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Experimental Methods

Synthesis of TFA Salt Precursors

Single element oxides (ytterbium or neodymium) and oxide mixtures (ytterbium:holomiun 99:1
molar ratio) were weighed out to a total of 1 mmol and placed in a 100 mL flask. 25 mL of trifluoroacetic
acid and 25 mL of DI water were added and brought to reflux for 2 hours. The solution was filtered hot
to remove any undissolved material. Excess water/trifluoroacetic acid was removed with a rotary
evaporator. The recovered lanthanide TFA salt was further dried under high vacuum at 50 °C for at least
4 hours. 1 mmol of material yields ~ 4 grams of lanthanide TFA salt and can be stored in air at room

temperature for use later.

UCNP Syntheses
Synthesis — NaYF4«@NaYbFs:Ho(1%)@NaYF, (Yb-Ho-1)

The synthesis of UCNPs for this project was modified from previously reported protocols.!!°
Lanthanide trifluoroacetate (TFA) salts are synthesized and used as precursors for the thermolysis
approach. This approach provides synthetic control of the particle compositions and a modular method
for facile layering construction. A high degree of complexity is easily attainable.

The core mixture contained 1 mmol of yttrium TFA and 4 mmol of sodium TFA in 8.5 mL oleic
acid and 8.5 mL of 1-octadecene. The 1% shell mixture contained 0.5 mmol of ytterbium:holmium (99:1)
TFA and 2 mmol of sodium TFA in 4 mL oleic acid and 4 mL of 1-octadecene. The 2" shell mixture
contained 1 mmol of yttrium TFA and 4 mmol of sodium TFA in 7 mL oleic acid and 7 mL of
l-octadecene. Each flask was heated to 100 °C under vacuum for 30-60 min to remove oxygen and water
and form their corresponding oleate complexes (all solids should be dissolved). All flasks were back filled
with argon and the shells were kept at 50 °C. The core was heated to 320 °C at a rate of ~10 °C/min and
maintained at that temperature for 70 min using a thermocouple and the Apollo temperature controller (J-
KEM Scientific). All of the 1% shell was added slowly as to not drop the overall reaction flask below
300 °C. The reaction was incubated for 45 min once all the solution had been added. The 2" shell was
added to the main reaction flask in an identical fashion to the 1% shell. The reaction was removed from
the heating mantel and cooled to room temperature naturally (~30 min). The cooled solution was
transferred to two 50 mL Falcon tubes in equal volumes. An equal volume ethanol (19.5 mL) was added

to each tube to precipitate the UCNPs. Particles were collected via centrifuge for 15 min and appeared as
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an off-white pellet. The UCNPs were then dispersed in 25 mL of ethanol and collected via centrifuge for
5 min. This was repeated identically a second time. The ethanol washes were done to remove residual
compounds from the original reaction. The final pellet of UCNPs was dried using a stream of argon for
30 min. The pellet (white) was weighed and dissolved in either chloroform or cyclohexane at a
concentration of ~20 mg/mL. The collected UCNP’s (Yb-Ho-1) outer layer is coated with oleic acid as a

result of the synthesis and can be stored in solution or as the dried pellet for later use.

Synthesis — NaY:Yb:Ho(10:89:1)F@NaYb:Y(9:1)F4@NaNd:Y(9:1)F«@NaYF4 (Yb-Ho-2)

Synthesis of a multi-shell UCNP follows a near identical protocol as the previous synthesis of
Yb-Ho-1 but with an extra shell addition and change of compositions and ratios for each layer.

