D electronic structure due to their
small diameters; on the other hand, the quantum dot inside
each nanorod exhibits 3D confinement and fully quantized
states. For example, CdSe/CdS dot/rod nanoheterostructures in
both organic and aqueous solutions were synthesized by
several groups due to their luminescence with high quantum
yield."®'® 1t was found that the dot/rod NCs exhibit interesting
optical properties, including micro-lasers*>*' and amazing
MPA properties.”” However, to date, only several studies on
the MPA properties of dot/rod NCs in organic solvents have
been reported.*” It is therefore expected that both strong MPA
properties and chirality can be combined in water-soluble
CdSe/CdS dot/rod NCs capped with chiral ligands, which may
be promising materials for various biological applications.
Unfortunately, the development of such chiral dot/rod NCs
remains a significant challenge, and no systematic studies of
their MPA properties and relevant biological applications have
been carried out to date. Thus, the relevant studies will
provide insights into new biological applications of CdSe/CdS
NCs associated with the chirality.

In this study, we synthesized two kinds of water-soluble
cysteine-capped CdSe/CdS dot/rod NCs with different aspect
ratios. The dot/rod NCs were found to exhibit high fluo-
rescence quantum yields (QYs, ), efficient circular dichroism
(CD) and ultrafast charge dynamic processes in the excited
state. Importantly, the MPA cross-sections of the dot/rod NCs
were also determined. More importantly, for the first time, we
used the chiral structure of CdSe/CdS dot/rod hetero-
structures as highly efficient contrast agents to expand the
applications of semiconductor NCs, including two-photon
FLIM and PDT, which have never been revealed in previous
literature studies.
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Results and discussion

Steady-state spectroscopic properties of the CdSe/CdS
dot/rod NCs

The morphology and size distribution of the CdSe/CdS dot/rod
NCs were examined by transmission electron microscopy
(TEM). The rod diameter was calculated to be ~4.6 nm, while
the lengths were determined to be approximately 18 and
26 nm, respectively (Fig. 1a and b). The normalized linear
absorption and photoluminescence (PL) spectra of the CdSe/
CdS dot/rod NCs were measured (Fig. 1c). The dominant
absorption band at higher energies is mainly associated with
the lower transition in the CdS shell, while the small absorp-
tion peak at lower energies is attributed to the effective band
edge transition in the CdSe core. The one-photon excited PL
spectra of the dot/rod NCs with different lengths exhibit an
average Stokes shift of ~10 nm, while the QYs of 18 and 26 nm
long NCs were determined to be 3.2% and 3.3%, respectively.
It should be noted that the PL peaks, i.e., the peaks at 617 and
620 nm for the 18 and 26 nm long NCs, respectively, do not
differ greatly between the different rod lengths due to the expo-
nential decay rate of the CdSe electron wavefunction leaking
into the CdS shell.” Thus, no significant redshifts are expected
beyond a certain rod length. The PL lifetime values of the dot/
rod NCs were then determined (Fig. 1d). These decay curves
for the samples can be well fit to a biexponential decay func-
tion, giving averaged lifetime values of 8.5 and 11.4 ns for the
18 and 26 nm long rods, respectively. Compared to the 18 nm
long rod, the 26 nm long rod exhibits a longer PL lifetime due
to the electron-hole wavefunction overlap decreasing with
increasing rod length.” The long CdSe/CdS dot/rod NC lifetime
values enable them to be promising materials for FLIM.

The CD spectra of p- and r-cysteine-functionalized CdSe/
CdS dot/rod NCs were then measured, and a mirrored CD line
shape was observed for both the 18 and 26 nm long NCs
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Fig. 1 (a and b) TEM images of the 18 and 26 nm long CdSe/CdS dot/

rod NCs, respectively (white scale bar = 20 nm). The inset of (b) is the
TEM image of the CdSe core. (c) The normalized absorption and one-
photon excited PL spectra of the NCs. The insets are the emission
images of the NCs in solution: 1 and 2 are the 18 and 26 nm long NCs,
respectively. (d) PL decay curves for the 18 and 26 nm long NCs.
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Fig. 2 (a and b) CD spectra of the 18 and 26 nm long CdSe/CdS dot/
rod NCs.

