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1. Synthesis of Upconversion Nanoparticles

Synthesis of hexagonal core particles NaYF4:20%Yb,2%Er

For the synthesis of 1 mmol B-NaYF4:20%Yb,2%Er particles, the lanthanide chlorides were dissolved in methanol
(5 mL) in the corresponding molar ratios. Oleic acid (8 mL) and 1-octadecene (15 mL) was added into a 50 mL
three necked round bottom flask under nitrogen flow. This solution was heated to 160 °C and vacuum was
applied for 30 min unless it appeared clear. This solution was cooled to room temperature and 4.00 mmol NH4F
and 2.5 mmol NaOH in 10 mL methanol were added and then the suspension was kept at 120 °C for 30 min
before heating to reflux (ca. 320 °C). The heating-time was controlled by the appearance of upconversion
luminescence in the synthesis flask upon continuous excitation with a 980 nm laser module (200 mW, cw). When
the upconversion luminescence can be identified by the bare eye, the solution is kept at reflux for additional
8 min. To achieve a complete transformation of the nanocrystals from the a- to the B-from and to receive
monodisperse particles, a heating time of 15 min turned out to be best for the 25 nm sized particles. To obtain
particles with bigger diameters the heating steps and the reflux time was adapted. The particles were
precipitated by the addition of excess of ethanol and collected by centrifugation at 1,000 g for 5 min. The
precipitate was washed with chloroform/ethanol (1:10 v/v) two times and five times with cyclohexane/acetone
(1:10 v/v) by repeated redispersion-precipitation-centrifugation cycles. In the end, for removing aggregates, the
particles were dispersed in 10 mL cyclohexane, centrifuged at 1,000 g for 3 min and the supernatant was

collected.

Synthesis of cubic NaYF4:5%Yb,5%Nd; NaYF4:10%Yb,10%Nd; NaYF4:15%Yb,15%Nd; NaYF4:10%Yb and NaYF,

Cubic shell-precursor materials were synthesized via a synthesis protocol almost identical to the synthesis of
hexagonal NaYF4:Yb,Er particles, by using the respective molar ratios of the lanthanide chlorides. The suspension
was not heating to reflux but kept for 30 min at 240 °C to receive the cubic crystal lattice. Moreover, the

purification of the particles was performed as described above.

Synthesis of core-shell NaYF;:20%Yb,2%Er@NaYF4:5-15%Yb,5-15%Nd; NaYF4:20%Yb,2%Er@NaYFs:10%Yb;
(Yb@Yb,Nd); (Yb@Yb)'; (Yb)*?; (Yb)'s®

The core particles (NaYF4:20%Yb,2%Er) together with the respective shell precursors (NaYF;:10%Yb,10%Nd, or
NaYF4:10%Yb, or NaYF,) were filled in different ratios according to the desired thickness of the shell into 50 mL
three necked round bottom flasks and were kept under nitrogen flow. For the 4 nm shell a ratio core to precursor
material of 1 to 3, while for the 2 nm shell a ratio of 1 to 1.5 was used. Per 1 mmol total content of core NaYF,-
particles, 5 mL oleic acid and 5 mL 1-octadecene were added. After this the B-NaYF;-particles and the precursors
were separately heated to 100 °C before vacuum was applied for 1 h unless a clear solution was obtained. After
this the B-NaYFs-particles were heated to reflux and the shell precursor was kept under nitrogen flow at 100 °C.
Every 10 minutes a small portion (approx. 1 - 3 mL) of the shell precursor was added to the mixture. When the

precursor material was consumed, the solution was kept for another 10 min at reflux. The precipitation and
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purification of the core-shell nanoparticles was performed according to the protocol described for redispersion-

precipitation cycles of NaYF4:20%Yb,2%Er.



2. ICP-Characterization of all Particle Systems

Table S1. ICP-MS-data showing the composition of all particle systems used in this study.

