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ABSTRACT: Upconverting nanoparticles (UCNPs) present
emission in the visible region upon irradiation with NIR light
through a multiphoton mechanism. However, the long
characteristic time of their emission has prevented the use of
this kind of entities as multiphoton probes. We present a study
on the use of erbium-containing UCNPs under pulsed
excitation, showing that both the power density and the
duration of the excitation pulse are key factors to understand
the emission behavior. By adjusting power and excitation rate,
we can obtain typical multiphoton z-axis focal exclusive
excitation. These findings open the possibility of using UCNPs
as probes for controlled localization of uncaging and imaging
with multiphoton z-axis sectioning. We show that this can be

achieved even at power densities several orders of magnitude lower than traditional multiphoton microscopies.

ince Denk reported the first two-photon scanning

fluorescence microscope,' imaging techniques based in
multiphoton (or nonlinear) excitation grew in explosive form.
Multiphoton excitation presents two main advantages over
usual linear luminescence: a lower scattering due to the
antiStokes shift of the emission and an intrinsic sectioning
capacity due to the dependence of the emission with higher
powers of the excitation power density. The latter characteristic
is the basis for microscopy techniques based on two-photon
absorption both in imaging”™* and uncaging procedures.”™"

Two photon (2P) absorption is an excitation pathway in
which two photons of a given energy are absorbed quasi-
simultaneously to reach an excited state that usually only can be
populated with light of about twice that energy. For this
absorption to take place, a very high instantaneous power
density has to be achieved, in order to allow the probe to
absorb more than one photon in about 107'¢ s.” Once the
excited state is populated, the photophysics and photo-
chemistry of the process follow the usual decay pathways. In
similar ways more than two photons can be absorbed. Figure 1a
shows a state diagram that illustrates this mechanism.

In order to have such a high photon density, instantaneous
power in the range of 10"> W/cm? is required. This is achieved
through femtosecond lasers, which permit to obtain such an
enormous instantaneous power without damaging the sample
due to overheating. Femtosecond lasers (usually Ti-Sapphire)
are expensive and hard to maintain, and these facts are at the
present time the main drawback of the 2P techniques. Two
alternatives were proposed to reduce the needed power density
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of 2P excitation: increasing a nonlinear cross section and
chemical-2P approaches. Most probes present a very low 2P
absorption cross section, on the order of 1-200 GM (1
Goeppert—Mayer = 10*° cm* s), that led to low emission even
at very high excitation fluxes. By increasing this absorption it is
possible to reduce the power of light needed for imaging. This
strategy, combined with engineering of new probes, has been
used successfully.'”"" The second strategy implies the use of a
chemically active probe that is inactive until a first photon
triggers the molecule. A second photon can now promote the
excited state population that led to emission'” or uncaging
(photolysis) of a desired molecule."> This chemical-2P
mechanism allow the use of low power CW lasers (i.e., laser
diodes), but there are some drawbacks to this approach. Both
photons are in the UV or visible range instead of NIR, implying
higher scattering and no reversible probe capable of
reinactivating after irradiation has yet to be designed and
synthesized.

A new generation of probes based on luminescent nano-
particles was devised in the last years.''> Being nanometer
sized objects rather than molecules, their stability against
photobleaching is very good, while its size is small enough to be
used and delivered to target specimens to be imaged. Among
them, certain lantanides-doped phosphors can sequentially
absorb several low energy (NIR) photons to populate high
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Figure 1. Scheme of 2-photon absorption compared with some mechanisms involved in upconversion processes: (a) two photon absorption (2P),
depicting the virtual state between S1 and S2; (b) excited state absorption (ESA), showing the real intermediate state; (c) energy transfer
upconversion (ETU); (d) photon avalanche mechanism (PA); (e) cross relaxation (CR).

energy excited states from which they emit visible photons in a
process called upconversion.'™"® Thus, this kind of probes are
generally addressed as upconverting nanoparticles (UCNPs).

The mechanism by which UCNPs operates is quite different
from that for the traditional 2P absorption. In the latter
excitation mechanism there is no real resonant excited state
between the ground level and the state from which the
emission occurs (Figure 1a). Conversely, in the upconversion
process one or more long-lived intermediate excited states acts
as energy reservoirs. From these intermediate states, subse-
quent one photon excitations and energy transfer processes
populate a manifold of higher energy states. Some of the usual
mechanisms that take place in the upconversion process are
depicted in Figure 1.

