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Photothermal (PT) microscopy is currently the most efficient approach for the detection and spec-
troscopy of individual non-fluorescent nano-objects based solely on their absorption. The nano-objects
in current PT microscopy are usually non-resonant with the probe laser light, and the PT signal is mainly
generated from the interactions of the incident probe light and the heating light-induced thermal lens
around the imaged object. Inspired by the high sensitivity of the scattering field from the nano-objects
near optical resonance to the variation in the local refractive index, we developed a novel strategy of res-
onant scattering-enhanced PT microscopy where the imaged nano-objects are near-resonant with the
probe laser light. We have demonstrated this by using gold nanorods (NRs) with tunable longitudinal
surface plasmon resonances. The PT signal of gold NR near-resonant with the probe light showed dra-
matic variation in the narrow resonance wavelength range, as small as 15 nm, and the maximal amplitude
of the PT signal in this range can be enhanced up to 43 times as compared with the weak PT signal of
gold NR non-resonant with the probe light. Theoretical analysis indicates that the obtained strong PT
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signal is mainly caused by the heat-induced variation in the polarizability of gold NR. Our novel work
demonstrates the first resonant scattering-enhanced PT imaging of plasmonic nanoparticles, paving the
way for the development of PT microscopy with ultra-high sensitivity toward the sensing, imaging, and

rsc.li/nanoscale spectroscopy of nanoscopic objects in complex environments.

by the phase-sensitive, heterodyne detection of the transmitted
or reflected field of a probe laser beam. In this technique, the
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In contrast to fluorescence and scattering-based optical detec-
tion approaches,"® absorption-based photothermal (PT)
microscopy does not suffer from photobleaching and
photoblinking,” " and it is insensitive to the presence of non-
absorbing large objects that predominantly scatter,"* "’
making it attractive for the robust detection of absorbing
nanoparticles. In typical PT microscopy, the imaged nano-
particles are usually resonantly excited by an intensity-modu-
lated heating beam. The excitation energy can be non-radia-
tively dissipated as heat into the local environment, establish-
ing localized temperature variation around each nanoparticle.
Because of the thermo-optic effect, local refractive index per-
turbation, also called thermal lens (TL), is created.'® The
dielectric TL around the imaged nanoparticle can be measured
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room temperature detection of small gold nanoparticles,
individual quantum dots,* single carbon nanotubes,**** and
even single non-fluorescent molecules’® has been
demonstrated.

In the current PT microscopy, the imaged nanoparticles are
usually non-resonant with the probe laser light, and the PT
signal is mainly generated from the interaction of the probe
light and TL. Because the thermo-optic coefficient is usually
quite small,"* the change in the probe beam intensity is extre-
mely weak and difficult to detect. As such, the high power of
the heating beam (increasing the rise in the local temperature)
and probe beam (reducing the photon noise) and the long
integration time of the lock-in amplifier are usually required
in order to obtain an acceptable signal to noise ratio. This can
cause serious limitations for biological applications, especially
for live-cell imaging, because the strong and long-time laser
light stimulation could denature biological molecules and
alter cellular functions. Therefore, improving the signal to
noise ratio of PT microscopy under weak laser light conditions
is critical for its further biological applications. The inter-
action of probe light and dielectric TL shows little wavelength
dependence, so it is difficult to develop multicolor PT
microscopy without employing wavelength-dependent absorp-
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tion.>! Compared with the nanoparticles far away from the
optical resonance, the scattering and absorption of nano-
particles in near-resonance are very sensitive to variations in
the local environment, which play an important role in the
field of optical detection and sensing.”””*® Herein, we demon-
strate that the high sensitivity of the scattering field from
nanoparticles near-resonant with the probe light to the vari-
ation in the local temperature can largely enhance the signal
to noise ratio of PT microscopy.