These values are calculated.

particle system

core

total®
Y3/%  Yb*/% Nd*/% Er*/%
741 232 20 0.7
+ + + +
017 012 011 001
785 140 65 1.0
+ + + +
050 014 005 0.2
686 188 120 06
+ + + +
015 007 004 0.02
842  14.8 1.0
+ + - +
051  0.06 0.00
89.8 9.2 1.0
+ + - +
0.8 054 0.01
80.4  17.5 2.1
+ + - +
032 023 0.01

acronym Y3*/%  Yb3/%  Er*t/%
B-NaYF4:20%Yb,2%Er@ ) 71'6 2?_'6 1*'_8
.50, 0 - - -
NaYF4:5%Yb,5%Nd@NaYFs 017 0.21 0.04
B-NaYF4:20%Yb,2%Er@ (Yb@YbNd)* 71'6 2(1'6 1;{8
. 0, 0, ’ - - Xz
NaYF4:10%Yb,10%Nd@NaYFs 017 021 0.04
B-NaYF4:20%Yb,2%Er@ 71'6 2?_'6 1*'_8
. 0, () - - -
NaYF4:15%Yb,15%Nd@NaYFs 017 0.21 0.04
B-NaYF4:20%Yb,2%Er (Yb@Yb)* 71'6 2(1'6 1;{8
. 0, - - -
@NaYF4:10%Yb@NaYFs 017 0.21 0.04
77.6 20.6 1.8
B-NaYF420%Yb,2%Er@NaYF4 (Yb)iss + + +
0.17 0.21 0.04
77.6 20.6 1.8
B-NaYF4:20%Yb,2%Er@NaYFs4 (Yb)is2 + + +
0.17 0.21 0.04
a-NaYF4:5%Yb,5%Nd -
a-NaYF4:10%Yb,10%Nd -
a-NaYF4:15%Yb,15%Nd -
a-NaYF4:10%Yb
78.1 19.9 2.0
a-NaYF4:20%Yb,2%Er - + + +
0.15 0.10 0.03

o NaYFs




3. Characterization of Core-Shell NaYF4:Yb,Er@NaYF4:5-15%Yb,5-15%Nd Particles
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Figure S1. TEM images and size distribution of core shell particles NaYF4:20%Yb,2%Er@NaYF4:5%Yb,5%Nd (A,
light purple), NaYF4:20%Yb,2%Er@NaYF,:10%Yb,10%Nd (B, purple) and
NaYF4:20%Yb,2%Er@NaYF,:15%Yb,15%Nd (C, dark purple). Luminescence spectra of core-shell particles
NaYF4:20%Yb,2%Er@NaYF4:5%Yb,5%Nd (light purple), NaYF4:20%Yb,2%Er@NaYF;:10%Yb,10%Nd (purple) and
NaYF4:20%Yb,2%Er@NaYF,:15%Yb,15%Nd (dark purple) excited by 808 nm and core shell particles
NaYF4:20%Yb,2%Er@NaYF4:10%Yb (turquoise) excited by 980 nm (D). All particles are dispersed in cyclohexane.
The spectra were acquired under same laser excitation power of 13 W-cm™ and normalized to the particle
concentration evaluated by ICP-MS. For the comparison the emission at 540nm of the
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (turquoise) excited at 980 nm was set to one, and the spectra
recorded at 808 nm excitation were corrected by the same factor.



4. Surface Modification of Upconversion Nanoparticles

The ligand exchange strategy with nitrosyl tetrafluoroborate is based on a method described by Wiesholler et
al’. In a two-phase system consisting of equal volumes of cyclohexane and DMF the nanoparticles were
dispersed. NOBF; (1 mg per 1 mg UCNPs) was added and the dispersion was stirred at slightly elevated
temperature (~40 °C) for 10 min. During this time the oleate-capped hydrophobic UCNPs were transferred from
the cyclohexane phase into the DMF phase. This phase transfer can be easily monitored by control of the
upconversion luminescence via excitation with a 980 nm laser module (200 mW, cw). Surface modification is
complete, when only the DMF phase exhibits upconversion luminescence. The clear upper cyclohexane phase
was discarded, and the particles were precipitated by excess of chloroform. The suspension is centrifuged at
1,000 g for 5 min. The jellylike precipitate is washed twice with chloroform. Finally, the BF4-stabilized particles
are dispersed in DMF, and aggregates were removed by centrifugation at 1,000 g for 3 min. Poly(acrylic acid)
(Mw ~2,100) was dissolved in water (2 mg-mL?) and added to the BF,-stabilized nanoparticles dispersed in DMF.
The solution was stirred and kept at a moderate temperature of 40 °C for 15 min. Afterwards the dispersion was
centrifuged (13,600 g for 20 min) and washed twice with water. Finally, the supernatants were collected after
centrifugation at 1,000 g for 3 min.
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Figure S2. Colloidal stability and monodispersity of NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF, particles
before (blue) and after surface modification with poly(acrylic acid) was confirmed by a solvodynamic diameter
of 45 nm with a polydispersity index of 0.153 measured by dynamic light scattering of the particle dispersion in
water (1 mg-L?). No agglomeration of the particles in dispersion over 3 months can be observed.