The presence of long-lived real intermediate states implies
that low energy excitation can be used to achieve upconversion.
Typical laser diode sources are sufficient to activate the
multiphoton conversion, allowing anti-Stokes luminescence
that is becoming widely applied in security printing industries,
mainly counterfeit detection (i.e, Russian and Chinese
banknotes). The NIR excitation (typically 980 nm) and its
associated high penetration and low scattering in biological
tissues offer a good way to illuminate deep regions. Recently,
the combination of Ru-based caged compounds, capable to
photorelease biomolecules”'~** with UCNP showed that it is
possible to release a drug by means of low energy NIR photons
with excellent performance.””*

However, one of the main advantages of multiphoton
excitation, the capability of sectioning, was not achieved using
UCNPs. Their long emission characteristic times (7 ~ 200 us)
make difficult the use of typical Ti-Sapphire lasers and prevent
the use of descanned confocal microscopes. Ingenious
deconvolution methods have been devised to circumvent this
problem.*

Any scanning microscopy technique necessarily irradiates
each point of the sample during a very short time, which can be
much shorter than the characteristic time of a typical phosphor.
Unfortunately, there are not many studies regarding lanthanide
phosphors and UCNP behavior in a pulsed regime. These kind
of studies are necessary to design a useful method for that takes
advantage of UCNP intrinsic multiphoton sectioning potential.
We present a theoretical and experimental study of UCNP
excitation under a pulsed regime, showing that the excitation
time can be exchanged for power density, allowing real
sectioning in the z-axis, and opening a new perspective in the
use of upconverting probes as tools for new inexpensive 2P
microscopies.

1469

B EXPERIMENTAL SECTION

All reagents were commercially available and used as received.
The Er-containing UCNPs (core = NaYF,—2 mol % Er’*—30
mol % Yb**; shell = NaYF,) and phosphors were synthesized as
published** or obtained commercially from Shanghai Keyan
Phosphor Technology Co., Ltd. A transmission electron
microscope image of the used UCNPs is given as Supporting
Information.

The UV—vis spectra were taken with an Ocean Optics
CHEM2000 diode-array spectrometer. A TO-18 (5.6 mm
diameter, LCU985041A or similar), SO mW, 980 nm laser
diode was used to excite the upconversion emission of the used
phosphors. The device were mounted onto an Al block to
prevent heating and pulsed by means of a CMOS buffer. An ad-
hoc power supply, controlled from a PC-computer through a
Keithley DAS20 acquisition card was used to control the
instantaneous power of the pulses. The pulse timing was
determined through the parallel port using a software written in
QuickBasic 4.5 and Assembler 80286. The used circuit is
depicted as Supporting Information.

The laser diode was collimated using a 7 mm focal distance
lens and further focused through 10X N, = 0.25 or 20X N, =
0.40 microscope objectives. A dichroic mirror prior to the
objective path allowed one to measure the visible emission
without interference of the NIR reflection on the sample. Two
interference short pass filters at 750 nm were used to block the
remanent NIR radiation. The emission was focused onto an
amplified photodiode (Edmund Optics PDA100A) or directly
to the Ocean Optics fiber optics spectrometer. The traces of the
time-resolved emission were acquired with a Hantek 6022BE
digital oscilloscope.

B RESULTS AND DISCUSSION

Figure 2 shows the emission spectra of Er-containing UCNP
under excitation with 980 nm at different intensities, using a
collimated CW laser diode. The four stronger emission bands
appear at 660, 550, 525, and 411 nm. These transitions
correspond to 4F9/2—4115_;2, *S30—1s2 *Hyp—"1i5),, and
Hy),—*1,5),, respectively,”” being the first two responsible for
90% of the total emission.