(Fig. 2). It can also be seen that their CD spectra have multiple
peaks and valleys in the vicinity of the exciton absorption of
the NCs. The anisotropic factors (|g.ps|) Were determined to be
~2.3 x 107" for the 18 nm long NCs and ~2.2 x 10~* for the
26 nm long NCs, according to the equation g,ps = Ae/e = (A, —
Ag)/A, where A represents the conventional absorption of non-
polarized light and A;, and Ay are the absorptions of left and
right circularly polarized light, respectively.>® Based on the
theoretical calculation results of the p- and r-cysteine-stabilized
Cd;0SesS14 complexes, it was found that the wave function of
the cysteine molecule can easily overlap with that of the CdSe/
CdS NCs, so the induction of chirality was induced by the elec-
tronic state coupling between the 1(p)-cysteine and the NCs.
The surface distortion of the NCs caused by the cysteine mole-
cule can be ruled out, due to no optical transition shift being
observed in the p- and r-cysteine-stabilized CdSe/CdS NCs.*
The efficient chirality of the CdSe/CdS NCs enables them to be
promising materials for biological applications.

Transient absorption spectra of the CdSe/CdS dot/rod NCs

To further reveal the photophysical properties of the CdSe/CdS
dot/rod NCs, we investigated the ultrafast electron-hole
dynamics of the CdSe/CdS dot/rod NCs by femtosecond transi-
ent absorption (fs-TA) spectroscopy.”* Excitation at 350 and
610 nm was used to pump the CdS shell and CdSe core,
respectively, of the 18 and 26 nm long NCs. In the case of
350 nm excitation, the e-h pairs were directly injected into the
CdS electronic states. However, a large number of carriers
could not be generated in the CdSe core due to its negligible

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a and b) Time evolution of the fs-TA spectra at early time delays
under 350 nm excitation for the 18 and 26 nm long NCs, respectively.
(c and d) Normalized AT/T kinetics recorded at different probe wave-
lengths for the 18 and 26 nm long CdSe/CdS dot/rod NCs, respectively.
(e and f) Time evolution of the fs-TA spectra at early times delays under
610 nm excitation for the 18 and 26 nm long NCs, respectively.

light absorption. For both the 18 nm and 26 nm long NCs, the
photoinduced absorption of the CdS shell at the blue edge
builds up over a very short time frame (~0.3 ps) (Fig. 3a and b).
For longer pump-probe delays, bleaching of the CdSe core
appeared. Finally, the bleaching of CdSe becomes comparable
to that of the CdS shell. The rate of bleaching formation for
the CdS core (~0.84 and ~0.91 ps for the 18 and 26 nm long
NCs) is well matched to the decay time of the CdSe shell, indi-
cating that the electron wavefunction extends into the CdSe
core after the injection of the e-h pairs into the CdSe core
(Fig. 3c and d). Additionally, it was found that the geometric
structure did not greatly influence the charge transfer dynamic
processes in the CdSe/CdS dot/rod NCs. For 610 nm excitation,
time traces of the CdSe core and the CdS shell are given in
Fig. 3e and f. The e-h pairs were directly injected into the elec-
tronic states of both the CdSe core and the CdS shell. It was
observed that their relevant ground state bleaching signals
simultaneously appear within a very short time frame
(~0.6 ps). It can be concluded that upon pumping the CdSe
core, a ground-state bleaching signal can be induced in the
CdS shell spectral region due to the delocalization of the elec-
tronic wavefunction. The ultrafast charge transfer between
the CdSe core and the CdS shell can efficiently enhance the
MPA of the CdSe/CdS dot/rod NCs, which will be discussed
later.
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MPA properties of the CdSe/CdS dot/rod NCs