5. Luminescence Properties of (Yb@Yb,Nd)* and (Yb@Yb,Nd)* Particles Excited at
980 nm
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Figure S3. Luminescence spectra (A) and decay times for the green (540 nm) (B) and red (655 nm) (C) emission
of core-shell particles NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (Yo@Yb,Nd)* (dashed line and bright purple)
and core-shell-shell particles NaYF;:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF, (Yo@Yb,Nd)* (solid line and dark
purple) in aqueous solutions, excited at 808 nm (purple). The luminescence spectra (D) for the 980 nm (turquois)
excitation and decay times for the green (540 nm) (E) and red (655 nm) (F) emission of core-shell particles
NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd (Yo@Yb,Nd) (dashed line and bright turquois) and core-shell-shell
particles NaYF4:20%Yb,2%Er@NaYF;:10%Yb,10%Nd@NaYF; (Yb@Yb,Nd)* (solid line and dark turquois) in
aqueous solutions, excited at 980 nm (turquois).



6. Characterization of the Different Particle Systems used to compare 808 nm Excitation

to 980 nm Excitation
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Figure S4.TEM-image (A) and corresponding size distribution (B) of NaYF4:20%Yb,2%Er@NaYF;:10%Yb@NaYF,
particles ((Yb@Yb)*®). The diameter averaged from 1,148 particles is 34.6 + 1.0 nm. Possible energy transfer
processes (C) and lateral distribution of the lanthanide ions (Y3*, Yb3*, Nd3* and Er®*) in the different layers (core,
active and inert shell) (D) are symbolized. The near monodispersity of the particles in aqueous solutions was
confirmed by a solvodynamic diameter of 43 nm with a polydispersity index of 0.143 measured by dynamic light
scattering of the particle dispersion in water (1 mg-L). No agglomeration of the particles over 3 months in
dispersion can be observed (E). The diffraction patterns reveal a hexagonal crystal phase as the reflexes of the
nanocrystals match the standard reference pattern of B-NaYF, (ICDD PDF #16-334) (black) (F).



A c 25000 E
‘TE ]
& 200 I —
% PDI  =0.20
2 15000 o 124
© £ 10
§ 10000 %‘ 8
[ E o
S - I, 2 o
5000 8 = 4]
0 F =l 21
Er* 0 - ; -
1 10 100 1000
(Yb)i52 diameter /nm
B D F
B30 ——575 5 5 TR
§3oo m':;"_as_‘,nm QY Yb* O Nd* O Er
b = ! =10nm [HE\ | R T e ]
520 TOR "
B DOCOT 2
1) 2 e |
QL0000 5 '
2100 £
2o DOOCOOOO | |
B Qo000 I N T
30 32 34 36 38 40 > < 20 40 60 80
particle diameter /nm et (r: 16 nm) 2 theta I°

