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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) N
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 2.5, 2.6, 3.6, 3.10, 3.11
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
Steps 2.6 and 2.7: The most difficult aspect of this procedure is controlled synthesis of UCNPs. The precise control of both the temperature and the heating time could guarantee the high-yield preparation of anisotropically shaped UCNPs.
E.  Filming: Will filming need to take place in multiple locations? (Y/N) N


[bookmark: Introduction]1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this protocol is to synthesize high-quality heterodimers (het-uh-row-dye-mers /ˈhɛt ə roʊˌdaɪ mərs/) made of upconversion nanoparticles and porphyrin-based (pour-fuh-rin /ˈpɔːr fə rɪn/) metal-organic frameworks. (Intro)

[bookmark: IntroStatements]B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Lele Li: This method can help answer key questions in the fabrication of organic-inorganic nanostructured heterodimers. We believe that such heterodimers will find wide applications in solar cells, photocatalysis, and nanomedicine.
1.2. Bei Liu: The synthesis of UCNP-based asymmetric heterostructures has not been achieved. To the best of our knowledge, this is the first example of UCNP- or MOF-based heterodimers.
C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)
1.3. Yulei Shao: Generally, individuals new to this method struggle because the synthesis requires multiple steps. Therefore, visual demonstration of this method is critical.

[bookmark: Protocol]Protocol (Spoken by voice talent at JoVE.)
2. Synthesis of NaGdF4:Yb,Er
2.1. To begin the procedure, equip a three-neck round-bottom flask with a high-temperature stir bar and check the flask for cracks. [1-MED]
2.1.1. Talent inspects the RBF and then places a stir bar in the RBF.
2.2. Combine 1 mmol of sodium trifluoroacetate (VA – see below), 0.78 mmol of gadolinium(III) trifluoroacetate, 0.2 mmol of ytterbium(III) trifluoroacetate, [1-MED-TXT] and 0.02 mmol of erbium(III) trifluoroacetate in the flask. [2-CU]
2.2.1. [bookmark: _GoBack]Talent measures the CF3COONa into the RBF. (TEXT: See text for synthesis of CF3COONa, Gd(CF3COO)3, Yb(CF3COO)3, and Er(CF3COO)3.)
2.2.2. With the CF3COONa, Gd(CF3COO)3, and Yb(CF3COO)3 already in the flask, talent adds the Er(CF3COO)3 to the flask.
Trifluoroacetate: try-flooer-oh-as-eh-tate /traɪˌflʊər oʊˈæs ə teɪt/
Gadolinium: gad-ull-in-ee-um /ˌgæd lˈn iː əm/
[bookmark: _Hlk490839050]Ytterbium: yih-ter-bee-um /jɪˈtɜːr biː əm/
Erbium: er-bee-um /ˈɜːr biː əm/
Gadolinium(III) trifluoroacetate: gadolinium-three trifluoroacetate
2.3. [bookmark: _Hlk490839018]Then, combine 10 mmol of oleic (oh-lee-ik /oʊˈliː ɪk/) acid, 10 mmol of oleylamine (oh-lee-ill-uh-meen /ˈoʊ liː ɪl ə miːn/), [1-MED-Over shoulder-TXT] and 20 mmol of 1-octadecene (one ock-tuh-deck-een /ˌɒk təˈdɛk iːn/) with the mixture. [2-CU]
2.3.1. Talent measures oleic acid into the RBF.
2.3.2. With the oleic acid and oleylamine already having been added to the flask, talent adds the octadecylene to the flask.
2.4. [bookmark: _Hlk496627589]Equip the round-bottom flask with a thermocouple (ther-mo-cup-ul /ˈθɜːr moʊˌkʌp əl/) mounted in a septum. [1-MED] Adjust the thermocouple position so that its tip touches the mixture. [2-CU] Fit the flask with a reflux condenser and a rubber septum. [3-MED-Over shoulder]
2.4.1. Talent fits the septum with the thermocouple into the flask.
2.4.2. Talent adjusts the thermocouple position so that the tip is in contact with the solution.
2.4.3. [bookmark: OLE_LINK2]With the second septum in place, talent fits the reflux condenser into the neck of the flask and clamps the condenser in place.
