B kadecTBe pemieHHsa B JaHHOW 3aladye pa3sMEIIAaeTCsl OTBET HA 3aJady OJHOTO U3 YYaCTHHUKOB
(E.I'.EBTymieHKO), TOCKOJBKY OHO Jyd4lle U TIOAPOOHEe CTaHJAPTHOTO  PELICHUS,
IIPEIOCTABIEHHOTO aBTOPOM, KpOME TOro, 3TO €OUHCTBCHHOE pEIICHHE, IOIy4YHBILIEe
MaKCHUMaJIbHOE KOJMYECTBO OaJIOB.

A) Explain the principle of work of this biosensor
This biosensor utilizes the quenching of quantunt filworescence by a proximal gold
nanoparticle. Due to biologists are not expertsphysics, | can't give a strict physical
explanation of this phenomenon. Briefly, four maekre suggested:
1) Forster dipole—dipole resonance energy transfeE{PRwith r® distance dependence;
2) Nanosurface energy transfer (NSET), which is sintlaFRET, following a * distance
dependence;
3) Dipole—-metal particle energy transfer;
Or even
4) Charge transfer, when Au NP donates an electrorakance band of excited QD with
near exponential distance dependence.
Experiments show that such interactions extendfggntly beyond the classical Forster range.
This phenomenon could find a practical applicationmany fields of nanotechnology, like
nanoscale rulers, sensing of molecular interactiongnzymatic activity sensors. The latter
should consist of QD and Au NP, joined with shdeagable linker. The enzyme (e.g. protease)
with substrate specificity to linker sequence cemathe linker, causing the restoration of
fluorescence. If such protease is expressed by sethg/pes, this nanobiosensor could be used
to visualize such cells.

QD-peplide-AuNPs
complex Peptide Cleavage Photolumines cance

B) Why fluorescence is not observed in the case of normal cells?

As it was noted in the statement of a problem, rabreells don’t express protease, specific to
linker sequence and QD fluorescence remains quednche

C) Explain why uncoated CdSe quantum dots cannot be used instead of core-shell CdSe/ZnS
guantum dots.
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Uncoated CdSe QDs contains structural defects, asoracancies, local lattice mismatches, or
dangling bonds at the surface. This defects aefffastive traps for both holes and electrons in
excited QD. The recombination of trapped chargeierar occurs in a nonradiative way. Thus,

guantum vyield of uncoated QDs is very low. If thdSe core is coated with wide bandgap
semiconductor, like ZnS, both electrons and hadesain localized in a core. At the same time
structural defects are compensated. As a resuhlitgomyield rises considerably. Even better
quantum vyield could be achieved with CdSe@m.S (x = 0.7, approx. 5 monolayers of

Zn,Cd; S alloy) core-shell QDs.

D) What can you tell about amino acid sequence of the peptide used for the attachment of Au
nanoparticlesto core-shell CdSe/ZnS quantum dots?

First, it should contain a specific sequence, assate for cancer cell expressed protease.
Second, to be specific, this sequence should notaco cleavage sites for other possible
proteases. Furthermore, peptide sequence shoultbenat partner for any strict biomolecular
interaction, because it could sterically block ttleavage by target protease. Third, peptide
sequence must not exceed the energy transfer destagcessary for AUNPs to suppress QD
fluorescence. Designing peptide sequence, we shakédinto account possibiehelical or any
other secondary structure of the peptide, whichrtehe effective peptide length. We could use
it, or we could disrupt it by introduction of seaéglycines. Glycine residue is very flexible and
incompatible witho-helix.

Forth, if we use a dihydrolipoic acid-PEG cappedsQe could utilize a self-assembly strategy
for peptide attachment to QD. In this case peptiteuld have so called basic leucine zipper or
polyhistidine tag (Hig on its end.

E) Describe a detailed synthetic route to prepare the nanodevices described above. You can
use any commercially available reagents (for uncommon reagent, please provide the name of
the supplier and verifiable catalog number).

To synthesize the nanobiosensor we will use tHeviahg strategy:

1) Synthesize TOP/TOPO-capped CdSe/ZnS Core/Shell QDs;

2) Exchange native TOP/TOPO ligands with dihydrolip@cid (DHLA)-PEG. Such
coating results in water-soluble, highly fluorescand highly stable QDs with reduced
nonspecific binding to cells;

3) Buy an engineered peptide, containinggHiégy on C-terminus and biotin on N-terminus;

4) Buy streptavidin-coated 2 nm Au NPs (typically 3tdeptavidin molecules per NP);

5) Conjugate peptide with Au NPs using biotin-streavinteraction;

6) Fluorometrically titrate DHLA-PEG QDs with Au-NP-pwde conjugate until total
quenching of fluorescence. Peptide will attach Bv@a His tag.