Figure S5.TEM-image (A) and corresponding size distribution (B) of NaYF4(20%Yb,2%Er)@NaYF, particles ((Yb)*?).
The diameter averaged from 875 particles is 35.0 £ 1.0 nm. Possible energy transfer processes (C) and lateral
distribution of the lanthanide ions (Y**, Yb%*, Nd3* and Er®*) in the different layers (core, active and inert shell) (D)
are symbolized. The near monodispersity of the particles in aqueous solutions was confirmed by a solvodynamic
diameter of 53 nm with a polydispersity index of 0.120 measured by dynamic light scattering of the particle
dispersion in water (1 mg-L). No agglomeration of the particles in dispersion over 3 months can be observed
(E). The diffraction patterns reveal a hexagonal crystal phase as the reflexes of the nanocrystals match the
standard reference pattern of -NaYF, (ICDD PDF #16-334) (black) (F).
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Figure S6.TEM-image (A) and corresponding size distribution (B) of NaYF4(20%Yb,2%Er)@NaYF, particles
((Yb)'*®). The diameter averaged from 957 particles is 34.8 + 1.1 nm. Possible energy transfer processes (C) and
lateral distribution of the lanthanide ions (Y**, Yb3*, Nd3* and Er®*) in the different layers (core, active and inert
shell) (D) are symbolized. The near monodispersity of the particles in aqueous solutions was confirmed by a
solvodynamic diameter of 43 nm with a polydispersity index of 0.117 measured by dynamic light scattering of
the particle dispersion in water (1 mg-L). No agglomeration of the particles over 3 months in dispersion can be
observed (E). The diffraction patterns reveal hexagonal crystal phases as the reflexes of the nanocrystals match
the standard reference pattern of -NaYF4 (ICDD PDF #16-334) (black) (F).
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Figure S7. Decay times for the Yb emission (A) of particles NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd
((Yb@Yb,Nd)¥, green), NaYF4:20%Yb,2%Er@NaYF4:10%Yb@NaYF, (Yo@Yb)®, blue), and
NaYF4(20%Yb,2%Er)@NaYF, particles ((Yb)*?, black and (Yb)*, red) in aqueous solution under Yb excitation (978
nm) using a uFlash lamp as low-power density excitation light source and (B) an 8 W laser diode as high-power
density light source. The intensity-weighted mean lifetimes are indicated in the graphs in the respective colors.
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7.

Absorption Cross-Sections Values for Nd3*- and Yb3*-ions

Table S2. Composition of absorption cross section values for Nd** and Yb3* ions found in the literature
for different host materials and excitations wavelengths.

Ln3+

Nd3+

Nd3+

Nd3+

Nd3+

Nd3+

Nd3+

Nd3+

Nd3+

Nd3+

Yb3+

Yb3+

Yb3+

Yb3+

Yb3+

host material

La F3

(Gd,Y)VO,

Nd3+

SCan

YAG*

NaYF,4

NaYF,4

NaYF,4

YAIO;

YAG*

Al;03

NaYF,4

*Yttrium aluminium garnet

Aexc /nm

790

808

800

825

808

808

~800

805

794

980

980

980

~980

978

976

absorption cross-section /
cm?

2.5-1020

210

1.2-101°

7.2-10°%0

1.2-107%°

1014 (calculated per NP)

~1019

4.9-10720

1.3-10%°

2.1-10%

2.5-1020

1.2-10%

1020

1.4-10-2

1.8-10°2°

Ref.

this work

this work

this work

this work
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Figure S8. Absorbance spectra of water (A), normalized particle cross-section of
NaYF4:20%Yb,2%Er@NaYF,:10%Yb,10%Nd@NaYF, particles in cyclohexane (B) and normalized absorbance
spectra of NdCls salt (0.1 mol-L') (C). The normalized emission of the laser modules 808 nm (purple) and 980 nm
(turquois) was also measured for the luminescence spectra (D), lifetimes (E) and quantum yield measurements
(F). The exact values (real Nd- and Yb-excitation) for the laser excitation are listed in the Figure. The lines in purple
and turquois indicate the ideal excitation wavelengths.
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Quantum Yield Measurements
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Figure S9. Power density dependent absolute quantum yields of NaYF4:20%Yb,2%ErNaYF, (Yb)*? (green) and
(Yb)s> (grey) particles dispersed in water at 978 nm excitation (A). Particle brightness in dependence of laser
power of (Yb)*2 (green) and (Yb)*® (grey) particles measured by excitation at 978 nm (real) in aqueous solution
and calculated for an ideal excitation at 976 nm (B). For the particles NaYF4:20%Yb,2%Er@NaYF4:10%Yb@NaYF,
(Yo@Yb)* and NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF,; (Yo@Nd,Yb)* dispersed in water also power
density dependent absolute quantum vyield by excitation at 978 nm (C) and brightness caclulations (D) in
dependence of laser power were performed. For the brightness, the ideal values for an excitation at 976 nm
were also calculated. It is shown that Nd doping has no significant negative impact on Yb-excitation.