The core mixture contained 0.1 mmol of yttrium TFA, 0.9 mmol of ytterbium:holmium (99:1)
TFA, and 4 mmol of sodium TFA in 11 mL oleic acid and 11 mL of 1-octadence. The 1 shell mixture
contained 0.05 mmol of yttrium TFA, 0.45 mmol of ytterbium TFA, and 2 mmol of sodium TFA in 4 mL
oleic acid and 4 mL of 1-octadecene. The 2" shell mixture contained 0.05 mmol of yttrium TFA, 0.45
mmol of neodymium TFA, and 2 mmol of sodium TFA in 4 mL oleic acid and 4 mL of 1-octadecene.
The 3™ shell mixture contained 0.5 mmol of yttrium TFA and 2 mmol of sodium TFA in 4 mL oleic acid
and 4 mL of 1-octadence. Each flask was heated to 100 °C under vacuum for 30-60 min to remove oxygen
and water and form their corresponding oleate complexes (all solids should be dissolved). All were back
filled with argon and the shells were kept at 50 °C. The core was heated to 320 °C at a rate of ~10 °C/min
and maintained at that temperature for 60 min. All of the 1% shell was added slowly as to not drop the
overall reaction flask below 300 °C. The reaction was incubated for 45 min once all the solution had been
added. The 2™ shell was added to the main reaction flask in an identical fashion to the 1% shell. Then the
3 shell was added to the main reaction flask in an identical fashion to the 1% shell. The reaction was
removed from the heating mantel and cooled to room temperature naturally (~30 min). The entire cooled
solution was transferred to two 50 mL Falcon tubes in equal volumes (some material precipitated in the
flask due to the size of the particles). An equal volume of ethanol (23 mL) was added to each tube to
precipitate the UCNPs which were collected via centrifugation for 15 min and appeared as an off-white
pellet. The UCNPs were then dispersed in 25 mL of ethanol and collected via centrifuge for 5 min. This
was repeated identically a second time. The ethanol washes were done to remove residual compounds
from the original reaction. The final pellet of UCNPs was dried using a stream of argon for 30 min. The

pellet (white) was weighed and dissolved in either chloroform or cyclohexane at a concentration of
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~20 mg/mL. Again, the collected UCNP’s (Yb-Ho-2) outer layer is coated with oleic acid as a result of

the above synthesis and can be stored in solution or as the dried pellet for later use.

Silica Coating Procedure

The following silica coating procedure was modified from a previously reported protocol'!"'? and
used to silica coat the above synthesized UCNPs. 15.5 mL of cyclohexane, 3.2 mL of 1-hexanol, 4 mL of
Triton X-100, and 0.68 mL DI water were vigorously stirred for 15 min. Then, ~40 mg of UCNPs (2 mL
of dissolved stock in cyclohexane) were added and stirred an additional 5 min at an RPM of 600. TEOS
(20 uL) was added and the mixture was allowed to stir for 2 hours. 200 uL of ammonium hydroxide were
added and stirred at room temperature for 48 hours.

The reaction was transferred to a 50 mL Falcon tube. 10 mL ethanol was used to rinse the flask
and transfer the rest to the Falcon tube. 10 mL of acetone were added to precipitate the silica coated
UCNPs, which were collected by centrifugation. UCNPs were resuspended in 20 mL of a 1:1
water:ethanol solution and recollected by centrifugation. This washing process was done 2-3 times. The
final pellet of UCNPs was dried using a stream of argon for 30 min. The pellet (white) was weighed and
dispersed in DI water at a concentration of ~10 mg/mL. This procedure produced the silica coated variants

of Yb-Ho-1 and Yb-Ho-2. These will be referred to as the following for clarity:

Yb-Ho-SiO»-1 (NaYFs@NaYbF.:Ho(1%)@NaYF.:@SiO»),
Yb-Ho-Si0:-2 (NaY:Yb:Ho(10:89:1)Fs@NaYb:Y(9:1)Fs@NaNd: Y(9: 1) Fs@NaYF.@SiO»)

Injection, Dissection, and Imaging
Cell Culture

All cells were cultured and maintained at 37 °C in a humidified incubator containing 5% COx.
OVCARS-GFP cells were cultured in Dulbecco’s Modifed Eagle’s Medium (DMEM; Invitrogen, CA,
USA) supplemented with 10% fetal bovine serum (Gemini Bio, CA, USA), 1% L-glutamine (Invitrogen)
and 1% penicillin—streptomycin (Invitrogen). The cells were stably transduced with eGFP. When the cells
reached 80% confluency, they were passaged using a 0.25% trypsin/EDTA solution (Invitrogen); media
was changed every 2—3 days.

The synthesized UCNP@Silica particles were tested in the metastatic mouse model of ovarian

cancer. Mice were inoculated with OVCARS.eGFP cells via intraperitoneal (IP) injection. GFP expressing
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cancer was used as a way to verify that the cells accumulating the UCNPs are cancerous and not healthy
tissue. After 3 weeks, a dose of UCNPs of 1.37*10!° nanoparticles was administered by an IP injected.
Four days after the UCNP@Silica injection, the mice were euthanized and all of the abdominal organs
were removed for imaging. Whole organs were imaged using a whole-body imaging system and a
dissecting macroscope. The GFP molecules are excited with ~400 nm light. The UCNPs were excited
with a 980 nm laser diode. The presence of UCNP uptake was confirmed by green emission when the
samples are exposed only to a 980 nm light source (false colored as red).

