Nanobiotecnologie

Nanoparticles synthesis

precursors, stabilizers > O Water soluble
water

precursors, stabilizers > O Q Water unsoluble

organic solvent

«naked» «stabilized»

« Synthetic methods in organic solvents are more widely
used, as they allow for a better control of the reaction

(size, dispersion).

* «Naked» or «weakly stabilized» nanoparticles require  ——> Functionalization
stronger stabilization to grant colloidal stability.

o It is difficult to introduce complex functional groups
during the nanoparticles formation.
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Nanoparticles functionalization

Lemieux-von
Rudloff reagent

HOOC/\/\/\/\COOH
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Nanoparticles functionalization
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Nanoparticles functionalization
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Nanoparticles functionalization
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Conjugation

Note that reactive group may belong either to ligands or to nanoparticle
surface.
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Functionalization effectiveness is always enhanced by
cooperation/multivalency, usually this is not necessary in case of conjugation
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Nanoparticles functionalization

Ligand exchange/addition

Q- Qo

Non-stabilized nanoparticles (silica, titania...) or weakly stabilized nanoparticles

(gold-citrate, gold-amines, semiconductors-amines, semiconductors-phosphine oxide,
iron oxide carboxylates, ...) can be functionalized by the addition of a stronger ligand

that cover the surface or displace the weakly bound one.

Exchange reactions are possible also in the case of strongly stabilized nanoparticles

(gold-thiols, ...), but the final composition is likely an equilibrium mixture.
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Nanoparticles functionalization

Ligand exchange/addition

 Metal and semiconductors: thiols
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Nanoparticles functionalization
Ligand exchange/addition

o Silica: trialkoxysilanes

o oo, D
HO OH S
X HO,
HO o OH APTS! EtOH , I b "o o +@ons— o o
T HO
Hoo | OH R X wo  OM o oM
OH X= OE!t or OH or OSi-

I
Ho-gi—=C

« Easy for naked/weakly stabilized nanoparticles
» Difficult to control for strongly stabilized nanoparticles
» Particle aggregation is possible

 May require strong excess of the incoming ligand

 May result into poorly stabilized particles (if strong ligands are not available)

e Solution -> Cooperativity
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Nanoparticles functionalization
Solutions for ligands exchange:

» Polydentate ligand: increased stability due to cooperation

L
N/\/NHa
H

SH SH
N-(2-aminoethyl)-6,8-dimercaptooctanamide

 Polymers:

{ NH, NH, NH, NH2 NH, NH, }

SH SH SH SH SH SH
+ e Polymer |
N
—_—
reactive ester
polymer

Fe.Q, colloids polymer coated
Fe.O, colloids
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Nanoparticles functionalization
Adsorption by formation of an interdigitated layer

{ NH, NH, NH, NH; NH, NH

e

] v = C1gHzsN(CH3)3Cl HaNy

Polymer Il

Allow for the use of commercially available surfactant and phospholipids
Strength of interaction can be controlled by interdigitating chain length/number

Non-covalent interaction based on hydrophobic interaction: liphophylic
compartments in biological environments may interphere
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Nanoparticles functionalization
Adsorptio by non-covalent interaction: Layer by layer coating

' Trioctylphosphine oxide (TOPO)
S Mercaptoacetic Acid (MAA)
VN polyallyl Amine (PAA)

WV Polyvinyl Sulfonic Acid (PVSA
« Allow for the realization of thick shells
* Thickness of the coating can be easily controlled

* Problems in high ionic strength media
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Nanoparticles functionalization

Adsorption by non-covalent interaction: hydrophobic/stacking

-1 interaction
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Nanoparticles functionalization

Silica coating
lica precursor 4 _*_*
o T g
. * ol —
Amlne CG * : Thiolated
terminated * *  silane
* *
* . ~
** * .. Biotinylated
R i ! Anﬂbody
* . [ — * ,
* g
i . /

iron oxide * *

Water transfer | Sol-gel
using CTAB %Y éi!g reaction
Nanocrystals Nanocrystals Nanocrystal/mesoporous silica
in organic phase in aqueous phase Core/shell nanocomposite

* Protecting shell: stable (?), biocompatible (?), porous, easily modified.

» Several trialkoxysilanes commercially available

» Active species can be entrapped also “within” the silica shell (bulk and poress).
 The core can be removed by chemical reactions with suitable reagents

* Require water/ethanol soluble nanoparticles
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Nanoparticles functionalization
Reactions at the surface

« Covalent binding ensures stability

o ©
I W f

2 - . .