Two-photon absorption (2PA) cross-sections of the CdSe/CdS
dot/rod NCs were then measured by using fs laser pulses from
720 to 880 nm (Fig. 4a). The 2PA mechanism can be confirmed
by the measurements of the power-dependent PL intensity.>”
The quadratic dependence of their emission intensities on the
input power confirms that the 2PA mechanism occurs at
800 nm (inset of Fig. 4a). The maximum 2PA cross-sections of
the 18 and 26 nm long NCs were determined to be 3.5 x 10>
and 6.2 x 10> GM at 800 nm, respectively. Compared to that of
the 18 nm long NCs, the 2PA cross-section of the 26 nm long
NCs was greatly enhanced by 1.8-fold, which was ascribed to
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Fig. 4 (a) Normalized PL spectra of the 18 and 26 nm long CdSe/CdS
dot/rod NCs excited at 800 nm. The inset is the emission intensity as a
function of the incident power for excitation at 800 nm shown with log-
arithmic scales. (b) The 2PA spectra of the 18 and 26 nm long NCs. The
inset is the emission image excited at 800 nm.
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the increased volume and stronger quantum confinement in
the rod direction. As an important parameter, the 2PA action
cross-sections (18), which are the products of the QY and 2PA
cross-section, were used to characterize the emission bright-
ness of the two-photon contrast agents. The relevant values of
the 18 and 26 nm long NCs were calculated to be ~1.1 x 10"
and ~2.1 x 10* GM, respectively (Fig. 4b). Compared with other
water-soluble semiconductor NCs and organic nanoparticles
(Table 1),""*¢7° our cysteine-capped CdSe/CdS dot/rod NCs
exhibit comparable or much higher 2PA action cross-sections,
indicating that they are promising materials for two-photon
imaging applications.

Compared with two-photon excitation in the first biological
window, ie., 700-900 nm, three-photon excitation in the
second biological window, i.e., 1000-1700 nm, has greater
advantages, including a higher spatial resolution and an
increased penetration depth.?®*! Fig. 5a shows the emission
intensity versus input power at 1300 nm. The slope of around 3
reveals that a 3PA process indeed occurs in both the 18 and
26 nm long NCs (inset of Fig. 5a). Their excitation wavelength-
dependent 3PA cross-sections were then measured, with
maximum values of 0.8 x 1077¢ and 1.4 x 1077° em® s per
photon® at 1300 nm, respectively (Fig. 5b). Again, the
maximum 3PA cross-section of the 26 nm long CdSe/CdS dot/
rod NCs was much higher than that of the 18 nm long NCs.
Additionally, the relevant 3PA action cross-sections were calcu-
lated to be 2.6 x 1077% and 4.6 x 107"® cm® s* per photon® for
the 18 and 26 nm long NCs. To the best of our knowledge,
these relevant values are among the largest measured for
water-soluble semiconductor NCs and are larger by two orders
of magnitude compared with those of organic nanoparticles
(Table 1),**** indicating the tremendous potential of these
materials for deep-tissue bioimaging applications.

Influence of the CdSe/CdS dot/rod NC chirality on cell
cytotoxicity

Compared to that of carbon dots,* cytotoxicity is a major
obstacle to the bioimaging application of semiconductor NCs
and is mainly determined by two factors, i.e., the core material
of the NCs and their surface ligands.?® For example, the cyto-
toxicity of CdSe/CdS dot/rod NCs was studied by Kirchner®®

Table 1 Calculated MPA action cross-sections of water-soluble cysteine-capped CdSe/CdS dot/rod NCs and previously reported water-soluble

nanoparticles

Aem

Sample (nm) no, (GM) 165 (em® s* per photon?) Ref.