A log—log plot of 660 and 550 nm emission against the
excitation emission (Figure 2, insets) clearly show slopes
greater than 1, indicating a multiphoton pathway. However, in
the conditions of the experiment, both slopes are lower than 2
(which corresponds to a full two-photon excitation). When the
power density of the excitation was increased by focusing the
light into a narrower beam, both slopes decreased approaching
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Figure 2. Emission spectra of for a 5% w/w suspension of Er-
containing UCNPs in cyclohexane under excitation at 980 nm at
several excitation intensities. Left inset: log—log plot of the 550 nm
band (*S;/,—"1;5/,) and 660 nm band (*F,/,—"1;5/,) and best linear fit
indicating power of dependence. Note that the three higher
measurements on the 660 nm band deviated from the linear fitting.

unity. This behavior is characteristic of a saturation process in
which the population of the intermediate states, that “store” the
first photon before another one promotes the NP to its final
emissive state, is no longer negligible. When saturation of the
intermediate state occurs, single photons can excite NP from
the rather occupied intermediate state to the final emissive
state; therefore, luminescence becomes a quasi-one photon
process, eliminating the characteristic 2P quadratic dependence
on the excitation power. As this nonlinear dependence between
excitation and emission is a mandatory condition to achieve z-
axis sectioning, saturation of the UCNP constitute an important
obstacle that must be surmounted.

Lanthanide-doped UCNPs present long-lived states, as
expected for their mechanism of energy conversion. The
exact time dependence characteristics of their emission vary
depending on the aggregation state. Solid particle-like
aggregates deposited into substrates tend to yield longer
emission lifetimes, while NP sized phosphors in colloidal
suspensions present somewhat shorter response. Figure 3
(dots) shows a typical dependence on the emission during a
980 nm excitation pulse.

While the decay is monoexponential with a characteristic
time 7 = 602 us, the rise of the curve is more complex. The
initial onset indicates a rather slow mechanism of population of
the intermediate state, needed to absorb new photons to reach
the final emissive state. Gamelin and Gudel*® have described a
three-states model to simulate this behavior. Although ESA and
ETU mechanisms are probably present in our phosphors, and
several different multiphoton pathways are surely involved in
their photophysics, we have been able to describe the key
characteristics of our system by means of a simplified model. It
is important to keep in mind that upconversion is a rather
complex process, in which the emissive states can be reached by
many different pathways. As each pathway involves several
accumulation and decay steps that have different rates and can
be more or less populated, usually the emission power
dependence on excitation is not an integer (as would
correspond to neat 2, 3, 4, etc. photon processes) but
fractional. We have chosen two of the typical emission bands
of the Er-containing nanoparticles, which have been profusely
studied and present a quite simple near-2-photon behavior. The
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Figure 3. Time dependence of the emission of the 550 nm
(*S3,—";5/,) band under a pulsed excitation at 980 nm for Er-
containing UCNPs. Top line: excitation pulse. Bottom line:
experimental values and its fitting to a theoretical model (see text).

550 nm band (*S;,—*I;5;,) presents higher intensity at low
excitation power and is more suitable for kinetic studies. The
660 nm band (*Fy/,—"1;5/,), on the other hand, has an emission
intensity that scales almost as a pure 2-photon process and is
better to investigate the imaging applications. Any added
complexity can be useful to match even more carefully the
experimental data but does not change the main panorama. We
have used a more elaborated model to allow a comparison with
traditional 2P excitation, which is given as Supporting
Information. In order to gain some insight about the factors
that determine the emission performance of the phosphor
nanoparticles, simulations were carried out by means of a
model represented by the following equations system:

N _ GN, + kN, + k,N.

dt - 0 V1 2-V2 (1)
ﬂ—GN kN, — EN,

dt - 0 Y1 1 (2)
dN,

—= = EN, — k,N.

dt bR 3)

where Ny, Ny, and N, are the populations of the ground (S,),
intermediate (S;) and emissive (S,) states, G the ground state
excitation rate constant, k; the decay constant from the
intermediate state; k, the decay constant from the emissive
state and E is the ESA excited state excitation rate constant, by
which a further photon can populate the S, state from S;. In
order to simplify the model, no decay path from S, to S; was
taken into account, neither any nonradiative mechanisms,
although they are obviously present. The respective rate
constants are included in k, and k;. For our purposes absolute
measurements of upconversion quantum yield were not
essential. Instead, we choose to fit the parameters of our
simplified model to the experimental data to extract the rates.
From these fits, we first found the following set of parameters:
G=30s5E=82x1072s" k; =216 X 10°s7%; k, = 1.66 X
10% s™". As k, can be measured directly from the decay after the
pulse excitation, it was fixed as constant. The value of G and E
include the excitation intensity and are related to the initial
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population of ground state N,. We have fixed N = 10 000, but

