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Abstract— We firstly set up two optical models and investigated the upconverting excitation
process of novel 795-nm excited Nd3T-sensitized upconversion nanoparticles. Simulation results
proved the novel UCNPs has the potential to show excellent in vivo deep imaging and damage-free
in vivo, in vitro imaging ability under high power 795 nm laser excitation.

1. INTRODUCTION

Upconversion nanoparticles (UCNPs) have been demonstrated as the hot nanoprobes in the biopho-
tonics research [1]. Superior to the conventional biological labels such as organic dyes and quantum
dots UCNPs exhibit the unique properties of autofluorescence-free bioimaging under near-infrared
light excitation Due to series of advantages such as large anti-Stokes shifts no photobleaching, no
blinking, low cytotoxicity, deep imaging ability and high resolution UCNPs have attracted huge
attention and interests in the biomedical and biotherapy in recent years [2]. However, traditional
Yb3+-sensitized UCNPs have been proved to reduce the overheating effect under high power 975 nm
laser excitation [3]. Recently, Nd*-sensitized UCNPs have emerged as a candidate to replace tra-
ditional ones due to the minimized heating effect under 795 nm laser excitation [4]. Some groups
have presented the synthesis and potential applications of Nd?*-sensitized UCNPs which were still
lack of optical investigation [5-7]. In this work, we optically modeled for Nd3*-sensitized UCNPs-
based bio-applications and showed the damage-free imaging ability using 795 nm laser exciting.
Meanwhile, the Nd3* to Yb3T energy transfer efficiency was discussed to study the impact on deep
imaging ability.

2. MODELING AND THEORETICAL METHODS
2.1. Optical Models

Two different optical models of UCNPs-based biomedical applications were constructed to investi-
gate the Nd?t-sensitized UCNPs: one is a cell-in-celldish model for in vitro microscopy; the other
is a pork tissue model for in vivo deep tissue imaging.

2.1.1. Cell-in-celldish Model

As shown in Fig. 1(a) a cylinder area (diameter: 35 mm depth: 3mm) was set up as PBS solution
in cell-in-celldish for the investigation of in witro microscopy while the UCNPs-labeled cells were
adherent on the bottom. We simulated it on an inverted microscope with 100 mW high power CW
laser exciting after focused by a 1.35 NA objective.

2.1.2. Pork Tissue Model

As described in Fig. 1(b), we selected the three layers (2.5 mm skin, 12.5 mm fat and 30 mm muscle)
cylinder pork tissue model as its similar tissue optical properties with human beings, which acted as
the part of tissue being irradiated by circle area (radius: 25 mm) CW laser source (power density:
500mW /cm?). A UCNPs-labeled tumor (radius: 2.5mm) was in this tissue model at different
depth from 5 mm to 42.5 mm.

2.2. Theoretical Methods

The theoretical methods of these two models are based on three different ones: diffusion equation
heat transport equation and cell damage model, each of which is described as below and the
parameters used are set as typical values [3, 8-13].
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Figure 1: Schematics of (a) in vitro cell-in-celldish model and (b) in vivo Pork Tissue model.

2.2.1. Diffusion Equation

Fluorescence diffusing imaging can be described as two equations: one is the excitation light Equa-
tion (1) and the other is the fluorescence emission Equation (2). In the steady state, we can describe
them as [8]:

- V(Deazv¢ex) + M2x¢ex(7") = S(T) (1)
~V(DemV@em) + 1™ Pem (1) = Ntex]pee(r)]?  for 975 nm laser (2a)
~V(DemVgem) + Hg" ¢em(r) = tealY ez (r)]?  for 795 nm laser (2b)

where fiq, s, and Degjem = 1/(3 * (,uzx/ g u;ex/ “™)) denotes the absorption coefficient, reduced

scattering coefficient and diffusion coefficient of excitation or emission light; Y is the energy transfer
efficient from Nd3* to Yb3t, ¢, Jem is the photon fluence rate of excitation and emission light and
1 is the power-related quantum yield coefficient of UCNPs For the side boundary and interface
between 3 layers, we regard them as continuous conditions. Neumann boundary condition is used
that accounts for the refractive index mismatch between tissue (n4issue ~ 1.4) and air (ng, ~ 1)
as: n- (DV(r,t)) + ¢(r,t)/2A = 0, where A is 2.74 in this investigation.

2.2.2. Heat Transfer Equation

The spatiotemporal temperature distribution for two models are based on the Pennes’ bioheat
transfer equation with an additional term @ [14, 15]:

pe(dT'/dt) = (kT) + Q (3)

where the first term on the right side is heat conduction. The second term heat source () absorbed
can be obtained according to the lambert-Beer law for the in vitro model and calculated as Q =
UET peq (1) from Equation (1) for the in vivo model. Regarding the boundary conditions, a heat flux
condition was used combined with Newton’s law of cooling to describe a convection process as: K
(dT/dn) = h(T — Tp) where hgir = 25 W/(m? - K), hyay = 5 W/(m?- K)

2.2.5. Cell/Tissue Damage Model

Here we predict this cell/tissue damage by using the Arrhenius injury model. The cells/tissue that
are damaged over time is given by [12,15]:

FD —1— €_Q —1— €_fkdt —1— e—fAC—Ea/(RT)dt (4)

where € is the damage index F, is the activation energy, R is the universal gas constant, 7" is the
temperature changed with time, and A is a scaling factor. Here we define healthy cell has Fp = 0,
and Fp = 0.6 means the time cell begin to be damaged.