Detailed protocol:

1) Synthesis of CdSe/ZnS Core/Shell QDs.

Se precursor, tributylphosphine selenide (TBP-Seprepared by dissolving 0.15 mmol of
selenium shot in 100 mL of TBP under inert atmosph&nd stirring vigorously overnight,
forming a 1.5 M TBP-Se solution.



A Cd+Se precursor solution containing 0.5 mmol catim?2,4-pentanedionate (Cd(acacP.25

mL dodecanal (DDA), and 2.8 mL tnoctylphosphine (TOP) should be degassed at 10@r°C

1 h, followed by the addition of 3.3 mL of 1.5 M PBESe after cooling to 24°C. This mixture is
loaded into a syringe under dry Btmosphere. In a separate 3-neck round bottork, a5 g

of 90% trin-octylphosphine oxide (TOPO) and 5.75 g of 90% kexglamine (HAD) are
degassed at 135°C for 2 h and back-filled with The temperature is increased to 360 °C before
rapidly injecting the precursor solution. The temgpere of QD growth should be maintained at
280°C. During the growth stage the aliquots of tieacmixture are examined on fluorimeter to
control the QDs size. Reaction stops when corehezha first absorbance maximum at 565 nm.
After cooling to 80°C, 4 mL of butanol is addedpdrevent solidification of the product. The
sample is kept for 1 h at 24°C and then centrifusgfe8000 g for 4 min. The pellet is discarded
and acetone is added to the colored supernataptetpitate the cores, followed by another
round of centrifugation.

The pellet is re-dispersed in hexane, filteredugioa 0.2um filter, and injected into a degassed
solution of 10 g 99% TOPO and 0.4 g n-hexylphosphaaid. After removing the hexane under
reduced pressure at 80°C, the flask should be fisd-with dry N, and the temperature is
increased to 130°C before adding 0.25 mL of decylanand stirring for 30 min. Precursor
solutions of ZnEtand (MegSi),S are prepared by dissolving the appropriate ansafreach in 4
mL of TOP and loading them into two separate sywgnder inert atmosphere. The amount of
ZnEtis calculated by assuming a 3 monolayer overcoairding to the methods of Dabbousi.
Typical mass is 56 mg. A two-fold molar excessM&{S),S is used. The precursor solutions are
injected simultaneously into the 130°C bath atta od 4 mL/h. Aliquots should be taken in 10
min intervals to monitor the red-shift of the phatoinescence spectrum upon over-coating, and
the injection is terminated after the desired wength is achieved, typically after the addition of
three monolayers. The sample is annealed overaigB0°C, and 4 mL butanol is added. The
QDs are stored in growth solution under ambientdd@ns and centrifuged once more before
use.

2) Synthesis of capping ligand dihydrolipoic adiHLA)-PEG.
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First stage: a round bottomed flask is filled withioctic (lipoic) acid (5.16 g, 25 mmol), 4-
dimethylamino-pyridine (915 mg, 7.5 mmol), poly(gdgne glycol) (125 mmol) and GRElI,
(300 mL). The mixture is stirred under nitrogen atwbled to 0°C while a solution of 1,3-
dicyclohexylcarbodiimide (5.67 g, 27.5 mmol) in &H, (20 mL) is added dropwise over 0.5 h.
The reaction should be allowed to warm to room temafure and stirred for 20 h. The solution is
filtered over a bed of Celite and rinsed with cbform. The organics is washed repeatedly with
water and brine to remove the unreacted poly(etteytgycol). The combined extracts are dried
over MgSQ, filtered and evaporated to give a viscous yelloilw The crude product is
chromatographed on silica, using a solvent sysiamsisting of CHGJ, methanol and acetone.
Second stage: a round bottomed flask is filled whthpegylated lipoic acid derivative (1 mmol),
ethanol (10 mL), and water (2 mL). NaBH.50 mg, 4 mmol) is added and the reaction isdueat
gently until the yellow color vanished to give awtly colorless solution. The mixture is diluted
with CHCl; (200 mL), dried over MgSgfiltered and evaporated to give a colorless oil.