Experimental section

The sample for resonant scattering-enhanced PT imaging
simply consisted of chemically synthesized gold NRs placed on
top of a glass substrate. In order to enhance the PT effect of
the gold NR, polyvinyl alcohol (PVA) film, with a high thermo-
optic coefficient and low thermal conductivity, was spin-coated
as the embedding medium of the gold NR (see section 1 and 2
of ESIt+ for more details). The gold NRs are efficient point heat
sources upon heating light illumination. The diameters of the
gold NRs were about 20 nm and their lengths were distributed
in the range of 30 nm to 70 nm. Fig. 1a presents the general
elements of the PT microscope. After passing through the
acousto-optic modulator (AOM) with a typical modulation fre-
quency of 80 kHz, the circularly polarized heating laser beam
of 532 nm wavelength was overlaid with the linearly polarized
probe beam of 730 nm wavelength. The two collimated beams
were focused onto the same spot on the sample surface
through a 100x oil immersion objective with a numerical aper-
ture (NA) of 0.9. The probe light incident on the gold NR gen-
erated the interferometric scattering (iSCAT) signal, which is
the intensity of the interference field between the scattering
light from the gold NR and the reference light reflected at the
sample interface (Fig. 1b). The recorded PT signal § in the
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experiment is the variation in the iSCAT signal of the gold NR
induced by the heat produced by the heating laser beam, that
is, 6 = I'iscar — Liscar, where I'igcar and Ligcar are the intensities
of iSCAT light measured at the position of the gold NR with
and without the heating beam, respectively. The PT signal was
obtained using a lock-in amplifier that was in phase refer-
enced to the frequency of AOM. The PT image was recorded by
scanning the sample over the fixed laser spots with a step size
of 41 nm. The incident power of the heating beam and probe
beam was 0.72 mW and 3 pW, respectively. The rise in the
local temperature induced by the probe beam was negligible
(see section 3 of ESIY).

Results and discussion

Fig. 2a and b show the dark field and the corresponding PT
images of several randomly distributed gold NRs on a glass
substrate. The PVA film is 50 nm in thickness and the polariz-
ation angle 8 of the probe light is 140°. Each spot in the PT
image corresponds to an individual gold NR. The gold NRs in
the PT image can be divided into two categories according to
the sign of their PT signal. The positive and negative PT
signals mean that the illumination of the heating laser light,
i.e., the rise in the local temperature around the imaged gold
NR, results in the increased and decreased intensity of the
iSCAT light, respectively.

Fig. 2c provides the dark-field scattering spectra of five gold
NRs marked as NR1, NR2, NR3, NR4 and NR5 in Fig. 2b.
Single Lorentzian line shapes of the five scattering spectra con-
firmed that these are five single gold NRs. Because of the
difference in the aspect ratios of the gold NRs, the peak posi-
tions of the measured scattering spectra, i.e., the longitudinal
surface plasmon resonance wavelengths A,.s, were broadly dis-
tributed in the range of 693-755 nm. Importantly, we found
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Fig. 1 (a) Scheme of the sample and the PT imaging setup. OBJ, BS, AOM, and APD represent oil objective, beam splitter, acousto-optic modulator,
and avalanche photodiode, respectively. “Sig” and “Ref” refer to the voltage signal from the APD and function generator, respectively. The quarter-
wave and half-wave plates are not shown in the scheme. (b) Scheme of the iSCAT probe light, which includes the reference light reflected at the
sample interface and the scattering light from the gold NR in TL created by the heating beam.
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(a and b) The dark field image (a) and the corresponding PT image (b) of 15 randomly distributed gold NRs on a glass substrate. The PVA film

is 50 nm thick. The polarization angle 0 of the probe laser light is 140°. The green circles are plotted to mark the positions of the gold NRs. (c) The
normalized scattering spectra of the five gold NRs marked as NR1, NR2, NR3, NR4, and NR5 in (b), excited with unpolarized white light and no analy-
zer in the detection path. Solid lines are Lorentzian fits. The fitted peak positions (widths) of the five gold NRs are 693 (42.8), 709 (43.7), 725 (42.5),
742 (44.8) and 755 (50.3) nm, respectively. (d) The top panel shows the variation in the normalized PT signal 4 of NR4 upon adjusting the polarization
angle 0 of the probe laser light. The bottom panel shows the peak intensities of the scattering spectra of NR4 as a function of the analyzer angle 0 in

the detection path. The solid lines are fits of a squared cosine plus offset.

that the resonance wavelengths A,.s of gold NRs with positive
PT signal (NR4 and NR5) were longer than that of gold NRs
with negative PT signal (NR1, NR2, and NR3). The data for all
15 gold NRs in Fig. 2b (see section 4 of ESI{) and the other
measured data in Fig. 3a also support the above observation,
which indicates that the measured PT signal is strongly related
to the longitudinal surface plasmon resonance of the gold NR.