2452 PIERS Proceedings, Guangzhou, China, August 25-28, 2014

3. RESULTS AND DISCUSSION

3.1. Damage-free in vitro Microscopy with Nd3+-sensitized UCNPs

In this simulation, 100mW (focal plane power) CW laser beam was used [16]. In the in wvitro
microscopy, heating effect was primarily due to the absorption of exciting laser. As shown in
Figs. 2(a)—(d), the spatiotemporal temperature distribution changed very little under 795 nm exci-
tation, whereas under the 975 nm excitation the temperature had a huge raising after 20 minutes.
After 30s of irradiation, it didn’t reach the apoptosis temperature under either 795 nm or 975 nm
laser excitation. After 20 minutes-irradiation, the temperature increased to 46°C and most cells
were damaged in the case of 975nm laser in Fig. 2(h). On the contrary, almost all the cells were
still healthy under high power 795 nm excitation after 20 minutes in Fig. 2(f), which was attributed
to the minimized heating effect of Nd3*-sensitized UCNPs.
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Figure 2: Simulated spatiotemporal temperature distributions of cell-in-celldish model under (a) 30s,
(b) 20mins 795nm laser excitation and (c) 30s, (d) 10mins 975nm laser excitation (focal plane power:
100mW). Cell viability predictions under (e) 1min, (f) 20mins 975nm laser irradiation and (g) 1min,
(h) 20 mins 795 nm laser irradiation.

3.2. Damage-free in vivo Tissue Imaging with Nd3*t-sensitized UCNPs

500 mW /cm? circle area CW laser was selected in our simulation which had been proved to reduce
the overheating effect in skin surface under 975 nm laser excitation [3]. Compared to the results
in Fig. 3(a), each corresponding pictures in Fig. 3(b) showed a much higher temperature. After
3 minutes of 975 nm laser irradiation, temperature raised above 45°C and the inner part of skin
was almost damaged in Fig. 3(e). After irradiated by high power 975nm laser for 10 minutes,
the damage condition in tissue was extremely severe as the temperature was up to 60°C. On the
contrary, under high power 795 nm laser excitation the temperature had not reached 40°C and the
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Figure 3: Simulated temperature distributions after different irradiation times of pork tissue model surface
under (a) 795nm, (b) 975nm laser irradiation and (c) the corresponding temperature line. Simulated nor-
malized tissue damage index distributions of pork tissue model after different time irradiation of (d) 795 nm
and (e) 975 nm laser.
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Figure 4: Stimulated UC PL fluence rate at detector point for different tumor depth (from 0.5 cm to 4.25 cm)

of 500 mW /m? 975 nm laser and 795 nm laser with different energy transfer efficient Y (10%, 50%, 90%) from
Nd3*tYb3+.

whole tissue still kept undamaged even after 1 minutes of irradiation. Simulation results proved
that the Nd3*-sensitized UCNPs completely exhibit the damage-free in vivo deep imaging ability.

3.3. Nd3t to Yb3t Energy Transfer Efficiency (ETE) Dependent Deep in vivo Tissue Imaging

The upconversion (UC) photoluminescence (PL) process of Nd3*-sensitized UCNPs is based on
the energy transfer bridge Yb3* (Nd3+-Yb3+-Ln3*), which should be considered into deep tissue
imaging application. In this simulation, 795-nm excited Nd3*-sensitized UCNPs with 650 nm emis-
sion and 975 nm excited UCNPs with 800 nm emission were used to investigate the impact of ETE
on the imaging depth. As shown in Fig. 4, the intensities of 800 nm UC emission (under 975nm
excitation) and 650 nm UC emission (under 795 nm excitation with different Y from 10% to 90%)
on the surface were showed at different tumor depths from 0.5 cm to 4.25 cm. The surface UC PL
intensity decreased rapidly with exciting depth increased because the much higher scattering and
absorption in deep tissue. The 795nm excited UCNPs (Y > 50%) with 650 nm emission has a
better deep (> 0.75cm) imaging ability than 975-nm-excited ones. In the deep (> 1.5cm) region
showed in Figs. 4(d) and (e), Nd3"-sensitized UCNPs (Y = 10%) can replace the Yb3"-sensitized
ones which indicated the high deep imaging of the 795-nm-excited ones.

4. CONCLUSION

For the first time both in wvitro cell microscopy and in vivo 3-layers pork tissue have been optically
modeled systematically to give a new perspective to the study of Nd3*-sensitized UCNPs. With two
optical models, the spatiotemporal temperature and damage distribution have been investigated
as the complementary research of Nd3*-sensitized UCNPs. We have calculated and presented this
novel UCNPs as the damage-free nanoprobes in both in vitro and in vivo imaging under high power
laser irradiation by shifting the exciting wavelength from 975nm to 795 nm. Simulation results of
deep tissue imaging have exhibited the novel UCNPs with higher (> 5%) Nd3* to Yb3T energy
transfer efficiency are worth to be synthesized for in vivo deep tissue bio-applications.
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