2.5. Connect the flask to vacuum and N2 (nitrogen) gas lines via the condenser. [1-MED] Raise a cotton heating mantle on a stirring hot plate up to the flask and stir the mixture for 1 to 2 minutes. [2-MED-Over shoulder] Open the flask to vacuum and heat the flask to 30 °C. [3-MED]
2.5.1. Talent connects the condenser to the Schlenk line.
2.5.2. Talent raises the mantle to the flask and checks that the mixture is stirring. 
2.5.3. Talent opens the flask to vacuum and sets the hot plate temperature to 30 °C.
2.6. Degas (dee-gas) the mixture at 30 °C for 10 minutes or until almost no bubbles are visible. [1-CU] Then, increase the temperature to 110 °C [2-MED] and continue stirring the mixture under vacuum for at least 15 minutes. [3-CU]
2.6.1. The mixture stirring under vacuum with a few bubbles leaving the solution (i.e., as it is degassed).
2.6.2. Talent monitors the thermocouple readout as it reaches 110 °C and starts a 15-minute timer.
2.6.3. The thermocouple readout showing 110 °C, with the timer and the stirring mixture visible in shot.
2.7. Then, put the flask under a dynamic flow of N2 gas and increase the temperature to 310 °C. [1-MED-Over shoulder] Stir the mixture at 310 °C for 50 minutes. [2-MED]
2.7.1. Talent closes the vacuum, opens the N2 flow, and turns up the heat.
2.7.2. Talent monitors the solution temperature readout as it reaches 310 °C and then starts a 50-minute timer.
Note: You may wish to film one or two other shots (such as 2.9.1 and 2.9.2 using a separate sample from a completed reaction) between filming 2.7.1 and 2.7.2.
2.8. Then, turn off the heat and remove the heating mantle. Allow the mixture to cool to room temperature while stirring. [1-MED]
2.8.1. Talent turns off the hotplate heat and removes the heat-preserving cotton, leaving the flask stirring over the plate. 
Note: If the flask is not at 310 °C when this is filmed, please ensure that the thermocouple readout is not visible in shot.
2.9. [bookmark: _Hlk491257015]Next, transfer the mixture to two 50-mL centrifuge tubes. [1-MED] Rinse the flask with 60 mL of anhydrous (ann-high-druss /ænˈhaɪ drəs/) ethanol and divide the rinse equally between the tubes. [2-MED]
2.9.1. Talent partitions the mixture into two centrifuge tubes.
2.9.2. Talent rinses the flask with ethanol and pours equal volumes of the rinse into each tube.
2.10. [bookmark: _Hlk490839186]Centrifuge the mixture at 5,000 x g for 5 minutes at room temperature [1-MED-Over shoulder] and discard the supernatants (soo-per-nate-nts /ˌsuː pərˈneɪt nts/). Add 10 mL of cyclohexane (sigh-klo-heck-sane /ˌsaɪ kloʊˈhɛk seɪn/) to each tube [2-MED] and re-disperse the product by sonication (sawn-ih-kay-shun /ˌsɒn ɪˈkeɪ ʃən/) for 5 minutes. [3-MED-Over shoulder]
2.10.1. Talent sets the centrifuge to 5000 x g and starts the centrifuge.
2.10.2. Talent removes the supernatant from one of the tubes and adds 10 mL of cyclohexane.
2.10.3. Talent places both tubes in a sonicator and starts sonication.
2.11. Add 30 mL of anhydrous ethanol to each tube [1-MED] and centrifuge at 5,000 x g for 5 minutes at room temperature. [2-MED-Over shoulder]
2.11.1. With ethanol already having been added to one tube, talent adds ethanol to the second tube.
2.11.2. Talent places the tubes in a centrifuge and closes the centrifuge.
2.12. Discard the supernatants and re-disperse each precipitate (preh-sip-ih-tit /prəˈsɪp ɪ tɪt/) in 5 mL of cyclohexane by sonication for 5 minutes. [1-CU] Combine the transparent cyclohexane solutions of colloidal (kuh-lloyd-ll /kəˈlɔɪd l/) α-phase (alpha-phase) NaGdF4:Yb,Er (sodium gadolinium fluoride co-doped with erbium and ytterbium) in a 20-mL glass vial. [2-MED]
2.12.1. With the supernatant already having been removed, talent adds 5 mL of cyclohexane to each tube.
2.12.2. Talent transfers both solutions to a 20-mL glass vial.
2.13. Next, obtain a 100-mL three-neck round-bottom flask equipped with a high-temperature stir bar. Combine 20 mmol each of oleic acid and 1-octadecene in the flask. [1-MED]