CdS tetrapods 500 3200 (130 fs, 650 nm) N.A* 11

CdTe spherical NCs 590 <17 000 (130 fs, 803 nm) N.A 26
Triphenylamine particles 538 15 (150 fs, 827 nm) N.A 27
CdTe/CdS spherical NCs N.A 1789 (340 fs, 515 nm) N.A 28
CdSe/ZnS spherical NCs 550 47 000 (700 nm, 100 fs) N.A 29
Cyanostilbene particles 516 N.A 1.9 x 107% (1300 nm, 100 fs) 32
Diphenylamino particles 642 N.A 1.68 x 107*° (1550 nm, 160 fs) 33
CdSe/CdS dot/rod NCs 620 21000 (800 nm, 100 fs) 4.6 x 1077% (1300 nm, 100 fs) This work

“Not available.
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Fig. 5 (a) Normalized PL spectra of the 18 and 26 nm long CdSe/CdS
dot/rod NCs excited at 1300 nm. The inset is the emission intensity as a
function of the incident power for 1300 nm excitation, shown with log-
arithmic scales. (b) The 3PA spectra of the 18 and 26 nm long NCs. The
inset is the emission image excited at 1300 nm.

and Pellegrino et al.,*” respectively. It was found that the
release of Cd*" ions from the core and surface chemistry are
the major mechanisms of the observed cytotoxic effects of
CdSe/CdS dot/rod NCs. There are three ways of reducing the
NC toxicity: (1) using a low concentration of NCs, which
requires them to have large MPA action cross-sections; (2)
designing core-shell structured NCs, which can reduce the tox-
icity of the core; and (3) selecting appropriate capping ligands
to reduce the NC toxicity.*®*° Previous studies have indicated
that chiral molecules on the surfaces of semiconductor NCs
can significantly affect their toxicity, which may determine
their ability to interact with biomolecules in the human
body.*® Therefore, the influence of the chirality on the cyto-
toxicity of NCs toward HeLa cells was determined. After incu-
bating the cells with the 26 nm long p- or r-cysteine-stabilized
CdSe/CdS dot/rod NCs at different concentrations for 24 h,
their dark cytotoxicity was investigated (Fig. 6). Experimental
results indicate that the cysteine-capped CdSe/CdS dot/rod
NCs demonstrate good biocompatibility and can be used for
cellular imaging. It can be concluded that the CdS shell and
the cysteine ligand used for our CdSe/CdS dot/rod NCs are the
main reasons for their low cytotoxicity. Additionally, it was
found that the cell viability was chirality-independent, with the
L-cysteine-stabilized CdSe/CdS dot/rod NCs being only slightly
less-toxic compared with p-cysteine-stabilized NCs, probably
due to the experimental error. In order to confirm that, we
have incubated cells with the p- or L-cysteine at different con-
centrations for 24 h and investigated their dark cytotoxicity
(Fig. S17). It was found that the cytotoxicity of p- and 1-cysteine

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Viabilities of Hela cells treated with 26 nm long b- and
L-cysteine-functionalized CdSe/CdS dot/rod NCs at different
concentrations.

was at almost the same level, which was consistent with the
relevant results obtained using p- and r-cysteine-stabilized
CdSe/CdS dot/rod NCs. This chirality-independent cellular
cytotoxicity indicates that there is no need for the selection of
different stabilizer conformations during the design of bio-
imaging contrast agents. For the p- and r-cysteine-stabilized
CdSe/CdsS dot/rod NCs, the cell viability can be up to 90%,
even at a high NC concentration of 5 nM. Additionally, due
to the strong MPA action cross-sections of the NCs, very
low concentrations can be used, which can further reduce
the cytotoxicity of CdSe/CdS dot/rod NCs in biological
applications.

Two-photon FLIM

Due to the low dark cytotoxicity and high multiphoton PL
brightness of the CdSe/CdS dot/rod NCs in the near-infrared
region, they are promising materials for in vivo or in vitro
imaging applications. The lifetime of the 26 nm long CdSe/
CdS dot/rod NCs (11.4 ns) is long enough to eliminate auto-
fluorescence (with a lifetime in the picosecond time scale*") or
background signals in two-photon FLIM applications.*>*?
HeLa cells incubated with 26 nm long t-cysteine-stabilized dot/
rod NCs (5 nM) were prepared for FLIM applications under
800 nm excitation. The intensity of two-photon FLIM reveals
that the signals are evenly distributed across the cytoplasm
(Fig. 7a), which was consistent with the results of two-photon

uonquIsi Swie]