14



Table S3.

Quantum Yield Data

of the

NaYF4:20%Yb,2%Er@NaYF4:10%Yb@NaYFs

(Yb@Yb)*

and

NaYF4:20%Yb,2%Er@NaYF;:10%Yb,10%Nd@NaYF, (Yb@Nd,Yb)* samples in water, under 978 nm and 805 nm
excitation (used in Figures 4B and 5A).

(Yb@Yb)'s, 978 nm
power density quantum yield
/W-cm /%
4.15+0.36 0.225+0.074
12.16 £ 0.79 0.61+0.15
139+1.3 0.78+0.24
19.0+1.6 1.04+0.31
26.5+2.0 1.42+0.43
31.0+2.2 1.56 £0.32
33.1+1.8 1.49+0.19
35.3+23 1.76 £ 0.41
40.6+3.1 2.01+0.46
55.8+3.9 2.63+0.44
77.6+4.4 3.10+0.59
90.9+5.1 3.47 £ 0.65
103.8+5.5 3.68+0.78
110.1+8.0 3.55+0.23
151+11 4.05+0.31
210+ 14 4.69+0.79
246 +13 4.83 +£0.95
280+13 4.95 +0.60

(Yb@Yb,Nd)’s, 978 nm
power density quantum yield
/W-cm? /%
4.22+0.43 0.1474 + 0.0031
12.77 +1.14 0.444 +0.014
141+1.8 0.520 +0.025
19.4+2.0 0.71651 + 0.00013
27.0+25 0.9790 * 0.0022
315+238 1.12+0.04
335+14 1.137 £ 0.042
36.0+2.4 1.2772 +0.0029
42.7+4.2 1.426 + 0.045
58.6+5.1 1.87+0.11
81.2+6.2 2.25+0.22
95.1+4.8 2.531+0.061
108.4+2.5 2.785 £ 0.055
1119+75 2.71+0.21
154 £ 13 3.11+0.17
214+ 16 3.368 £ 0.045
249 +13 3.51+0.10
284.6 +4.7 3.67+0.20

(Yb@Yb,Nd)’, 805 nm
power density quantum yield
/W-cm2 /%
34.91 +0.37 0.0211 + 0.0020
49.14+0.42 0.0297 £ 0.0013
57.31+0.56 0.03214 +0.00017
60.13+0.76 0.03612 +0.00021
66.69 +0.84 0.04042 +0.00017
74.63 +£0.72 0.04375 +0.00081
103.6+1.2 0.0614 + 0.0022
146.3+1.5 0.0872 + 0.0022
170.5+2.6 0.1036 + 0.0029
194.63 + 0.61 0.12027 + 0.00095
198.33+0.21 0.1281 + 0.0019
270.87 £0.25 0.17017 £ 0.00011
382.0437 + 0.0056 0.2481 +£0.0013
447.2+1.2 0.2766 + 0.0015
522.1+1.2 0.36586 + 0.00086
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Table S4. Brightness Data of the NaYF4:20%Yb,2%Er@NaYF4:10%Yb,10%Nd@NaYF, (Yb@Nd,Yb)* sample in
water, under 978 nm and 805 nm excitation (real, obtained in measurement) and under 976 nm and 785 nm
excitation (ideal, calculated) (used in Figure 4C).

brightness brightness brightness brightness
power density /107 cm? /107 cm? power density 107 cm? 107 cm?
/W-cm?2 /W-cm?2
978 nm, real 976 nm, ideal 805 nm, real 794 nm, ideal

4.22+0.43 8.0 9.9 34.91+0.37 1.46 3.71
12.8+1.1 24.2 29.7 49.14 +0.42 2.06 5.22
141+1.8 28.4 34.8 57.31+0.56 2.23 5.66

19.4+2 39.1 48.0 60.13 +£0.76 2.51 6.36
27.0+25 53.4 65.5 66.69 + 0.84 2.81 7.11
31.5+2.8 61.1 75 74.63+0.72 3.04 7.7
335+1.4 62.0 76 103.6+1.2 4.26 10.8
36.0+2.4 69.7 85 146.3+1.5 6.05 15.3
42.7+4.2 78 95 170.5+2.6 7.2 18.2
58.6+5.1 102 125 194.63 +0.61 8.3 21.2
81.2+6.2 123 151 198.33+0.21 8.9 22.5
95.1+4.8 138 169 270.87 £0.25 11.8 30.0
108.4+2.5 152 186 382.0437 + 0.0056 17.2 43.7
111.9+7.5 148 181 4472 +1.2 19.2 48.7