We also studied the influence of the polarization angle of
the probe laser light on the obtained PT signal. The top panel
in Fig. 2d shows the variation in the normalized PT signal A
upon adjusting the polarization angle of the probe laser light.
Here, the normalized PT signal A is defined as A = (I'iscar —
Liscar)/Iref, Where I.¢ is the intensity of the reflected probe light
measured at the position without gold NRs (reference light).
The normalized PT signal A oscillates as a function of the
polarization angle 6. The bottom panel of Fig. 2d shows the
peak intensity of the scattering spectra of gold NR4 (A, =
742 nm) recorded with an analyzer in the detection path at
various angles 6. It is well known that the scattering light of
the longitudinal surface plasmon resonance mode of a gold
NR is mainly polarized along the long axis direction,* thus
the in-plane orientation angle of NR4 is about 130°. Clearly,
the amplitudes of the normalized PT signal A reach the
maximum and minimum when the polarization directions of
the probe laser light are parallel and perpendicular to the long

This journal is © The Royal Society of Chemistry 2020

axis of gold NR4, respectively, corresponding to the strongest
and weakest scattered probe light from the NR4. This polariz-
ation dependence also indicates that the scattering light from
gold NR plays an important role in the measured PT signal.
The strong polarization dependence of the PT signal indicates
that individual gold NRs can be used as orientation sensors in
the resonant scattering enhanced PT microscopy.

To analyze the dependence of the normalized PT signal A
on the longitudinal surface plasmon resonance of gold NR, we
measured A and the corresponding scattering spectra of gold
NRs covered by PVA film of different thicknesses. A was taken
for the probe light polarized along the long axis of gold NRs.
Fig. 3a and b present the distributions of the measured 4 as a
function of the resonance wavelength /,.s for gold NRs covered
by PVA film with thicknesses of 50 and 100 nm, respectively
(see section 5 of ESIf for PVA thickness of 80 nm). As can be
seen, the PT signal shows dramatic changes in a narrow reso-
nance wavelength range around the wavelength of the probe
light (near-resonance condition) and such changes are strongly
dependent on the thickness of the PVA film. The separation of
the resonance wavelength between the positive maximum and
negative minimum of the PT signal in Fig. 3a is only 18 nm.
The full width at the half minimum of the narrow valley in
Fig. 3b is only about 15 nm, which is much smaller than the
widths of the scattering spectra of gold NRs shown in Fig. 2c.
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Fig. 3 (a and b) The normalized PT signal 4 as a function of the resonance wavelength 4.5 of gold NRs. The thicknesses of the PVA films are 50 (a)
and 100 (b) nm. The red solid lines represent the theoretical fits of the normalized PT signal according to eqn (2). The fitted thickness of the PVA film
d and the increase in local temperature 5T are provided. (c) Theoretically extracted amplitude of polarizability (polar., solid lines, left vertical axis) and
phase difference between the scattering field and the reference field (phase diff., dashed lines, right vertical axis) as a function of the resonance
wavelength of gold NRs in (a) with (red lines) and without (black lines) the heating beam illumination. (d) Normalized PT signal A of gold NRs with
resonance wavelength ,es of 718 (black line and hollow squares), 730 (red line and hollow circles) and 743 nm (blue line and hollow triangles) as a
function of the thickness of the PVA film. The three lines are plotted according to eqn (2). The increase in the local temperature 6T is 5 K. The nine

hollow dots correspond to the normalized PT signal obtained from nine gold NRs measured in the experiment.

