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ABSTRACT

In this paper, we describe a grafting methodolsgoaiated to a quantitativédc NMR method (qNMR) for the
conjugation of small molecules on a PEG buildingcklaimed at click chemistry applications in thengddén of
drug delivery systems. Acetylenic PEG (PEG-yne) firas derivatized with a fluorinated benzyl amifieagks)
by means of photografting of a trifluoromethylphkdiazirine bifunctional linker (TPD-clip). The amnt of
Tagk; grafted on PEG-yne was calculated by NMR usingngernal standard (trifluoroethanol) and adjustifg
the acquisition and processing parameters. NMRasl @s a valuable alternative to the complex pruresd
often employed for the quantification of functioitiak on biomaterials. The accuracy of the gNMR
methodology was attested by controlling its lingarthe determination of limits of quantificationcthe
percentage of recovery. A good assessment of thE; Geafting rates was obtained after taking into actde
inherent unspecific adsorption that occurs on neterThis versatile methodology that combines $mp
chemistry and a common analytical tool was, inasd time, applied to the preparation of a PEG ugatjed
with a RGD (Arg-Gly-Asp) peptidomimetic in a contesl manner.

Keywords: PEG ; RGD peptidomimetic ; Quantitative NMR ; Oraze ; Conjugation.

1. Introduction

Progress made with biomaterials nowadays requaised interactions of the material with its bigical
environment [1]. Chemically speaking, it means thatinterface should display molecules that witiquce the
desired biological effects. For instance if one t8dn target an injured tissue with a drug deliveygtem
(DDS), an imaging agent, or to direct cell spregdor tissue regeneration, it is worth grafting sugface of the
devices with ligands that can bind to cellular ptoes [2-4]. Usually only a small number of unimare
functionalized with the bioactive molecules in refyaof the overall unmodified ones that constithtecore of
the material. This makes difficult to accuratelgritify the biomolecules present and to assess their
functionalization rate (i.e. the number of modifimdnomers versus the total number of monomers}y Thi
determination is often based on rather sophisticatel expensive techniques (e.g. X-ray Photoelectro
Spectroscopy (XPS), Secondary lon Mass Spectrometintime of flight (tof-SIMS), Isothermal Titrain
Calorimetry (ITC)) or sacrificial processes that@ude the use of the tested material (e.g. chémica
derivatization for spectrophotometric assay, raaémical probing for Liquid Scintillation Counting$C)). In
addition, good characterization of functionalizedtenials would require the use of several techricgilece they
give complementary information [5-7].

Therefore there is a need to develop direct amalytools that can lead to fast and reliable assessof the
functionality with straightforward sample prepaoati For this reason we chose NMR spectroscopy whkich
now a routine analytical technique with moderatst&oAs peak integrations are directly proportidnghe
number of nuclei involved in the signal, it mealattquantitative measurements can be performed unde
appropriate conditions of recording and processiiiiough poorly exemplified for the determinatioh
functionalities on polymers [8], quantitative NMBNMR) is a well established technique in pharmacalt
science [9,10].

Among the polymers used for biocompatibilizatioalyethylene glycol (PEG) has become a gold standard
[11,12]. Typical medical applications of PEG builgiblocks require complex heterotelechelic PEGs
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synthesized through tricky multi-step procedurasoVercome these difficulties we have developeah@osh
derivatization methodology, the so-called "clip ahemistry”, based on the photografting of bifimmal
photosensitive linkers in order to introduce adtdaesters along polymer backbones that can thereahct
with any compound of interest bearing primary anfinections. Photolinkers have been used intensiwvely
photoaffinity labeling of proteins and in surfadeemistry for the immobilization of small moleculasd
biocompatible layers on materials [13,14]. To tksttof our knowledge there are very few applicatiofthese
reactive species as a convenient way to introducetionalities along unreactive macromolecular ebdi.e. in
the bulk of a material instead of its surface) 189, In previous works we were able to introduceg icontrolled
manner, molecular probes (labeled amino acid, ifhaded probe) or biologically active molecules
(peptidomimetics, peptides and carbohydrates) veraksoft, inert materials, with aryl azide phatkérs [17-
19].