154 +13 170 208 522.1+1.2 25.4 64.4

214+ 16 184 225

249 +£13 192 235

284.6+4.7 200 246



Table S5. Brightness Data of the NaYF4:20%Yb,2%Er@NaYF;:10%Yb@NaYF, (Yb@Yb)'* sample in water, under
978 nm excitation (real, obtained in measurement) and under 976 nm excitation (ideal, calculated) (used in
Figure 5B).

brightness brightness
power density /107 cm? /107 cm?
/W-cm
978 nm, real 976 nm, ideal
4.15+0.36 7.6 9.3
12.16+0.79 20.7 25.4
139+1.3 26.2 32
19.0+1.6 35 43
26.5+2.0 48 59
31.0+2.2 53 65
33.1+1.8 50 62
35.3+23 59 73
40.6+3.1 68 83
55.8+3.9 89 109
77.6t4.4 105 128
90.9+5.1 117 144
103.8+5.5 124 152
110.1+8.0 120 147
151+11 137 168
210+ 14 158 194
246+ 13 163 200
280+13 167 205
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9. Calculation of the a.:(Asx) and the absolute brightness

The particle brightness (Buc) of an UC system is defined as the product of the total number of Ln3* absorbers per
nanoparticle (N.,) times the absorption cross section (o1, (As) [cm]) of one absorbing Ln3* ion at the choosen
excitation wavelength Ag times the absolute quantum yield (@yc).

Bycin(Agx) = Npn X 010 (Agx) X Pyc(Pey) = oyene (Agx) X Pyc(Ppy) (eq. S1)

The particle cross section aycne is controlled by the (average) particle size and (average) number of absorbing
Ln3* jons and their absorption cross section, which is highly sensitive to the measurement conditions and varies
in literature especially for the Nd ion (Table S2). For the determination of gycyne, we decided to calculate the ion
absorption cross section g;n(Aex) first by using a high resolution absorbance spectrum (0.2 nm spectral resolution)
of the (Yo@Yb,Nd)* system (Figure 4A) with known NP concentration ¢, and to determine N;, subsequently.

Absorption cross section of Ln3* ions oua(Aex):

According to the Beer-Lambert law, the intensity of the incident light /o is reduced by passing an absorbing
medium with a thickness of d, with cross section o and number n of molecules, as follows:

lnIT0 = ond (eq. S2a)
The absorbance A(A) is definded by the decadic molar extincition coefficient £(A), the NP concentration ¢ [mol]
and the sample thickness d,

AD) = e(D)cd = log™ (eq. S2b)

By combination of (eq. S2a) and (eq. S2b), we get for oucne(Aex), With Avogadro's number Na,

1 A 108
loge Ngzcd

oyenp(A) = (eq. S3)

For the brightness calculation of (Yo@Yb,Nd)* (eq. S1) and (eq. S3) were used. Since o1, (Aex) = Gucne (Aex)/Nin,
the absorbance cross section per Ln** ion was calculated with N, of (Yo@Yb,Nd)*, see (Table S6B). The
obtained value is listed in Table S2 and was used together with the N, of the Nd-free systems to calculate the
oucve and Byc values of the remaining particles using (eq. 2).

Number of absorbing Ln3* ions per NP:

The Ny, in (eq. S1) was calculated considering the number of ions per hexagonal unit cell (Nunit, 1n) depending on
the doping concentration (c;») and the calculation of the number of unit cells per NP (ncers) using the ratio of NP
volume (Vwp) to unit cell volume (V) (calculated using a method reported by Mackenzie et al.%?), leading to the
numbers presented in Table S6A and S6B.

18



Table S6. The calculated volume values of a hexagonal unit cell, of the core, the shell, and the calculated
numbers of unit cells in the core, in the shell, and the number of ions per unit cell are listed for (Yo@Yb,Nd)®
(A). The number of Yb, Er and Nd ions are given for the 4 particle systems (B).