2.13.1. Talent adds oleic acid and octadecylene to the flask.
2.14. Combine with this solution 0.5 mmol of sodium trifluoroacetate, 0.39 mmol of gadolinium(III) trifluoroacetate, 0.1 mmol of ytterbium(III) trifluoroacetate, and 0.01 mmol of erbium(III) trifluoroacetate. [1-MED-Over shoulder]
2.14.1. With all other reagents in the flask, talent measures out the Er(CF3COO)3 and adds it to the flask.
2.15. Then, add 5 mL of the colloidal solution of α-phase NaGdF4:Yb,Er to the mixture. [1-MED] Equip the flask with a thermocouple, a reflux condenser, and a rubber septum. [2-MED-Over shoulder]
2.15.1. Talent adds the α-phase NaGdF4:Yb,Er colloidal solution from a graduated cylinder to the flask.
2.15.2. With the septum and reflux condenser already in place, talent adjusts the position of the thermocouple until the tip touches the solution.
2.16. Follow the same synthesis procedure as was used for α-phase NaGdF4:Yb,Er to obtain a solution of colloidal β-phase (beta-phase (bey-tuh /ˈbeɪ tə/)) NaGdF4:Yb,Er in cyclohexane. [1-WIDE]
2.16.1. Talent opens the flask to vacuum and turns up the heat under the flask.
3. Synthesis of Lanthanide-Doped Upconversion Nanoparticle-Porphyrinic Nanoscale Metal-Organic Framework Heterodimers (UCMOFs)
3.1. After synthesizing the core-shell upconversion nanoparticles, dissolve 20-30 mg of nitrosonium tetrafluoroborate (nigh-tro-so-nee-um teh-truh-flooer-oh-bore-ate /ˌnaɪ troʊˈsoʊ ni əm ˌtɛ trəˌflʊər oʊˈbɔːr eɪt/) in 1 mL of dimethylformamide (dye-meth-ll-for-muh-mide /daɪˌmɛθ lˈfɔr məˌmaɪd/). [1-MED-TXT]
3.1.1. Talent adds 1 mL of DMF to 20-30 mg of NOBF4 and starts the mixture stirring. (TEXT: See text for NaGdF4:Yb,Er@NaYF4:Yb,Tm UCNP synthesis. Allow NOBF4 to warm at RT for 10 min before weighing.)
3.2. Add 1 mL of the dispersion of upconversion nanoparticles in cyclohexane to the stirring nitrosonium tetrafluoroborate solution. [1-CU]
3.2.1. Talent adds the UCNP dispersion to the stirring solution.
3.3. Continue stirring until the nanoparticles have transferred from the upper cyclohexane layer to the bottom DMF layer, [1-WIDE-TXT] as indicated by green luminescence (loo-mih-ness-ense /ˌluː mɪˈnɛs əns/) of the DMF layer and no luminescence of the cyclohexane layer upon illumination with a 980-nm laser. [2-CU]
3.3.1. Talent brings a laser to the hood, which now contains a sample that has already stirred for 5 h. (TEXT: Stir ~ 5 h)
3.3.2. Talent irradiates the lower layer with the laser, showing that the lower layer luminesces green, and then irradiates the upper layer to show the absence of luminescence in the upper layer.
3.4. Then, centrifuge the mixture at 15,800 x g for 10 minutes. [1-MED-Over shoulder] Carefully remove the supernatant with a pipette and re-disperse the precipitate in 1 mL of DMF by sonication for 5 minutes. [2-MED]
3.4.1. Talent sets the centrifuge to 15800 x g and starts the centrifuge.
3.4.2. Talent removes the supernatant and adds the DMF.
3.5. Next, dissolve 40 mg of PVP in 1 mL of DMF. [1-MED-TXT] Add the nitrosonium tetrafluoroborate-modified upconversion nanoparticle solution dropwise to the PVP solution while stirring. [2-CU] Continue stirring the mixture overnight. [3-MED]
3.5.1. Talent adds 1 mL DMF to 40 mg of PVP and starts the mixture stirring. (TEXT: 40 mg polyvinylpyrrolidone, Mw = 8,000 (PVP))
3.5.2. Talent adds the NOBF4-modified UCNP mixture dropwise to the stirring mixture. (~5-7 seconds of dropwise addition)
3.5.3. With the UCNPs having been added to the PVP mixture, talent turns off the fume hood lights/draws down the sash and moves away (as though leaving it overnight).