In the present study we illustrate how to adap #ltiategy to a highly sensitive compound suclelashelic

PEG with an alkyne function (MeO-PEG-yne). As abmentioned we have also developed a simple method,
based ort®F NMR, to assess the functionalization rate ofianethoxye-alkyne-PEG (MeO-PEG-yne)
derivatized by means of our "clip photochemistrgdqess. The proof of concept was established by the
conjugation of a fluorinated probe (TayBnd thereafter successfully applied to the caatjog of a
peptidomimetic of the Arg-Gly-Asp (RGDp) sequernithis ligand was designed and synthesized in our
laboratory to target,f3; integrin receptors and was exemplified in sevprajects for the targeting of DDS or
imaging agent [20-22]. The building blocks obtainieel. Tagk or RGDp functionalized MeO-PEG-yne, can be
engaged by click chemistry in the synthesis ofw sensitive terpolymer [23] used for the formulatiof
biodegradable DDS [24].

2. Results and discussion
2.1.Preparation of NHS clipped-methoxys-alkyne-PEG

We have prepared versatile, orthogonally substt®€G building blocks bearing one function for the
PEGylation of different substrates and anotherfonéhe grafting of various biologically active cpounds.
Our strategy makes use of a home-expertise, natimelghotografting of "molecular clips" for the inttuction
of molecules of interest via the substitution ofaativated ester, namely the N-hydroxysuccinimistier
(NHS). As another anchoring point we chose to dhtiie an alkyne function since it opens the do@eteral
ligation reactions via the click chemistry familyopper(l)-catalyzed azide alkyne cycloaddition (@u, thiol-
yne, copper free cycloadditions, etc.) [23,25].

Considering the chemical functions we want to idtree, alkyne would be less sensitive than NHS ester
biologically active compounds. Consequently wet ymthesized the-methoxye-alkyne-PEG (MeO-PEG-
yne) from a commercial-methoxye-hydroxyl-PEG (MeO-PEG-OH) by esterification of thgdroxyl end with
pentynoic acid via a standard carbodiimide coupfirgfocol. The next step was to introduce, alomg\teO-
PEG-yne chain, reactive ester functions that caretifter be derivatized with amine compounds. We ha
already achieved in our laboratory such kind otfionalization on sensitive copolymers with theubiftional
photo-activable linker, O-succinimidyl-4-(p-azidbgnyl)butanoate (ArfNclip (2), Fig. 1), which under UV
irradiation at 250 nm leads to random insertio€+hl bonds of photo-generated nitrene. This methdiich we
called "clip photochemistry”, is easily applied [deO-PEG-OH longer than 4 kDa since these polymess a
almost insensitive to UV light and have a rigidisture due to a partial crystallinity that faciléa the insertion
of triplet nitrene species [17,26]. In the presstotly we worked on smaller amorphous PEG with kyna!
function that absorbs light in the same UV rangthasaryl azide (2) (Fig. S1, supplementary ddfereover
nitrene generated from (2) at room temperaturesléadeactive di-radical triplet that might reaattaple bonds.
Consequently the use of triplet nitrene as readtitermediate was not conceivable. 3-Phenyl-3-
(trifluoromethyl)diazirines (TPD) are well-knowmkers for photoaffinity labeling of proteins as e for
photoimmobilization on materials surface [13,14hdégr UV irradiation at 350 nm the TPD function gi\ae
reactive carbene that leads to the desired ingeni€-H bonds [15,27] (Scheme 1) while being tateértowards
triple bond [28,29]. A recent study has establisivbg, the withdrawing effect of the Ggroup, stabilizes the
singlet state of the photogenerated carbene [30% Work had confirmed numerous experimental ots@ns
that Ck carbenes are more reactive than nitrenes [14 &1d]that they insert into C-H bonds in a concerted
mechanism. In addition, at the required excitati@mvelength, no absorption of the MeO-PEG-yne isolex
(Fig. S1, supplementary data). We selected O-sumiyl-4-(1-azi-2,2,2-trifluoroethyl) benzoate (TRdip (1),
Fig. 1), prepared according to Nassal [32] with ificgations of his initial procedure in order to abt a fast and
efficient synthesis (Scheme S1, supplementary data)
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Fig. 1. Molecular clips.
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The photografting protocol was applied on MeO-PH®-ysing a clipX) concentration of 65 pumol/g of
polymer. We consciously chose such a low conceaatrdbr two reasons. Firstly because, based oniquiev
work, we know that high grafting rates are not ukaf regards of biological applications [22] aretsndly
because some literature results show that higlairdie concentrations imply longer irradiation ¢isnwith an
increased occurrence of side products (most natpklgistent diazo species and homo-coupling ptsi{&3].