For human samples of ovarian tumors and healthy tissue, a similar procedure was used. Freshly
excised samples were incubated for 4 days in a buffer solution containing 1.37*10'° nanoparticles of
UCNP@silica particles and then washed away. They were imaged using a dissecting macroscope with
the 980 nm light exposure. The presence of UCNP uptake was confirmed by green emission when the

samples were exposed only to a 980 nm light source (false colored as red).
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Characterization of UCNPs

Emission spectra were collected on a Kymera 1931 spectrograph (Oxford Instruments, Andor
Solis). A 1 W, 980 nm laser was used as the excitation source (MDL-III-980-1W from Changchun New
Industries (CNI laser) Optoelectronics Tech. Co., Ltd). Transmission electron microscopy (TEM) images
were obtained from a FEI TF30ST transmission electron microscope. Scanning electron microscopy
(SEM) images and energy dispersive spectrometer (EDS) data were collected from a ZEISS 1150VP
FESEM with an Oxford X-Max SDD X-ray EDS system. The concentration of nanoparticles and their
size (mean diameter) were measured using the NanoSight NS300 and analyzed with the nanoparticles
tracking analysis software (Malvern NanoSight NS300 instrument, NTA software). Measurements were
obtained by performing 3 runs of 60 seconds each, sample flow rate was controlled and kept constant

(speed = 30) during the acquisition using a syringe pump.
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Figure S1: Top row — TEM images of as synthesized oleic acid-coated UCNPs (Yb-Ho-1). Left image
scale bar = 50 nm. Right image scale bar = 0.5 um. Large hexagonal shaped UCNPs are obtained and
discrete layers can be seen in the particles. The coloring is most likely due to the density difference
between the layers. Bottom — emission spectra of oleic acid coated UCNPs using a 980 nm excitation
with a power density of 2.5 W/cm?. A near single large emission peak is observed at ~545 nm, which is

responsible for the bright green color produced by the particles.
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Figure S2: The top two images are SEM images of the silica-coated UCNPs (Yb-Ho-SiO:-1). The bottom
images are the individual elemental analyses from the EDS instrument. The elements x-ray fluorescence
are seen: sodium (Na), fluorine (F), yttrium (Y), ytterbium (Yb), and silicon (Si). Holmium (Ho) is in too
small of concentration to be detected by this technique. Most importantly, this analysis shows the presence

of silicon associated with the particle, which corroborates successful silica coating.
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Figure S3: Top row — TEM images of as synthesized oleic acid-coated UCNPs (Yb-Ho-2). Left image
scale bar = 0.5 um. Right image scale bar = 50 nm. Middle row — SEM images of the same UCNPs. Left
image scale bar = 1 um. Right image scale bar = 200 nm. Large (>150 nm) and small (<50 nm) UCNPs
are observed. The small particles look similar to other synthesized particles (NaNdF4@NaYF4) not shown
here. This could indicate a non-homogenous layer growth of the final two shell additions. The particles
are large and could crash out of solution despite the elevated temperatures. Bottom — emission spectra of
oleic acid coated UCNPs using a 980 nm excitation with a power density of 2.5 W/cm?. A near single
large emission peak is observed at ~545 nm, which is responsible for the bright green color produced by

the particles.
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Figure S4: The top two images are SEM images of the silica-coated UCNPs (Yb-Ho-Si0:-2). The bottom
images are the individual elemental analyses from the EDS instrument coupled to the machine. The
elements x-ray fluorescence are seen: sodium (Na), fluorine (F), yttrium (Y), ytterbium (Yb), neodymium
(Nd), and silicon (Si). Holmium (Ho) is in too small of concentration to be detected by this technique.
Most importantly, this analysis shows the presence of silicon associated with the particle, which

corroborates successful silica coating.
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Expanded Imaging Studies