Fig. 7 Two-photon FLIM of Hela cells incubated with 26 nm long
L-cysteine-functionalized CdSe/CdS dot/rod NCs: fluorescence intensity
(a), lifetime map (b) and lifetime distribution (c). The excitation wave-
length is 800 nm, and the lifetime signals were recorded in the range of
550-650 nm.
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confocal fluorescence imaging. Lifetime mapping reveals that
the lifetime of the CdSe/CdS dot/rod NCs in the cellular
environment is mainly distributed over a wide range from
~1500 to 2500 ps (Fig. 7b and c). More importantly, the short-
lived autofluorescence signals were remarkably reduced. The
experimental results presented here confirm that water-soluble
cysteine-capped CdSe/CdS dot/rod NCs are promising
materials for applications involving two-photon FLIM.

Singlet oxygen generation

A large MPA and a high singlet oxygen generation efficiency
(®@,) are required for the application of a photosensitizer in
multiphoton-excited photodynamic therapy. It has been
demonstrated that CdSe NCs are important photosensitizers
because their triplet state is the lowest excited state and the
relevant energy is greater than the energy of singlet oxygen
(0.97 eV).**** Due to the CdSe core of the water-soluble CdSe/
CdS dot/rod NCs and their strong MPA, they may be an impor-
tant family of multiphoton-excited photosensitizers. The
characteristic emission peak of singlet oxygen at ~1270 nm
(Fig. 8) unambiguously demonstrated that the water-soluble
CdSe/CdS dot/rod NCs have the ability to generate singlet
oxygen. Moreover, the 26 nm long CdSe/CdS dot/rod NCs
exhibit stronger singlet oxygen generation than the 18 nm long
NCs. Furthermore, using meso-5,10,15,20-tetrakis-(N-methyl-4-
pyridyl)porphine as the standard, the @, efficiencies of the 18
and 26 nm long CdSe/CdsS dot/rod NCs were determined to be
25% and 35%, respectively. Compared to those of the bare
CdSe spherical NCs (~5% in toluene), the great improvement
in the @, efficiencies of the CdSe/CdS dot/rod NCs should be
induced by the defect passivation effect of the CdS shell and
surface cysteine ligands, as well as the light-harvesting effect
of the CdS shell. The product of MPA cross-sections and @,
values of NCs, which can be used to characterize their multi-
photon-excited singlet oxygen generation capability, will also
be very large, ie., 8.8 x 10* (2.0 x 10777) and 2.2 x 10° GM

300 4
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g 2004
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i
£
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Fig. 8 Characteristic singlet oxygen emission at ~1270 nm generated

by the 18 and 26 nm long CdSe/CdS dot/rod NCs in CDsOD under
350 nm excitation.
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Fig. 9 Cancer cell viability after treatment with L-cysteine-functiona-
lized CdSe/CdS dot/rod NCs (5 nM) with or without two-photon
irradiation at 800 nm. Live cells were distinguished by calcein AM, which
has a green color, and dead cells were distinguished by PI, which has a
red color.

(4.9 x 107”7 ¢cm® s” per photon?®) for the 18 and 26 nm long
CdSe/CdS dot/rod NCs, respectively, under two- (three-) photon
excitation. These results indicate that water-soluble cysteine-
capped CdSe/CdS dot/rod NCs can be utilized as multiphoton
excited photosensitizers.

Two-photon excited PDT

Considering the high @, efficiencies of the NCs, their two-
photon excited PDT capacity in cells was further verified
(Fig. 9). In the experiments, calcein AM, which has a green
color, and propidium iodide (PI), which has a red color, cellu-
lar viability kits were used to distinguish between living cells
and dead cells, respectively. HeLa cells showed good viability
under only two-photon irradiation or without the NCs, indicat-
ing that the HeLa cells had strong resistance to two-photon
irradiation and low dark cytotoxicity. In sharp contrast, under
the combined action of two-photon irradiation and the NCs,
cell contraction and the formation of a large number of
bubbles were observed, accompanied by an enhancement of
the red fluorescence, which proved the excellent two-photon
excited PDT effect of the CdSe/CdS dot/rod NCs. The above
experimental results suggested that two-photon irradiation on
the NC-incubated HeLa cells could accelerate the death of
cancer cells, directly confirming the dominant role of reactive
oxygen species (ROS, e.g., '0,) in PDT.