The TPD clip {) was mixed within the MeO-PEG-yne matrix via saiveasting and the neat mixture was
irradiated with black light (350 nm) under argomasphere. The process was easily followed®ByNMR
spectroscopy and we observed a total disappeaddiice peak at -64.77 ppm corresponding to the TPD
function, after 75 min of irradiation (Fig. 2B), @mmparison to th€F NMR spectrum of both reagents before
irradiation (Fig. 2A). The profile of thEF NMR spectrum after irradiation presents severatipcts and appears
slightly different from othet’F NMR profiles found in the literature where twoimé#uorine products are
shown [34]. This could be tentatively explainedthg inherently more complex mixture of photoproduct
formed in a solid matrix compared to the ones olexbm solution [35].

Moreover the determination of products from carlseinsertion is not obvious and, to try to solves ttpiiestion,
we studied the grafting profile of the TPD clij on a model compound of the MeO-PEG-Yne, i.e.-2-(2
methoxyethoxy)ethyl pent-4-ynoate. Two main prodwgftgrafting were identified by LC-MS which featdra
preserved propargylic motif in NMR. This applied #osafe protocol towards the alkyne function (chater
shown).

On the'H NMR spectrum of the crude polymer mixture afteadiation, the NHS and acetylenic protons at 2.89
and 1.95 ppm, respectively are still visible (B8) whereas the sharp peaks of the aromatic prdtans

become broad signals. This can be explained bgtalhilition of the insertion products along the P&f@in. We
used the integrations of the protons as a guardinétdimited side reactions and almost no degradatccurred

at the acetylenic site during the photoreactiorcess. Indeed, the integral ratio of the signal.2b $pm

(protons d in Fig. 3A) to the one at 2.89 ppm (Né$Eer, protons i) remains constant (Fig. 3B), eafesr

several washings (dissolution in DCM and precitatn iPrO, three times) (Fig. 3C). Consequently we
obtained MeO-PEG-yne bearing "clipped" NHS estee QWPEG-yne-clip-NHS) which could be derivatized by
compounds bearing a free amine function.

2.2. Grafting rates determination by quantitatiie NMR spectroscopy’F qNMR)
2.2.1. Development of the gNMR methodology

To assess the reactivity of NHS esters presengalPEG chain we chose a fluorinated probe, 3;5-b
trifluoromethyl-benzylamine (Tagl; which primary amine and Gfag could be used as a models of RGD
peptidomimetics ligands designed in our laborafofyScheme 1) [20,21]. Indeed the introductioexdgenous
atoms (i.e. fluorine) is a convenient way to qugrttie derivatization rates and we already usesighbbe in
previous studies for quantification of derivatipatirates by X-ray Photoelectron Spectroscopy ({B&])
Although being a sensitive method, XPS only giviesniical composition of small spots on the surfddhe
sample. Moreover, only solids can be analyzed haddchnique requires rigorous laboratory practices/oid
any contamination and the equipment is not routiaecessible (high vacuum technology).
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Scheme 1. "Clip" photochemistry to obtain NHS-ester functibred PEG-yne (Me-PEG-yne-clip-NHS)
followed by chemical derivatization with RGDp arafiFs.
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Fig. 2. ID *F NMR (282.09 MHz, CDg) spectra of PEG and the molecular clip at eaclp stethe

derivatization procesga) MeO-PEG-yne mixed with the molecular clip befaradiation; (B) crude MeO-PEG-yne-clip-NHS
obtained after 75 min of irradiation at 350 nm; @YO-PEG-yne-clip-TagH(irradiated sample) with TFE (standard for quécstion); (D)
MeO-PEG-yne with TagHnon irradiated sample) with TFE.
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Fig. 3. ID *H NMR (300 MHz, CDG) spectra of MeO-PEG-yne and the molecular clipath step of the