Importantly, we found that the amplitudes of the PT signal of
the gold NRs in the above narrow resonance wavelength range
are strongly enhanced as compared with that of gold NRs with
resonance wavelength far away from the wavelength of the
probe laser light (non-resonance condition, 4,.s < 700 nm and
Jres > 760 nm). The maximal enhancement factor, ie., the
maximal ratio of the absolute value of the PT signal at near-
resonance and non-resonance conditions, was about 36 and 43
for the samples with PVA film thickness of 50 and 100 nm,
respectively. This indicates that the signal-to-noise ratio of the
gold NRs near-resonant with the probe light can be orders of
magnitude better than the non-resonant case.

The detected intensity of iSCAT light in the absence of
heating beam illumination can be expressed as follows (see
section 6 of ESIT):

2
(r* + |nal*+2ry|a| cos ¢) (1)

IiSCAT = Ei

where E; is the incident electric field, r is the field reflectivity
at the sample interface, 5 takes into account the detection
efficiency of the scattering field, a = |a|e””* is the complex
polarizability of the gold NR with information on the ampli-
tude (|a|) and phase-difference (¢scar) between the scattering
field and the driving field. ¢ = ¢geae + #(1/2 — 4dn/2) is the
phase difference between the scattering field and the reference

8400 | Nanoscale, 2020, 12, 8397-8403

field on the detector (d and n are the thickness and refractive
index of the PVA film, respectively, and 4 is the wavelength of
the probe light). Upon heating beam illumination, the increase
in the local temperature leads to permittivity changes in the
gold NR and its surrounding PVA film. The changed permittiv-
ity of PVA around each gold NR forms a small TL. The heated
gold NR inside the TL can be simply treated as a core-shell NR
with polarizability of a'=|a’|e =, where the shell is formed by
the PVA with changed permittivity. Thus, the normalized PT
signal can be given as follows:

A= Zg(|a’| cos @' — |a| cos @) + <g>2(|a'|27\a|2) (2)

where ¢’ = ¢'scac + 7(1/2 — 4dn/) is the phase difference
between the scattering field and the reference field with
heating beam illumination. The term proportional to (|o’|* —
|2|?) corresponds to the heat-induced intensity variation of
pure scattering light.

We modeled the gold NR as a spheroid whose polarizability
can be given in an accurate analytical formula.’>*! The dia-
meter of the spheroid is 20 nm and its length was used to tune
the longitudinal surface plasmon resonance wavelength Aes.
Based on the simulated local temperature distribution around
the heated gold NR (Fig. 4a and b), the heat induced “shell”
around gold spheroid was fixed at 25 nm in thickness. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Temperature distribution around the gold NR on a glass substrate covered by a PVA film of 50 nm in thickness. The length and diameter
of the gold NR were 50 and 20 nm, respectively. The heating beam of wavelength 532 nm was circularly polarized and the power was 2.5 mW. (b)
Temperature profile along the short axis (black line) and long axis (red line) of the gold NR in (a). (c) The intensity of the extracted pure scattering
light (solid dotted lines, left vertical axis) and the phase difference between the scattering field and reference field (hollow dotted lines, right vertical
axis) of gold NRs without (W/o heating, black dotted lines) and with (W/heating, red dotted lines) heating beam illumination as a function of the gold
NR length. The top horizontal axis shows the corresponding longitudinal surface plasmon resonance wavelength. (d) PT signal as a function of the
gold NR length and the corresponding longitudinal surface plasmon resonance wavelength. The power of the heating beam is 2.5 mW.

temperature of the core-shell spheroid was assumed to be 67
above room temperature (300 K). Because the absorption
cross-section of gold NR at the optical excitation wavelength of
the heating light (532 nm) is not size-dependent, the increase
in the local temperature 67 was assumed to be the same for
NRs with different resonance wavelengths .5 (see section 7 of
ESIY). The red solid lines in Fig. 3a and b display the fits to the
normalized PT signal A as a function of the resonance wave-
length 4,5 according to eqn (2), where #/r, d and 6T were left as
free-fitting parameters (see section 8 of ESIf). The experi-
mental data and the theoretical fits in Fig. 3a and b are in
good agreement. The fitted thicknesses of the PVA films are
about 12-13 nm smaller than those measured in the experi-
ment, which may be caused by the physical sizes of gold NRs.
The increases in the local temperatures 67 were fitted to be
about 5 K. We also found that the contribution of the intensity
variation of pure scattering light from gold NR to the PT signal
(the term proportional to (|a'|> — |a|?) in eqn (2)) can be
ignored (see section 9 of ESIt). Thus the PT signal was deter-
mined by the variation in the polarizability amplitude and the
variation in the phase difference between the scattering field
and the reference field, which resulted in its dependence on
the resonance wavelength and PVA film thickness.