Rl L e « Useful/necessary for the introduction of
T A 2 complex functional groups/active species
FONHS ° « Wide selection of conjugation reactions
ROH K.~y available

_NH, SIA/SOC, 2

ROOH  M_n * Inspiration from bioconjugation chemistry

EDCNHS 2
H . .

EaulNe's O o Requisites
SPDP
A AT « Must form stable bonds

« High yield to avoid excess of reactants
e j‘n’“ R T ,ﬁ\ﬁ,«_ — (expensive)
COH Cuth) NN i "
T 0 1 « Mild conditions
= AN e R-N, “ N7 N
o H = H

cu(l)

R » Better if feasible in water

« Better if side products are not produced
(click chemistry)
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Nanoparticles functionalization
Reactions with amino groups

— — — :
\NBF—NH;, l>— ‘\/Nia N “poxide
H_(}— . (])rg::ni::g
) - Click reactions
H
P p N— Addition of
(NP NH XCN— ( ine tc
\‘>_ 2 x=0,8S @_NH (\ nates
O O>—
(NP—NH, <§N_o ) oy_ S Rana N-hydroxysuccinimide is being
\ (NB—NH replaced by 2,3,5,6-tetrafluorophenol

« Amines are easily introduced in the nanoparticles and stable
 Amines are protonated below pH 9
« Water (and hydroxide) competes

« Other reactions: sulphonyl clorides (-SO,CI), reductive ammination with aldeides,
In situ amidation with coupling reagents
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Nanoparticles functionalization
Reactions with amino groups

A B
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USPIO-PMIDA-EDBE-RITC-FA (1.3) el A ke o S. . N-RITC mmp Fluorescence
OH €2 j ¢ imagin
0. FA NH - .
\H2 H < Y0 MH H-l,j\ Tumor
N EDC, NHS H
N N H + - :
PR Ssgmann WK ST n | regresson
NH .
Methotrexate (MTX) MTX-active ester ’V o OH 0‘3le E
. OQT'._o FA | . 0
:m’x ©MTX

Facile drug releas

pH-labile ester linkage | {;5pj0.PMIDA-EDBE-RITC-FA-OH-MTX (1.5)
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Nanoparticles functionalization

Reactions with thiols groups

B | P 17 NP ?
(NP—sH [iN— ‘ Q_Sj;f”—
0 o,

Michael
Addition

@ o * | @VS_S}?

« Fast and quantitative

 No water competition

Disulfide
exchange

Click reaction

« Thiols are widespread in biological molecule (cysteine)

» Introduction of thiols in nanoparticles may be difficult

* Cross-linking reagents available
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Nanoparticles functionalization
Reactions with thiols groups

APTMS
—_—

Toluene
Near-infared

SO St e e
. i3 o Eh" -
o’ e» ATTOB47N o S

Extraction

X i [ = i "OH
A N NH NHS-PEG-Maleimide b 4
HO A~ o = o Spacearm95.2A - =
S |
O a

-8 N

L "
PdTPP

QV\/\*H“\M?

/
o
EtOH 99.5% /O-ISi/\\/\‘SH
1h ultrasonication 0

o]

\
/ 0 ?
Q N o o.
/0—:Si/\/\s 0/\'L ~Y N
(o] (o] 2 °
\ o
2 h ultrasonication
24 h incubation

O
/ 2 2
o]
57T "g N\/\/\)L{o/\.«]rox/\nzoxN
I o n fo)
o)
3

o
\



Nanobiotecnologie

Transforming functional groups

 Amines into active esters: diethyl squarate

G_EDH
O OEL
ntZ

H
Mo OH HE OH i Gt Hﬁi:_'_‘_ Hoy OH G—Q—N@D
-0 = s} o OH
OH aH 8] O H CH HE\‘IMS S E— I_'HQ W
EuN, My By P H
O~ N )

NP2 o NP3

It is easy to fine amines both in the nanoparticle and in the molecule to conjugate. Diethyl
squarate allows conjugating amines with amines

 Amines into carboxyl acids: anhydrides

0.01M citrata pH 8.0
NH; M, -l i
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Transforming functional groups

 Amines into thiols: imminothiolane

S NHF O Q NH_" CI”
+ NH, ————— Q 4
g H)l\/‘\./s

Primary amine Sulfhydryl-modified

Traut's Reagent
molecule molecule

e Crosslinkers
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Nanoparticles functionalization
Reactions with aldeide groups

. H

@—CHO HNHN, ® N-NH

0)—\) O)—‘\_D I:cwlrlr‘:li;!"lt€(‘bn
[l S

®B—cHo | HmNo— > N Fometen

« Fast and quantitative
 Reversible!