Conclusions

In summary, we have developed water-soluble cysteine-
capped CdSe/CdS dot/rod NCs with different aspect ratios.
The NCs exhibit long lifetime, efficient CD and ultrafast

This journal is © The Royal Society of Chemistry 2019
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carrier relaxation dynamics. More importantly, the CdSe/CdS
dot/rod NCs exhibit large MPA action cross-sections in the
first and second biological windows, 2.1 x 10* GM at 800 nm
and 4.6 x 1077 cm® s* per photon® at 1300 nm, which are
sufficiently high for biological applications, including two-
photon FLIM. Moreover, the CdSe/CdS dot/rod NCs exhibit
high singlet oxygen generation activity, indicating that they
are promising multiphoton-excited PDT agents. These results
suggest that water-soluble cysteine-capped CdSe/CdS dot/rod
NCs can be developed as promising novel contrast agents for
biological applications.

Experimental

Sample preparation

The detailed synthetic procedures for the CdSe/CdS dot/rod
NCs were slightly modified from the procedures described in
our previous work.>?

Characterization

The measurements of the linear absorption spectra were
carried out using a UV-Vis-NIR spectrophotometer (Lambda
950, PerkinElmer, Inc.), while the one-photon excited PL
spectra were recorded with a PL spectrometer (Zolix,
SENS-9000). The morphology and size of the CdSe/CdS dot/rod
NCs were investigated by TEM (JEOL, JEM-2010). The fluo-
rescence lifetimes were measured using a compact fluo-
rescence lifetime spectrometer (Hamamatsu, model C11367).
CD spectra were recorded using a Jasco 1500 spectrometer.
The singlet oxygen emission spectra were measured by using a
Fluorolog-3 iHR spectrofluorometer (Jobin-Yvon) equipped
with a near-infrared sensitive photomultiplier tube
(Hamamatsu, model R5509-72) operated at —80 °C. An 850 nm
long-pass filter was placed before the detector.

Measurement of the fs-TA spectra

The measurements were performed using a pump-probe setup
(18S180466 Rev.1, Newport). The samples were pumped with
excitation pulses (100 fs, 1000 Hz) at 350 or 610 nm, which
were generated using a fs mode-locked Ti-sapphire laser
(Spectra Physics). The samples were probed with a white-light
continuum (350-750 nm) that was generated by focusing a
small portion of the fundamental 800 nm laser pulses into a
thin CaF, plate. The probe beam was then delayed with respect
to the pump beam by a mechanical delay stage with a resolu-
tion of 50 fs. The transmitted probe light was then dispersed
and detected using a spectrometer.

Measurements of the multiphoton-excited PL spectra

During the measurements, the laser beam was focused onto a
quartz cell filled with the CdSe/CdS dot/rod NCs solution, and
the multiphoton-excited PL spectra were recorded using a
compact spectrometer, with a direction perpendicular to the
pump beam.

This journal is © The Royal Society of Chemistry 2019
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Determination of the MPA cross-sections

The MPA coefficients of the CdSe/CdS dot/rod NCs were deter-
mined by open aperture Z-scan measurements.’® After obtain-
ing the 2PA coefficient (8, in units of cm W™"), the values of o,
(in units of cm” s per photon) can be deduced from the follow-
ing equation:

6yNpd x 1073
f=——— 1
/ - ey

where N, is the Avogadro constant, d is the concentration, 7 is
the Planck constant, and v is the frequency of the incident
beam.*” Correspondingly, the values of o5 (in units of cm* s?
per photon®) can be deduced from the following equation:

_ 03Npd x 1077

(hw)? @

where y is the 3PA coefficient of the CdSe/CdS dot/rod NCs in

units of cm® wW2.%8

Experimental details of two-photon FLIM, measurements of
the singlet oxygen generation efficiency and two-photon PDT

The relevant experimental details are described in the ESI.{
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