derivatization procesga) MeO-PEG-yne mixed with the NHS-TPD clip) (before irradiation; (B) crude MeO-PEG-yne-clip-8H
obtained after 75 min irradiation at 350 nm; (C)®MBEG-yne-clip-NHS after washings; ‘Integral nahle (contamination with GJEN or
H,O peaks): **%¢ satellites.
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NMR spectroscopy is a practical tool for solublenpwunds analysis which brings together severalradgas:
(i) under adequate conditions the intensity ofrésonance signals are directly linked to the nurolbarclei,
(i) no intensity calibration is needed since ordyios are considered, (iii) NMR samples are eagyépare by
simple dissolution with adjusted concentrationHiher sensitivity, (iv) it is a non-invasive andmdestructive
technique, (v) it requires relatively short measgrimes, (vi) analysis of crude mixtures and oftiple targets
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can be performed, (vii) it gives structural infortioa, and (viii) it is routinely available in chesgtiy

departments. One of the most cited drawback of N&/lE low sensitivity. However, recent developnseot
stable and high field NMR spectrometers combingti gfficient treatment softwares have led to rédadtdMR
protocols well validated for quantification of wes&mples [9]. In our casel NMR may not be adequate for
guantitative analysis since the analyte signalsladvba too small compared to the main polymer cipagtions.

On the other hantfF, which has a nuclear spin of 1/2, a natural ahood of 100%, a high sensitivity (83% that
of proton), a large spectral window (hence minimigsignal overlap) and is an exogenous element (no
interfering background signals), appears to bendidate of choice for quantification [37,38].

To be used in a quantitative way NMR experimentaighmeet several criteria (i) the RF pulse excitamust
be uniform on the whole spectral width (SW), (li)tae nuclei should be able to relax between twisegs, (iii)
nuclear Overhauser effect (NOE) should be suppde$sg signal to noise ratio (S/N) should be higtiean
250, (v) data should be properly processed, anddviabsolute calculation a standard is neede3¥7]9,

To satisfy point (ii) we had to calculate the sfattice relaxation timesT{) of fluorine in all the tested
compounds. It is commonly admitted that with a gdlatween two scans (recycle time, D1) of at Ifast
times theT1 of the slowest relaxing nuclei, 99.3% of the ruwlould have relaxed [9]1 values were
determined using the inverse recovery pulse sequerthod and the values obtained for the fluorthate
compounds used in this study are presented in Tlable

For absolute calculation a suitable internal steshdhould have most of the following charactersst{t) a short
T1, (i) a single sharp and stable signal with nertap with other chemical shifts, (iii) an optimumailing point
for easy recovery of the sample while not beinguolatile, (iv) non-reactive, (vi) soluble in masglvents, (vii)
same kind of fluorine function as the entitiesrdérest, and (viii) a convenient molecular weigirtdsing small
guantities [39]. We investigated several candidéfeble 1): trifluoroethanol (TFE), trifluoroace@ecid (TFA),
benzotrifluoride (BTF) and tricholorofluoromethaf@~C-11). CFC-11 is too volatile to enable repraligc
experiments and is also too hydrophobic which ddfibaith points (iii) and (vi). BTF might have le@ a good
candidate but its chemical shift is too close tgFsaand thus does not fulfill criterion (ii). First vied to use
TFA but it induced precipitation of the TagiR organic solvent and might be too aggressivesfane
applications and therefore does not fulfill critari(iv). Despite having the highegt, TFE was selected as the
best candidate since it satisfies all the otheuireq criteria.

The quantification of fluorine compounds requiredNMR sequence that satisfies all the aforementione
criteria (see Section 4 and Table 2). The meth@duetion was done using several solutions of known
concentrations of Tagand TFE in CDGl A calibration curve (Fig. S2, supplementary data} obtained with
a correlation coefficient®) of 0.98 which demonstrates the accuracy of our aulogy in terms of linearity,
precision, and limit of detection (Table 3) [9[.4&a@ on standard calculations and using the catioratirve
parameters [37], we found a lower limit of quaigfiion (LOQ,n at a signal to noise ratio (S/N) of 10, at 0.25
mmol L}, and a recovery percentage of 105% which are #aiolepstandards, and comparable to other studies
[10,37], a maximum limit of quantification (LQQ) of 0.63 mmol [* can be measured, due to precipitation of
the Tagk in CDCk above that concentration. Although this does redhe range of chloroform dissolved free
TagFs that can be measured, we do not anticipate thig tamiting for the method itself because, in cake
grafted Tagk; the polymer solubility will be the limiting facto