* No water competition
 By-product is water

« Difficult to introduce in nanoparticles

Quasi-click reaction
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Nanoparticles functionalization
Reactions azide/alkine

N 3+2 cycloaddition

=
s Click
N / Chemistry

B,

“*Huisgens reactions”

» Fast and quantitative (with Cu(l) or high temperature)

» No water competition

* No by products @
0
OH PBS EDC Y o
«  Stable functional groups .”EG N O (apl)-vzo-w)
QD-amine 1 QD-cyclooctyne 3

HN H_Ns a-Copper-free conditions

HO— PBS
H%I\\»ZOOH b-Cu(l)-catalyzed conditions
HO CuSO4 0.1 eq. NaAsc 0.5 eq.

ManNAz 4
(ol ecnl
5a &
5b )-]\/N AN
N=N

HO HN
oI
?IO OH
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Bioortogonal chemistry

Bioorthogonal reactions are chemical reactions that neither interact with nor
Interfere with a biological system.

A }5‘ 0O, "tg‘,t,» H,0 l&
\O,s, -00C
X + Y —— X-=Y
HCO, 0
. o3-S
}{Q) S R
T ) %
| Cell Lr- Cell x__.i i’- Cell <3|

. = amino acid, carbohydrate, nucleoside, lipid, inhibitor, etc.
ﬁﬁ'= fluorophore, affinity tag, etc.

Bioorthogonal chemistry can be used to probe biomolecules in living systems
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The Staudinger reduction

A() PP
3
Nl\{l-‘/ NNNPPh 1
- +
1 \@

NH, 4 PH bh
@’ + PPhO <22 @ . oL _
4 N 2

3

5

» Used to reduce azides to amines in mild conditions.
» Water tolerant

» Soft electrofiles/nucleophiles.

» Azide is stable, present in many drugs, small

» Azide and phosphine are absent in living organisms

In its first steps, the reaction forms a bond between the two molecules, but the
reactive aza-ilide (3) is cleaved by water.
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The Staudinger ligation

O —

R, &
OMe 64.':"_':’
— R o —— ,P—N
PPh, N—N=N-PPh, PH bh
) - + 20Me 0
R N Me
N-Ni=N N . d |

» The ester group in the orto position is attached by the nucleophilic
nitrogen of the aza-ilide group.

» A stable imide bond is formed



The Staudinger ligation

Metabolic labeling of glycans

AcGleNAz (A)  AcGalNAz (@) AcManNAz (*} AcsiaNAz (YE)

_Ohc AcO L OAc 0Ac OAe

5% 0 0 LA COMe
mﬂm.q)m PO, i (e A;D-\EFN “Lox s
Iy P o

5 | i Hy (']; A

Gilycan biosynthesis

Stalic acid
containing glycans

O-linked glycans

€-GleNAc modified proteins §
0
HN}\\ NH
MeO H H
Ph,P N\/\(,o\/\)g/w s
o O

Phos-biotin

Nanobiotecnologie

1. Incubate with ?;&

f;\\.,____ azido sugar 8 N React with phosphine-FLAG/ His,
0 i
Mammalian 5 o0 colls é; g,f%{"
cell :

v e

Pm!-:ma & glycoproleins

‘rﬁ'
Phosphine-FLAG! His,, J,'{
Capture
with e-FLAG
HC H AZArOSe
N
Ph, DYKDDDDKHHHHHH
= —_— ‘1!‘
FLAG  His, ?‘5*.- g@
N/ *FLAG I a-FLAG agarose i
- Ni**-NTA agarose i .
1. Elute with
¥ M urea
2. Capture
with Ni**
~NTA agarose
Q[i[iﬂj F 5 I{J
TR | e L. Elute with
[ 2D ]I’!‘]LdHZL‘flL 'il_d
||  Ie——
i Aol LOC-MS/MS &, 2 Proluw..
Protein identilication i 8 i .r‘; digestion I NiT*-NTA agarose
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The Staudinger ligation