3.6. Then, add 2 mL of acetone to flocculate (flock-yu-late /ˈflɒk jʊˌleɪt/) the upconversion nanoparticles from the dispersion (dis-per-zshun /dɪsˈpɜːr ʒən/). [1-CU] Transfer the mixture to 1.5-mL centrifuge tubes and centrifuge at 15,800 x g for 10 minutes. [2-MED]
3.6.1. Talent adds acetone to the dispersion to flocculate the UCNPs.
3.6.2. Talent transfers the mixture to centrifuge tubes.
3.7. Yulei Shao: For the PVP modification of UCNPs, 2 mL of acetone should be added after the reaction to flocculate the UCNP dispersion. Direct centrifugation can cause heavy loss of UCNPs. [1-MED]
3.7.1. Talent speaks towards the camera, interview style.
3.8. Carefully remove the supernatant, combine the precipitates, and re-disperse the solids in 2 mL of a 1:1 by volume solution of DMF and acetone. [1-MED] Centrifuge the mixture at 15,800 x g for 10 minutes again to wash the solids. [2-MED-Over shoulder]
3.8.1. Talent combines the precipitates and adds the DMF/acetone mixture.
3.8.2. Talent places the dispersion in the centrifuge and closes the centrifuge.
3.9. Then, remove the supernatant and re-disperse the precipitate in 2 mL of DMF by sonication for 5 minutes. [1-MED]
3.9.1. Talent adds DMF to the precipitate, closes the tube, and places the tube in a sonicator.
3.10. Next, begin heating an oil bath to 90 °C. [1-MED-Over shoulder] Carefully combine 0.026 mmol of TCPP, 0.186 mmol of ZrOCl2∙8H2O (zirconyl chloride octahydrate (zer-kuh-nil /ˈzɜːr kə nɪl/; ock-tuh-high-drate /ˌɒk təˈhaɪ dreɪt/)), and 0.460 mmol of benzoic (ben-zo-ik /bɛnˈzoʊ ɪk/) acid with 1 mL of DMF in a 5-mL round-bottom flask equipped with a stir bar. [2-CU-TXT]
3.10.1. With an oil bath on a hot plate, talent turns on the heat to 90 °C under the hot plate.
3.10.2. With all other reagents in the flask, talent adds the DMF to the flask and starts the mixture stirring. (TEXT: 2 mg (0.0260 mmol) tetrakis(4-carboxyphenyl)porphyrin (TCPP), 6 mg (0.186 mmol) ZrOCl2∙8H2O, 56 mg (0.460 mmol) benzoic acid, 1 mL DMF)
3.11. Add 1 mL of the PVP-modified upconversion nanoparticle dispersion to the flask. Stir the reaction mixture at 90 °C for 5 hours. [2-CU]
3.11.1. Talent adds the dispersion to the stirring mixture in the flask.
3.12. Put the flask in the heated oil bath. Then, transfer the dark purple mixture to 1.5-mL centrifuge tubes [1-MED] and immediately centrifuge it at 13,500 x g for 30 minutes. [2-CU]
3.12.1. Talent transfers the dark purple product mixture to centrifuge tubes.
3.12.2. The centrifuge readout as it runs at 13,500 x g.
3.13. Remove the supernatant and wash the precipitates by centrifugation (sen-triff-you-gey-shun /ˌsɛn trɪf jʊˈgeɪ ʃən/) in 1.5 mL of DMF at 13,500 x g for 30 minutes 3 to 4 times. [1-MED-Over shoulder] Finally, re-disperse the washed precipitates in 2 mL of DMF. [2-MED]
3.13.1. Talent removes the supernatant and adds DMF to the remaining precipitate.
3.13.2. Places the mixture in a sonicator.
4. Results: Characterization of UCNPs and UCMOFs
4.1. Transmission electron microscopy (my-cross-kuh-pee /maɪˈkrɒs kə piː/) revealed that the as-prepared upconversion nanoparticles were monodisperse (mono-disperse) nanoplates with an average core size of about 12 nm [1-LM] and an average core-shell size of about 19 nm. [2-LM] High-angle annular (ann-yuh-ler /ˈæn jə lər/) dark-field scanning transmission electron microscopy confirmed the core-shell structure. [3-LM]
4.1.1. 57571_Li_Figure 1.tif*: Caption the left image with ‘NaGdF4:Yb,Er’ and the center and right images together with ‘NaGdF4:Yb,Er@NaYF4’. During “average core…12 nm”, emphasize the left image (the core nanoparticles).