A
quantity value
Ve, hexagonal (1.06778 £ 0.00471) - 10-22 cm3
Ve, core (8.0834 +0.584) - 10-18 cm3
Neells, core (7.5703 £ 0.5482) - 104
Vi, sheilz (1.02246 + 0.14653) - 1017 cm3
Necells, shelll (95755 + 13729) - 104
Vip, sheii2 (4.72349 + 2.87756) - 1018 cm3
Ncells, shell2 (4.4236 £ 2.6949) - 10*
B
system Nyb Ning
(Yb@Yb,Nd)'s 37800 + 2700 14100 + 2000
(Yb@Yb)'s 38300 + 2800 -
(Yb)is2 52100 + 4200 -

(Yb)iss 23400 + 1700 -



10. Calculation of Intensity Change as a Function of Penetration Depth into Water

Since water shows higher absorption coefficient values (at120) at 980 nm compared to 808 nm (Figure 4A), with
deeper penetration (x) of excitation light the effective local power density (Pe) is more strongly decreased for
the 980 nm excitation. With lower Pg, the @uc(Pg) is also reduced, which leads to a decrease of the luminescence
emission signal (luc 1n). At a certain penetration depth (xc) the previously stronger emission of Yb-excited UCNPs
shows the same signal as the Nd-excited systems (crossing point). For x > xc the Nd-excitation will lead to a
brighter emission in water than Yb-excitation (Figure 6A).

luc, 1o depends on local P, the number of Ln3* absorbers (N;,), the absorption cross section (o1,) and the @yc:
Lycn (X) & Ppy(x) X Ny X 01n(Apx) X Pyc(Pey(x)) (eq. S4)

In an absorbing medium the passing light — here excitation light and therefore P - is reduced following the Beer-
Lambert law:

Ppe(x) = Py - e~ @H200E0) % (eq. S5)
with Po = Pey (x = 0). With Ny, - 01n ™ Ap it follows:

Iycin (X) = Py - e~ @H20(Ex) X 5 A X By (Ppy(x)) (eq. S6)

In Figure 6A the penetration depths x¢, at which the signal intensities for Yb- and Nd-excitation are equal, are
determined for both real and ideal excitation at Po= 50 W-cm™, and in Figure 6B xc is plotted for 6 different initial
power densities Pg, (x = 0) = Po = 5, 50, 100, 200, 300 and 400 W-cm for both the real and the ideal excitation.
Xc (Po) is estimated from:

Iycyp (Xc) = Iycna (Xc) (eq.S7)

In Figure S9 the critical penetration depth xc varied with Nd doping concentration cyg (Nng) Was calculated for
ideal and real excitation at Pp = 50 W-cm2. Since Iy 1n scales linearly with Nyg the change in cyg has a linear effect
on lyc na- The increase in lyc ng With higher cyg shifts the crossing point of signal intensities for Yb- and Nd-
excitation to lower depths xc.

50 Wicm?
10+

8 4 Crossing point of same signal
] of Yb and Nd excitation
(3]
\u 6 —o—real
X
..":.. i C
o 4 -
(V]
-c E

2 1 —5—ideal

theoretical estimation

10 20 30 40 50 60 70 80
Nd /%

Figure S9. Calculation of the penetration depth xc in water for a change in Nd* doping concentration of
NaYF4:20%Yb,2%Er@NaYF;:10%Yb,10%Nd@NaYF, ((Yb@Yb,Nd)*) varied from 10% up to theoretically 80% at
50 W-cm™.
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For this calculation no influences by cross relaxation due to the shorter ionic distances as well as lattice strain
resulting from the different ionic radii of Nd and Y, which could alter the crystal structure and result in defects at
the interface, are considered.
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11. Studies of the Penetration Depth in Phantom Tissue
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Figure S10. Transmission measurements of water and a 0.01% Intralipid emulsion. Due to large scattering of
the intralipid emulsion, a 100-times dilution was used compared to the penetration depth measurements.
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Figure S11. Decrease of the 808 nm laser power presented in purple and the 980 nm laser power presented in
turquoise when propagating through an intralipid emulsion (1%) with increasing thickness from 0 - 1 cm.
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