3) The replacement of native TOP/TOPO ligands Witi_LA-PEG.



0.2 mL QDs in growth solution are precipitated lmdiag 2 mL of methanol, centrifuged at
3000g. Clear supernatant is discarded; the pratgpits washed by 0.5 mL methanol and
centrifuged again. QDs are dried using N

50 uL of DHLA-PEG and 10uL of methanol are added to 10 mg of dry QDs. Thetune is
stirred gently under Nat 60°C for 2.5 h and precipitated by adding OL3ahethanol, 0.05 mL
of CHCL, and 0.5 mL of hexane in succession. Centrifugaaio3000g for 2 min yielded a clear
supernatant, which should be discarded. The ptatgpis re-suspended in 0.5 mL of PBS (pH =
7.4) and filtered through a 042 filter. The sample should be purified using gétdtion
chromatography in order to remove aggregated Qmitlze fractions are concentrated at 3500g
using a Vivaspin-6 10 000 MW cutoff spin concerdrat

4) Engineered peptide

Peptide, containing Histag on C-terminus and biotin on N-terminus couddpurchased from
Elim Biopharmaceuticals, Indtp://www.elimbio.conj.

5) Streptavidin-coated Au NPs

Highly spherical, non-aggregated Au NPs with narsize distribution, with streptavidin corona
could be purchased from BBI
(http://www.britishbiocell.co.uk/products/lifesciezisecondary gold_probes.asp?nav)d=2
Catalog numbers are EM.STP2, EM.STP5, EM.STP10EMETP15 for 2, 5, 10 or 15 nm Au
NPs. The optical density at 520 nm varies fromt8.15 depending on NP’s size.

6) Preparation of peptide-AuNP conjugate.

0.2 mL of 1.5uM streptavidin-coated 2 nm Au NPs in PBS (pH = Tsdipcubated with 0.2 mL
of 14 uM biotinilated peptide for 1 h. Excess peptidedmoved by ultrafiltration on Vivaspin-6
using 10 000 MW cutoff filter. Additionally, we hawa possibility to recover the excess peptide
using Hig tag.

7) Titration of DHLA-PEG-capped QDs with peptidea conjugate.

10 uL of 8 uM DHLA-PEG-capped QDs in PBS (pH = 7.4) is placecCorning Black 384-Well
Polypropylene Assay Plate. 1. portions of 1.5uM peptide-AuNP in PBS (pH = 7.4) are
added with subsequent 30 minutes incubation aratéicence measurements using FLUOstar
Omega microplate reading fluorometer. SynthesiBnished when the fluorescence is totally
guenched. Biosensor conjugate should be purifigtugel filtration chromatography in order to
remove aggregates (binding of Ki® QDs is stochastic, so we have two multivalesnters
and minor amounts of polymer could occur as a teanl free Au NPs.

Possible structure of the sensor is shown on theileure. If we want to obtain the sensor with
better sensitivity, we could use concurrent prifecip stage 6, mixing biotinilated peptide with
free biotin in defined ratio. Using this approaale can decrease the average number of peptides
down to 2-3 per Au NP. The number of biotin bindsiges per Au NP could be determined
using fluorometric titration with biotin-FITC.

F) Researchers decided to use the system described above to monitor the progression of
metastasis for a squamous cell carcinoma in a mouse model. What modifications should be
doneto the sensor so that it could be used for thisin vivo study?



Biological tissues are not transparent in visilglgion, but they have a “transparency window” in

near infrared (NIR) region, 700-1000 nm. NIR radiatpenetrates few centimeters deep into the
tissue. Thus, we have to change visible fluores€ife QDs to NIR fluorescent PbS, PbSe,
PbTe or HgCdTe QDs, combining such core with appatgwide bandgap semiconductor.

G) Would you recommend in vivo use of this biosensor in human patients? Provide your
arguments.

This biosensor is a perfect tool for visualizatadrcancer cells in biopsy, but I'm afraid it wileb
not so efficientin vivo. Although NIR region is called a “transparency dow”, the biological
tissue is not so transparent to allow NIR radiapenetration trough the whole human body. So,
deep tumors can’'t be visualized. The second ressthre cytotoxicity of small Au NPs. It was
shown, that certain cells could uptake 2 nm Au NHg&se NPs alter the expression of genes
involved in processes of transcription, cell gromahd response to viruses. Also the products of
QDs degradation, such as cadmium, lead, mercunisen and tellurium ions are highly toxic.