other combinations of N, G, and E yield similar results.
Figure 4 shows the experimental data and the corresponding

simulation of the phosphor response using our model, for the
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Figure 4. (Top) Fraction of populated emissive state for a simplified
upconversion mechanism, with G = 30 s™; E = 82 X 107 s, k; =
2.16 X 10° 57 k, = 1.66 X 10° s™". (Bottom) Experimental emission.
The excitation is given as pulses of 330, 660, 1320, 2650, and 5300 us
length. (cyp = 15 mg/mL, I,. = 10 W/cm?).

previously fitted parameters and pulse widths of 330, 660, 1320,
2650, and 5300 ps. The y-axis represents the fraction of
populated emissive excited states or the corresponding
emission intensity (in arbitrary units). It is important to
remark that even short pulses will decay with the long
characteristic time of lanthanide phosphorescence, and there-
fore the probes will present low photon flux under those
conditions.

The expected dependence of the emission with the excitation
intensity can also be calculated with the same simplified model.
For a 2P process with a long enough excitation pulse in order
to achieve the emission steady state, a quadratic response is
expected. Figure Sa shows this behavior when the population
fraction of S; and S, remain low. However, at higher photon
absorption rates, the intermediate state population increases
and the emission-excitation dependence will be intermediate
between linear and quadratic as shown in the previous
experiment (Figure 2b).

Notably, when the excitation pulse width is much shorter
than the characteristic time of the UCNPs, almost complete
equivalence can be found between power dependence and
pulse length dependence. Figure 6 (solid lines) shows the
emission for pulses of 100 ps width, at relative excitation
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Figure S. Fraction of populated emissive state for simplified
upconversion mechanism, with G = I, . X 0.3 s7}; E = I, X 82 X
107557, k; =216 X 103 575 k, = 1.66 X 10% 71, (a) I, varies from 1
to 4 at linear steps, showing quadratic response in the steady state. (b)
I, varies from 3 X 10* to 12 X 10* at linear steps, showing lower than
quadratic dependence due to intermediate state saturation. (c)
Experimental emission in saturation conditions similar to part b (cxp

= 15 mg/mL, I, = 500 W/cm?).

intensities of 1, 2, 3, and 4. The dotted lines show the results
for the maximum excitation intensity, while changing the pulse
width between 25 and 100 ps. Both cases are almost
indistinguishable, showing the quadratic response on the
integrated emission (see inset) and complete correspondence
between pulse time and intensity.

In the case that the pulses are not much shorter than the
characteristic times of the upconversion process, this
equivalence does not hold and the time-dependent emission
shapes vary depending on power density and pulse length.
However, the total amount of emission shows the same
dependence on the overall average excitation, regardless of the
method (variable density power or variable pulse length) used
for modulation of the excitation. These results agree completely
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Figure 6. (Top) Fraction of populated emissive state for simplified
upconversion mechanism, with G = I, X 3 s7 E = I, X 82 X 1073
s ky = 2.16 X 10° 575 k, = 1.66 X 10° s Cyan solid lines: pulse
duration, 100 ps; intensities I, = 1, 2, 3, and 4 arbitrary units. Red
dotted lines: I, = 4 au; pulse duration, 25, 50, and 75 us. The
quadratic response and the total equivalence of increasing power and
pulse duration are apparent. Bottom: O emission integration of cyan
solid lines; X emission integration of red dotted lines.

with the experimental findings. Figure 7 (top) shows the
dependence of the emission intensity for the 660 nm
*Fy/,— "5, transition with the pulse duty cycle (f = 1000
Hz) at a constant excitation power density. In this way, the
average power is varied from 0 to 2000 W/ cm?. On the other
hand, Figure 7 (bottom) shows the dependence of the emission
intensity for the same transition at steady excitation at variable
power between 0 and 2000 W/cm?. Note the correspondence
of both methods of varying average excitation power.

At low level overall excitation, due to either short pulses or
low power density, the slope approaches 2, indicating full two-
photon behavior (see inset in Figure 7). At higher excitation
this slope diminishes toward a linear process, as predicted by
the model, and later even shows a less than unity slope (see the
Supporting Information).