2.2.2. Quantification of the grafting rates

a-Methoxy-w-alkyne-PEG grafted with Tagivas obtained by incubation of crude mixture of MREG-yne-
clip-NHS in a 10 mM Tagésolution (see Section 4). After dialysis, filtatiand freeze-drying, the sample was
analyzed by°F gNMR in CDC}. In Fig. 2C, fluorine atoms of TaghBre clearly identified (-62.9 ppm) whereas
those of the trifluoromethyl group from TDP clip) (&ad to a distribution of unattributed peaks. rEffiere only
the peak of Tagfcould be used for quantification. Fig. 2D (consample) shows that some unspecific
adsorption of Tagicannot be avoided. We checked that free Tagl Tagklinked to TPD clip (1) (clip-

Tagk) have the same chemical shift in CR@ig. S3, supplementary data). Consequently, faftigg rates
measurements, we have to consider that the intefitaé Tagk peak also contains a contribution from unbound
products. To assess this contribution we used twtrol samples referred to as "non-irradiated"NM&O-PEG-
yne that suffers all the protocol except the UNadiiation (Fig. 2D), and "blank" for MeO-PEG-yne siitied to
the protocol in the absence of clip (1). These dasnpllowed us to estimate the rates due to engapor
physisorption of Tagfand of side-products arising from unbound clipgpted with Tagk(Fig. S4,
supplementary data), which chemical shift couldnotuded in the Cfpeak. Hence the real amount of
covalently bound Tagfcan be deduced from the subtraction of the valukeonon irradiated sample to the
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fully treated one. From the results'8F gqNMR presented in Fig. 4 we obtain a "correctedant" of 62 pmol

of Tagk per gram of MeO-PEG-yne, which corresponds tduhetionalization of 95% of the clip initially
introduced. SEC (size exclusion chromatographylyaisaof MeO-PEG-yne-clip-TagHRFig. 5) shows the same
profile and the same polydispersity compared tovadfleO-PEG-yne, proving that there is neither ohai
cleavage nor cross-linking reaction during the pbifting protocol.

Table 1 Main characteristics of fluorine compounds.
TFE TFA BTF CFC-11 Tagk RGDp

Bp (°C) 77-80 72 102 23.7 Solid Solid
é (ppm),m*  -76.9,<-75.6,< -62.7,s 0O,s -62.9,bs -62.7,s
T1 (s} 3.157 2.186 2.7 2.565 2.029 1.086
319 NMR chemical shift and multiplicity in CDgI

® Ref. [8].

1% NMR in D,O (limited solubility of free RGDp in CDG).

Table 2 %F gNMR in CDCJ main parameters.
gNMR Parameters

Pulse angle 30°
Acquisition time (AQ) 0.29s
Recycling time (D1) 20s
Number of scans (NS) 200
Measurement temperature (TE) 25°C
Sweep width (SW) 402.8 ppm
Number of points (SI) 65,536
Line broadening (LB) 5 Hz

Table 3 *°F gNMR in CDCJ validation of the method.
Validation parameters from the calibration curve:Tagk = a X Nragec + b

a 5.67 + 0.182 umdal
b 0.083 £ 0.182
R 0.98
LOQmin 0.153 pmol
LOQmax 0.760 umol
Recovery 105%

Fig. 4. *F gqNMR Tagk grafting rates on MeO-PEG-yne-clip-Tagith initial TPD clip (1) concentration of
65 pumol/g.
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Fig. 5. SEC chromatogram of MeO-PEG-yne (dashed line)Me@®-PEG-yne-clip-Tagf{plain line).
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2.2.3. Application to the coupling of a targetinggnd

The methodology presented in this paper (clip ptiwdistry and gqNMR) was developed for the conjuati

and quantification of RGD peptidomimetics (RGDp}@REG building blocks (as depicted in Schemert). |

that purpose Tagfwvas used as a model of these more valuable moteaunktkenabled us to develop a robust
procedure that guarantee the covalent fixatiomadlsmolecules. The RGDp developed in our labosator