Metabolic labeling of glycans

A 0O
o HNEL'NH
Mel H H
N 0 M
Ph,P \/\«(' \/9;- :
0 o 0
Phos-biotin
!\l:. — 1
B I =% D
Cell
Ac;ManNAz () - N
) Eian L
-
AcO-\{lN;’)u\f\ . B0 m - Az
Ao XN 0AC 3 00 B +AZ =
kDa -Az +Az 2 E 60, M - Az
260 — 2 800 Z m +Az
X c
160 - £ [T
500 =
80 - g E 40+
€
60 — I‘,‘} 400 E
@
5 300
40 - 3 E 201
e 200 G
Phas-biotin S C
5 o 4]
a-biotin HRP = 100 o o
" Phos-FLAG
' FITC-a-FLAG
Phos-biotin &

FITC-avidin
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The Staudinger ligation

Drawbacks

* Phosphines are oxidized by air and citochrome P450

* The reaction is slow (0,002 M- s-1): high concentrations of phosphine are
needed.

* In case of fluorescent labeling, background emission from unconjugated
dye is a problem

* Increasing the reactivity of phosphine by inserting electron-donating
groups results also in increased oxidation

i OU’“

o”“\”N
“/Q\)L \©\ Ac;ManNAz ()

Fluorescein Disperse Red- ‘I r0- AN
10, QPhos NOQ v o Dl

'\:\(;)(-]‘-\-—N'L. A ~~OAC
S COOH
<Y
Pth Caged Luciferin
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The Huisgen reaction

History

* Reported by Michael in 1890s

A NNR RNy Studied in detail by Huisgen in the 50s.
H—N3+Hf:Ft"—r-):( + )z( .
g’ R a’ ‘g Water compatible, quatititative
» Slow (high T and P)
» Sharpless and Medals in early 2000s
N discover the Cu(l) catalysis
Rp o : .

R-N, + H——~R RLUN ”\22' » High rate and selectivity

R’ « Use of a transition metal difficult in vivo

— =N N « Reported by Wittig and Krebs to occur
R-N, + O _n © “like an explosion” in 1961
\
R' X

* Release of ring strain
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The Huigen/Bertozzi ligation
Metabolic labeling of glycans

A D
©/ \/O/U\ w AcsManNAz (*)
OCT-biotin o "\(JL N,
C £} AR 0
N & 150,
) 2 |m-Az
gcg m +Az
— __#,.,N3 £ 100;
0
. Cel | &
™, / (&)
.
Az. + - + S
a-biotin - UC—
O-1g | e o w— é 0 -

OoCT Phos
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The Huigen/Bertozzi ligation

Optimization
COOH
O O O
12, OCT 13, ALO 14, MOFO
k =0.0024 M’ k=0.0013 M's! k=0.0043 M"'s™’
— F —
(F 0 -
COOH o
15, DIFO 16, DIBO 0.
k=0.076 M's™ k=0.057 M's™

o]
I

17 BARAC

e ooe

COOH
18, DIBAC (ADIBO)

k=0.31Ms" k= uomm’s‘ )P\
. COOH
MeO ‘60 OMe 22, DIMAC
MeO Otle k= 0.0030 M's
HO
20, TMDIBO 21, keto-DIBO
k=0.094 M's™ k=026 M's™

* Low solubility of 2

* Rate not different form the
Staudinger ligation

 Removal of phenyl ring improves
solubility (13)

* Insertion of F in position 3 increases
the rate (14-15), 2 much better

* Increase cyclooctane stain increase
the rate (16-18).

« Many other derivatives prepared (19-
21)



The Huigen/Bertozzi ligation

Optimization

>

Mean Fluorescence Intensity (au)

2250 -
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W +Az
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Reagent (1 h)
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Nanobiotecnologie

[} BARAC
A — -— DIFO
¢« — — — DIBO
s 4
- =T
B A
o 10 2 30

Time (minutes)

DIFO-488
100 uM, 1 min

Acg;ManNAz (ﬁ)
0

AcO- JN,U___ Ny
3 Q

AcO—y-\--
\.-\.umr“‘*

DIBO-555
30 uM, 1 h

BARAC-fluorescsin
SuM, 5min 250 nM, 30 min
No wash

.
..
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The Huigen/Bertozzi ligation
Optimization

Caenorhabditis elegans zebrafish embryos

AcGalNAz (@)
AcO OAc
0
Acl )k\aw-:.. OAC

HN. A~

zebrafish embryos