These facts suggest the strategy to follow in order to get the
sectioning capabilities of the multiphoton excitation using
UCNPs. The overall excitation intensity on the probe (power
density times pulse duration) must be low enough to prevent
saturation of the intermediate states. This saturation and
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Figure 7. (Top) Integrated emission of the 660 nm *F,/,—*I;5,, band
under pulsed (1000 Hz) excitation. The duty cycle of the square wave
varies between 0 and 1, while the power is kept constant at 2000 W/
cm’. Note the quadratic response of the emission. The log—log plot
(inset) indicates a slope of 2.06, corresponding to an effective 2-
photon process. (Bottom) Integrated emission of the 660 nm
*Fy/,—*1;5/, band under continuous excitation power that varies from
0 to 2000 W/cm®.

reduction of nonlinearity between emission and excitation is
the main problem that prevents UCNPs as 2P probes. Some
authors have reported the failure to obtain real focal sectioning
using continuous excitation.””** The high power density
needed to obtain an adequate signal-to-noise ratio prevents
the probes to present nonlinear emission dependence near the
focal point. However, as for imaging techniques each pixel is
illuminated just a brief fraction of the total frame time, pulsed
excitation instead of CW must be investigated. For an image of
0.3 megapixel (640 X 480) to be taken in 1 s, each pixel is
excited just about 3.2 us, a hundred times shorter than the
characteristic luminescence time. Therefore, it is possible to
keep the total amount of light in an adequate level by rapidly
scanning the frame while collecting the emission in a parallel
integrative way. It is important to see that the emission photon
collection cannot be done using the usual procedure of
sequential descanning, given that the long characteristic times
of UCNP luminescence would imply to wait several milli-
seconds per pixel, even though the excitation lays in the
microseconds. The easiest alternative is obviously a parallel
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Figure 8. Comparison between 1-photon and 2-photon excitation: (a) a solution of the fluorescent dye Pyranine, excited in 1P regime with a 450 nm
laser through a 20X N, = 0.4 microscope objective; (b) a suspension of 15 g/L Er-Yb UCNPs in cyclohexane excited by means of a focused 980 nm
beam in continuous regime (2 kW/cm?). (c) The same suspension excited in a low duty cycle pulsed mode (50 ps on, 4950 us off) in order to avoid
saturation of the intermediate states, recovering the quadratic dependence and the sectioning capabilities. The visible dot size is below the camera

image capabilities (<15 ym diameter).

detection scheme using a CCD camera, in which the pixels can
be detected in their proper place in an integrating frame in the
millisecond range.

As a proof of principle, Figure 8 shows the comparison
between 1P excitation and 2P upconversion excitation. Figure
8a depicts the typical emission bicone generated by 1P
excitation of a fluorophore (Pyranine) focused through a 20X
N, = 0.4 objective. In parts b and ¢, a suspension of UCNPs
excited at 980 nm is focused through the same objective in
continuous and pulsed mode. While Figure 8b shows some
biconical emission due to saturation of the intermediate state,
the cuvette under low duty cycle pulsed excitation (Figure 8c)
shows a typical “focal dot emission” indicating that sectioning is
possible in these conditions.

As a further test of the capabilities of this technique we have
built a simple scanning microscope with detection using a CCD
webcam as parallel detector. A collimated beam provinient from
the 980 nm laser diode was directed using two galvanometer
mirrors and two F:2F:F relay telescopes onto the objective
(10X, N, = 0.4). The mirrors allow the focused dot to be
scanned onto the specimen in 0.5 s (480 lines). At this speed,
each pixel in the camera is illuminated during 0.5 s/(480 X 640
pixels) = 1.62 us, being well within the low duty cycle needed
for sectioning. (In fact, as the focusing is not perfect, the
specimen presents high light dispersion and emissive zones can
be bigger than 1 pixel wide, the real time that the beam
irradiates an independent area of the specimen could be
between 2 and 10 us).

Even for this very crude scanning microscope, the difference
between direct upconversion and sectioning scanning upcon-
version imaging is dramatic. Figure 9 shows five images at z
depths differing 25 ym each. The images at the left were taken
with a nonfocused 980 nm IR beam. The images at the right
were obtained by focused scanning, allowing sectioning
upconversion. The camera gain was regulated to get similar
amounts of total light. Note the higher brightness of the out of
focus regions (left, bottom) compared to that for the
corresponding images at the right.