[20,21] have oligoethylene glycol arms ended witlrisnary amine that is suited to react with NHS=estIn

term of°F NMR they have a GRag with chemical shift comparable to the onethefTagk, but with a lower

T1 (Table 1) meaning that it could be quantifiechgghe same gNMR sequence. RGDp are good ligand$of
integrins which are membrane cells receptors ugezhbcer cells and endothelial cells during angieges.
Indeeda, 35 integrins are over expressed by angiogenic blasdels and by cancer cells whereas poorly present
in normal tissues. Thus they are an appealing téogdirect DDS aimed at cancer therapies [2].

The protocol developed with TagWwas easily adapted to the RGDp changing only taghing steps. Starting
with the same amount of 65 pumol of TPD clip (1) geam of MeO-PEG-yne, we first irradiated the migtto
graft NHS esters that were secondly incubatedsolation of RGDp (Fig. S5, supplementary data)eAft
washings to eliminate the unfixed RGDp, we obtajigd’F gNMR, an amount of 59 pmol of RGDp per gram
of MeO-PEG-yne which corresponds to the functiaraion of 89% of the TPD clid] initially introduced

(Fig. S6, supplementary data). This result is caagle to the one obtained with Tagke. 95% of
functionalization).

3. Conclusion

In conclusion, we have developed a versatile metlogy, usable by non-specialists, for the elaboratif
orthogonally functionalized PEG building blocks ahdir characterization by gNMR, a non-destructive
technique. We are able to attach dedicated molsauleanm-alkynyl-PEG without damaging the triple bond
which can further be involved in click chemistry fbe preparation of smart materials [24]. The afsa non
expensive commercial source of PEG and straightovehemistry (clip irradiation, click chemistrglgmbined
with a routinely available spectroscopic instrum@nbvide a practical way to produce PEGs for bidice!
applications.

4. Experimental
4.1. Materials

Solvents were of analytical grade and obtained fAddnich-Fluka, Acros or Rocc. Reagents were déetilor
recrystallized before used. Trifluoroethanol (TEEY6+ (GC), 3,5-bis-(trifluoromethyl)benzylamine ¢80
Techn) andi-methoxye-hydroxypoly(ethylene glycol) (1000 g/mol) were pased from Aldrich. Phosphate
buffer (PB, 0.1 M, pH 8) was prepared from,NRQ, (16.86 g, 94.72 mmol) and NaPiO, (0.826 g, 5.98

mmol) in Milli-GQ water (1 L). Dialysis membrane ECMWCO 500 Da, 31 mm) was obtained from
Spectra/Por*H (299.80 MHz) and®F (282.09 MHz) NMR spectra were recorded on a Brékeance ||
spectrometer. Spectra were obtained in GDGJO or CD;0OD at room temperature. Chemical shiftare
reported in ppm and are calibrated on the sohigngsat 7.26, 4.79, 3.31 ppm for CRCD,0 or CD;0D,
respectively. Coupling constaritgre given in Hz. Relaxation tim@&& were measured using a BBFO probe on
a Bruker Avance |l operating at 282.09 MHz f&. UV spectra were recorded on a UV-vis-NIR Varary
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spectrophotometer. Size exclusion chromatograpBgZjSvas performed at 45 °C with a refractive index
detector and UV-visible detector and two polystgrgel columns (columns HP PL gel 5 um, porosity, 103,
104, and 105 A, Polymer Laboratories) that weréeelly THF at a flow rate of 1 mL/min. The colunwere
calibrated with polystyrene standards (Polymer lratories). The RGD peptidomimetic was synthesipeolur
laboratory following a protocol published elsewhg@,21]. The preparation of O-succinimidyl-4-(i-a2,2-
trifluoroethyl)benzoate (NHS-TPD-clip) is giventime supplementary data.