4.1.2. 57571_Li_Figure 1.tif with the caption from 4.1.2: Emphasize the center and right images (the core-shell nanoparticles).
4.1.3. 57571_Li_Figure 2.tif: Caption the left image with ‘NaGdF4:Yb,Er@NaYF4 TEM’ and the right image with ‘NaGdF4:Yb,Er@NaYF4 HAADF-STEM’. On “confirmed”, emphasize the rings around the bright centers the right image (the rings are the ‘shells’ and the bright centers are the ‘cores’).
*Note to video editor: The files for the video are numbered independently from the manuscript.
4.2. TEM (T-E-M) of UCMOFs (U-C-moffs /mɔːfs/) synthesized from core-shell upconversion nanoparticles showed an asymmetric structure with selective growth of nMOFs (nano-moffs /mɔːfs/) on the top faces of the upconversion nanoparticles. [1-LM]
4.2.1. 57571_Li_Figure 3.tif: Add the caption ‘UCMOFs from NaGdF4:Yb,Er@NaYF4’: On “selective growth”, emphasize the large, lumpy, lower-contrast shapes in the right image, which are the nMOFs.
4.3. TEM images showed that two-shelled upconversion nanoparticles had a particle size of about 27 nm. [1-LM] HAADF-STEM (H-A-A-D-F S-T-E-M) confirmed the multishell structure of the upconversion nanoparticles. [2-LM] TEM confirmed the successful synthesis of UCMOFs on these two-shelled upconversion nanoparticles. [3-LM]
4.3.1. 57571_Li_Figure 4.tif: Add the caption ‘NaGdF4:Yb,Er@NaYF4@NaYF4:Yb,Tm’.
4.3.2. 57571_Li_Figure 5.tif: Retain the caption from 4.3.1. Highlight the lower-contrast outer ‘shells’.
4.3.3. 57571_Li_Figure 6.tif: Add the caption ‘UCMOFs from NaGdF4:Yb,Er@NaYF4@NaYF4:Yb,Tm’. Highlight the large, lumpy, lower-contrast shapes (nMOFs).
5. Conclusion (Said by you on camera. Don’t forget to smile!)
5.1. Bei Liu: The successful synthesis of such heterodimers is because of two reasons. First, PVP on the surfaces of upconversion nanoparticles could induce the binding of Zr ions to the nanoparticle surfaces for subsequent MOF growth.
5.2. Yulei Shao: Second, the facet-selected absorption of PVP plays a key role for the preferential nucleation and growth of MOFs on the top (001) facets of upconversion nanoparticles.
5.3. Lele Li: This work highlights the importance of surface chemistry for the synthesis of asymmetric nanostructures. After its development, this technique paved the way for researchers to grow MOFs on other anisotropically shaped NPs.
[bookmark: ProvidedMedia]
PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .tiff, .png, .eps, .ai, .psd, .pdf
Preferred movie formats: .mov, .mp4, .avi

.mov or .mp4 files are strongly preferred for screen capture footage. Vector or layer-compatible formats (.svg, .ai, .eps, .pdf, .psd) are strongly preferred for complex figures and graphs. If figures or tables were created as .xlsx files, please provide those as well.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17559203

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· 4.1.1, 4.1.2 – 57571_Li_Figure 1
· 4.1.3 – 57571_Li_Figure 2
· 4.2.1 – 57571_Li_Figure 3
· 4.3.1 – 57571_Li_Figure 4
· 4.3.2 – 57571_Li_Figure 5
· 4.3.3 – 57571_Li_Figure 6

[bookmark: GeneralPrep]GENERAL PREPARATION
It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Each shot will take about five minutes, as it takes a few minutes to set up between shots. You may need to prepare duplicate samples if a step that must be performed quickly is shown with more than one shot.

The filming process will be like a cooking show: if you reach a step that takes more than 5-10 minutes, you will continue the demonstration using a previously-prepared sample that is the product of that step.
Alternatively, shots may be filmed out of order to allow time for a slightly longer process to finish. Please be sure to clearly mark any shots you may wish to film out of order in the script.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. All tubes, flasks, and plates should be clean, dry, and neatly labeled.

If your procedure includes long incubation, reaction, heating, or calculation times, please prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Please contact your script editor or see JoVE’s FAQ if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
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