1473

Figure 9. Comparison between direct and scanned upconversion
imaging. (Left) A nylon specimen stained with UCNPs imaged
through a 10X, N, = 0.4 objective under direct illumination (980 nm,
10 W/cm?). (Right) The same specimen imaged through scanning
(980 nm, 20 kW/cm?, 640 X 480 pixels, 0.5 s exposition). Note the z-
sectioning of the images at the right panel.
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It is important to remark that although they are two different
processes, the equations governing the sectioning capabilities of
pulsed upconversion imaging are the same that traditional 2P
imaging using Ti-sapphire femtosecond lasers. This fact
strongly suggests that the theoretical limit in z-sectioning is
as good as in typical 2P microscopies.

The capability of using a low power laser diode instead of a
extremely high instantaneous power femtosecond laser
indicates that the effective cross section for 2P absorption of
the UCNP appears as very high. Strictly speaking, the initial
absorption in UCNPs is a simple 1-photon process. It is the
inner accumulation mechanism that allow this initial 1P process
to be capable to populate higher states that emit in the visible
region. As a comparison, it is possible to calculate the 2-photon
cross section that an emitter should have to convert the same
proportion of IR photons into visible emission that the UCNPs
in sectioning regime and using the same excitation power
density. Using a somewhat complex model it is possible to
estimate that an average I, = 42 W/cm® is capable to populate
the excited state of the UCNP to a fraction x, = 107, allowing
an emission efficiency of 2.37 X 1073 equivalent to a flux of
about 5 X 10'7 photons/s. For obtaining the same flux through
a typical 2P process and using the same excitation I, the
fluorophore should have an effective cross section of 7.6 X 10°
GM (1 Goeppert Mayer = 107°° cm* s photon™"). By way of
comparison, a typical fluorescent molecule active in the 2P
regime ranges between 1 and 200 GM.”’ A CdTe or CDSe
nanoparticle can be as high as 5 X 10* GM.”” On the other
hand, the price that has to be paid for this enhancement is a
slow emission rate. Because of this, while the UCNPs excited
states occupancy in the referred conditions is about 107%, the
corresponding occupancy for a true 2P system is as low as x, =
1.7 X 107'°. A more detailed description of this comparison is
given as Supporting Information.

This enormous effective 2P cross section of the UCNP is an
alternative way to indicate the rather low energy densities that
can be used to excitate the multiphoton emissive states.

This strategy could also be used for local uncaging of drugs
using the sectioning capabilities of the multiphoton excitation.
The possibility to use a rather low instantaneous density power
(~20 kW/cm?) as compared with typical 2-photon techniques
based in the absorption of Ti-sapphire femtosecond pulses
allow the irradiation of biological tissues with no damage at
very low cost and allowing a precise z-directioning. Together
with the recent advances in upconversion-aided phototrigger-
ing,* the sectioning capability on UCNPs in pulsed regime can
be the starting point of real 3D photodynamic therapy.

B CONCLUSIONS

We have showed that lanthanide-doped UCNPs and phosphors
can be used as probes in the pulsed excitation regime. Choosing
adequately the parameters of the excitation, mainly instanta-
neous power density, pulse duration, and duty cycle, it is
possible to recover the full 2P quadratic emission vs excitation
dependence, which is usually obscured due to saturation of
intermediate states.

We have characterized the pulsed behavior of Er-containing
phosphors and UCNPs, showing that changes in instantaneous
power are completely equivalent to changes in pulse length,
being interchangeable parameters in order to achieve full 2P
behavior. This strategy allowed us to obtain z-axis sectioning
capabilities by means of preventing saturation through low duty
cycle pulsed excitation.
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The power needed to elicit this response is many orders of
magnitude lower than in the typical 2P excitation and can be
obtained with inexpensive laser diodes instead of Ti-sapphire
femtosecond pulsed lasers. The control of the involved pulses is
also simple, in the range of the micro/miliseconds, allowing the
use of very simple electronics. Further work in custom imaging
and uncaging microscopy techniques using sequential excitation
and parallel detection are under development.
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