According to the fitting parameters from Fig. 3a, the black
lines in Fig. 3c present the extracted amplitude of polarizabil-

This journal is © The Royal Society of Chemistry 2020

ity |a| and phase difference ¢ between the scattering field and
the reference field at the probe light wavelength as a function
of the resonance wavelength of gold NR without the heating
beam illumination. The amplitude of polarizability is maximal
for the gold NR with a resonance wavelength A..s of 730 nm, in
accordance with the wavelength of the probe light. Similar to a
mechanical oscillator driven by a harmonic force, where a pro-
nounced phase difference of & between the in-phase and out-
of-phase oscillation around the eigenfrequency is introduced,
the scattering field from the gold NR experienced a transition
from the in-phase (¢scar = 0) to the out-of-phase (¢scac = 7) 0scil-
lation, with respect to the driving field, when the resonance
wavelength A,..s scanned across the wavelength of the probe
light (see section 10 of ESIT). The offset between ¢ and @gcac
was determined by the thickness of the PVA film in the form of
#(1/2 — 4dn/2). The red solid and red dashed lines of Fig. 3c
show the extracted || and ¢’ as a function of the resonance
wavelength of gold NR upon heating beam illumination. As
can be seen, the polarizability and phase differences were
shifted to the left and the maximum amplitude of polarizabil-
ity decreased because the increase in the local temperature
around the gold NR led to the permittivity changes in the gold
NR and the surrounding PVA medium. Clearly, the heat-
induced variation in the polarizability and the phase differ-
ence is more obvious for gold NR near-resonant with the probe

Nanoscale, 2020, 12, 8397-8403 | 8401
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light, as compared with the non-resonant gold NR (see section
11 of ESIf), which resulted in the enhanced PT signal in the
narrow resonance wavelength range around the wavelength of
the probe light. Based on our calculations, the polarizability of
the heated gold NR in the TL (heat-induced “shell”) near the
longitudinal surface plasmon resonance conditions was nearly
the same as that of the gold NR embedded in the uniform
medium with the permittivity of the TL (see section 12 of
ESIt). This means that the PT signal of the gold NR near-res-
onant with the probe light was mainly caused by the heat-
induced variation in the polarizability of the gold NR, and the
scattering field from the TL can be ignored. The variation in
the polarizability of the gold NR was caused by the heat-
induced variation in the permittivity of PVA and gold, and the
red-shift in the resonance wavelength (see section 13 of ESI¥).

Fig. 3d shows the normalized PT signal A as a function of
the thickness of the PVA film plotted according to eqn (2) for
gold NRs with different resonance wavelengths. Clearly, the PT
signal oscillates with the increased thickness of the PVA film,
which linearly changes the phase difference between the scat-
tering field and the reference field. The maximum amplitude
of the PT signal was obtained for gold NR with a resonance
wavelength of 730 nm, the same as the wavelength of the
probe laser light (see section 14 of ESIt). The experimental
results for PVA thicknesses of 50, 80, and 100 nm are also
plotted in Fig. 3d, which agree well with the theoretical results.