eGFP-ovarian UCNPs(@Silica - IP
cancer cells

(OVCARS) - IP //
N 2

~ 3 weeks ~ . (

Figure S5: Experimental outline for mouse injection and imaging. An intraperitoneal injection (IP
injection) of ovarian cancer expressing GFP cells is performed and allowed to incubate for 3 weeks. An
IP injection of silica coated UCNPs is performed and allowed to incubate for 4 days. The mouse is then
sacrificed and the organs are imaged using light sources that match the GFP (~400 nm) and UCNPs (980

nm). Images are recorded with a camera attached to the dissecting macroscope.
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Figure S6: Left - merged images of the UCNP and GFP fluorescence from excised organs. Right — merged
images of the UCNP fluorescence and bright field image. Yb-Ho-SiO:-1 were injected and emit green
(545 nm). The fluorescence of the UCNPS was falsely colored red for ease of analysis. Several images of
the UCNPs were merged with the single GFP image because the laser exposure spot size was small
compared to the size of the organ. These results show the UCNPs selectively localize to the tumors instead

of the healthy tissue.
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Figure S7: Fresh tumors and non-malignant tissues were obtained from patients and incubated ex-vivo
with Yb-Ho-SiO2-1 and Yb-Ho-SiO2-2 UCNPs that emit green, 545 nm light, and imaged with Leica
716 dissection macroscope after 4 days. UCNPs selectively localized and labeled the metastatic tumor
samples with minimal labeling of matched healthy tissue samples. Tumor and matched non-malignant

samples were collected from 2 patients. Images were taken at a 4 second exposure time.
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Figure S8: NIR guided imaging of ovarian cancer in a mouse. A typical protocol of injection and
incubation with Yb-Ho-SiO2-2 produced visually bright emission of the cancer cells when exposed to
980 nm light. The bottom right figure shows that the healthy tissue does not fluoresce indicating they lack
UCNPs as a result of tumor-specific uptake. A fiber optic coupled to a diffusor allowed for simple and

rapid scanning of the abdominal cavity for tumor cells.
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Before Surgery
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Figure S9: A) Example of imaging overlay before surgery of Yb-Ho-SiO:-2 emission (false colored red)

and eGFP (green) from tumors. UCNPs are false colored red for clarity. Complete coverage of the tumor
image with the UCNP is not achieved because the excitation areas are not equivalent. The UCNP
excitation area is smaller than the confocal microscope. This is an engineering issue and can be fixed with

a more optimized 980 nm laser setup. B) Several examples of before and after images of cancerous tissue
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using surgery-guided techniques. In each example, nearly all the tumors are removed using the guided

technique.
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Additional Discussions/Conclusions

Alternative Excitation Source — Moving from 980 nm to 808 nm

We sought to use the “Yb,Ho@Yb@Nd@Y” construction as a way to shift our excitation source
from 980 nm to 808 nm.!> The UCNPs excitation wavelength of 980 nm comes from the large, narrow
absorbance band of ytterbium (Yb) ions in the particle. Yb interacts well with emitters — holmium (Ho),
the green emission here — making it the desired excitation source for UCNPs. Unfortunately, water
absorbance at this wavelength (980 nm) is at a local maximum.'3"> Recent studies have shown
possibilities of shifting the UCNP excitation wavelength to 808 nm through the wuse of
neodymium (Nd).>6:1%16.17 Neodymium (Nd) is responsible for the 810 nm absorption and “passes” its
energy to ytterbium (Yb), which in turns “passes” it to the holmium (Ho) for emission. An 808 nm
excitation region is a common target for biological applications since water is at a local minimum in this
region. This shift in excitation wavelength would allow for greater laser powers to be used safely, which
would be beneficial to both the emission intensity of the UCNPs and the safety from exposure.

UCNPs with specific layering constructions are synthesized using the above-mentioned
procedure. A general design of Yb,Ho@Yb@Nd@Y was studied to increase green emission from an 808
nm excitation source. Separating the Nd from the Ho is important to prevent undesired decay pathways
from the excited state. Several variants from this general design were also tested (data not shown):
co-doping inert elements (Y or Ca) through the layers to generate crystal uniformity, varying the ratios of
Nd and Yb present in the particle, and changing the composition of the outer protective shell (Y or Ca).
After several iterations and combinations, large particles were made that had strong green emission with
both 980 nm and 808 nm light sources. Unfortunately, after silica coating, the 808 nm excited particle lost
much of their luminescence and were not able to produce a bright green emission (even with higher laser

powers). The 980 nm excitation/emission still worked very well.
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