In order to confirm the experimental results and verify the
theoretical treatment above, we performed numerical simu-
lations by using finite-element method-based commercial soft-
ware COMSOL Multiphysics to study the PT signal caused by
the heating beam illumination (see section 15 of the ESI} for
more simulation details). Without loss of generality, the PVA
film in our simulation was 50 nm in thickness. The diameter
of the NR was 20 nm. Fig. 4a shows the simulated temperature
distribution around the gold NR of 50 nm in length. The simu-
lation yielded an increase in the local temperature of about
40 K at the incident power of 2.5 mW. The temperature was
uniform on the NR and decayed rapidly away from the NR
surface in the surrounding medium with a characteristic
length of about 25 nm (see Fig. 4b and section 16 of the ESIT).
The simulated temperature on the gold NR was about 12 K
above room temperature at the incident power of 0.72 mW (see
section 16 of the ESIf), which was higher than the fitting
result of about 5 K in Fig. 3. We attributed this difference to
the quickly decreasing temperature around the NR surface,
while the temperature of the TL shell was assumed to be the
same as that of the gold NR in our theoretical treatment.

Fig. 4c shows the intensity of the extracted pure scattering
field and the phase difference between the scattering field and
the reference field as a function of the length of the NR (and
the corresponding resonance wavelength without the heating
beam illumination) with and without the heating beam illumi-
nation. The intensity of the pure scattering field without
heating beam illumination is maximal for gold NR with reso-
nance wavelength the same as the probe light wavelength of
730 nm, corresponding to the maximum polarizability ampli-

8402 | Nanoscale, 2020, 12, 8397-8403
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tude. The simulated phase difference ¢ of the gold NR
(without heating beam illumination) in-phase and out-of-
phase with the incident probe light are 0.32r and 1.17=,
respectively, which is consistent with our fitting result of 0.28n
and 1.13n. Upon heating beam illumination, the intensity of
the pure scattering field and the phase difference were left-
shifted and the maximal intensity was reduced (red curves in
Fig. 4c), which agrees with our experimental fitting results in
Fig. 3c. The simulated PT signal was negative and positive for
gold NR with lengths shorter and longer than the critical
length of about 50 nm (corresponding to A.s of 733 nm),
respectively (Fig. 4d). Compared with the gold NR non-res-
onant with the probe light (A5 < 695 nm and A > 770 nm),
the maximum enhancement factor of the amplitude of the PT
signal was more than 42 for gold NR near-resonant with the
probe light. All these features of the simulated PT signal are
consistent with our experimental and theoretical fitting results
shown in Fig. 3a.

The dramatic variation in the PT signal in a narrow reso-
nance wavelength range could enable the identification and
characterization of gold NRs with very high precision. The PT
signal of gold NR near-resonant with the probe light is also
very sensitive to the variation in the local refractive index. Our
calculation shows that the 0.1 percent variation in the local
refractive index could result in the change in the PT signal as
high as 40 percent, which is over 10 times more sensitive than
the scattering and absorption cross-section-based gold NR
sensors (see section 17 of ESIf). Such high sensitivity could
enable the direct identification of binding and unbinding
events of a single protein, which would greatly expand the res-
onant PT microscopy to the fields of analytical chemistry and
nanobiology. Compared with the maximal enhancement factor
of 43 measured in the experiment, the theoretical calculation
shows that the PT signal of gold NRs (20 nm in diameter)
near-resonant with the probe laser light can be enhanced by as
much as 500 times that of the completely non-resonant gold
NRS (Aes < 650 nm). Compared with the previous non-resonant
PT techniques, the strongly enhanced PT signal here could
enable the wide field and video-rate imaging of nanoparticles
by using a commercial camera without the restriction of the
scanning stage and lock-in amplifier with long integration
time.

Conclusion

In summary, we developed a novel strategy to enhance the PT
signal by using resonant scattering as demonstrated by gold
NR with a tunable longitudinal surface plasmon mode. It was
observed in the experiment that the PT signal of the gold NR
near-resonant with the probe light was strongly enhanced, as
high as 43 times, compared with that of gold NR with the reso-
nance wavelength being tens of nanometers away from the
probe light wavelength. Theoretical analysis showed that the
enhanced PT signal was mainly caused by the heat-induced
variation of the polarizability of the gold NR. These results can

This journal is © The Royal Society of Chemistry 2020
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promote the development of resonant scattering-enhanced PT
microscopy with much higher sensitivity, and better function-
ality and flexibility.
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