4.2. Preparation ofi-methoxye-alkyne-poly(ethylene glycol) (MeO-PEG-yne)

3 g ofa-methoxye-hydroxyl-poly(ethylene glycol) (1000 g/ mol) wedeied by repeated azeotropic distillation
of toluene (three times). 147 mg of 4-pentynoiddti498 mmol), 18 mg of N,N-dimethyl aminopyridine
(DMAP) (0.147 mmol), 309 mg of dicyclohexy! carbodide (DCC) (1.497 mmol) and 35 mL of dry gEl,
were added. The solution was stirred at room teatpes for 36 h. The solvent was evaporated in vaitieo
solid residue was dissolved in THF, the solutidterfed to remove the dicyclohexylurea byproduct padred in
Et,O. After filtration, the solid was dried in vacubraom temperature to reach 74% (yield 80%) of atky
functionalization fromtH NMR.

'H NMR (300 MHz, CDCJ): § 1.95 n, 2H, C=CH), 2.50 (n, 4H, CH2-G=C), 2.60 (n, 2H, CH2-C(=0)), 3.35
(s, 3H, O-(CH3)), 3.85rfi, 4H, 2CH2-0), 4.25t( 2H, CH2-0-C(=0))

4.3. Standard protocol for the preparation of agggted PEG (MeO-PEG-yne-clip-Tagér RGDp)

PEG was solubilized in GJ&N (20 mL/g) with the desired amount of the molecdlPD clip (1) (65 pmol/g of
polymer) and the solution was cast on clean glege$ After solvent evaporation, the samples wleier under
vacuum, removed from the plates as shavings aadiated (3 W x 8 W BLB lamps, 360 nm, placed at a
distance of 4.5 cm) in a home-made reactor (rajajurartz flask of 15 mL) under argon atmosphere& fomin.
The activated samples were incubated in a solatidhe desired compound (3,5-bis-trifluoromethyl-
benzylamine 10 mM or RGDp 5 mM) in 0.1 M phospHau&er (PB):CHCN (1:1,v/v) at pH 8.0 and shook for
24 h at 20 °C.

The samples treated with Tagkere dialyzed for 100-130 h against water, lydped, solubilized in CkCl,,
filtered on PTFE Acrodisc filters (0.2 um) and drigy azeotropic distillation of dry GEN. Several reference
samples were prepared to control the non speaiioption versus covalent grafting at each stepef
derivatization protocol. They are designed as n@tiated (standard protocol omitting the UV irdin) and
blank (standard protocol omitting the moleculapXli

The samples treated with RGDp were lyophilizedraeted with DCM and dried under vacuum. Then theyew
solubilized at room temperature in a minimum amaiileOH and precipitated in isopropy! ether at 220
twice, followed by another solubilization in a mimim amount of MeOH and precipitation at -20 °C &vithe
samples were dried by azeotropic distillation of 8H;CN before being submitted t&F qNMR.

4.4. Quantification by’F NMR {°F qNMR)

4.4.1. NMR sample preparation

Polymer samples were carefully weighted, solubdize600 pL of a 1 mM solution of trifluoroethar(@FE) in
CDCls, transferred in a 5 mm NMR tube and submittet’fagNMR experiment. Each preparation and
measurement was repeated at least three times.

4.4.2. F gNMR experiment

The'F NMR spectra were acquired in CR@L 25 °C using a Bruker Avance |l spectrometeratireg at
282.09 MHz for*F with inverse-gated waltz-16 1H-decoupling. Thpaerimental settings were as follows: 30°
pulse width, 3.6 ps; sweep width 402.8 ppm; actjaistime of 0.29 s; 200 scans, delay between sob88 s
in CDCX; zero filling to 65,536 final points; line broadegi(LB) 5 Hz.

4.4.3. Measurement of grafted Tagfnounts by*F qNMR

Processing and spectra handling were performed tisenTOPSPIN 1.3 program suite (Bruker Biospin Gimb
Rheinsteten, Germany). Spectra were referencdtetsignal of the internal standard (i.e. TFE) &t8% ppm.
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Phasing was done manually, baselines were fitteérto with a fifth order polynomial correction atghm and
integrations around the signal regions were asviolfrom -62 to -64 ppm for Tagknd from -76.6 to -77.2
ppm for TFE.

Grafting rates of Tagfwere calculated with Eq. (1):

(1)

" [ fragrs V x Cqq Int TagFs x NFgq
Tagfs = |7°F x m * | Intstd x nF
std TagFg

wherenrqgrsis the amount of molecular probe TagiFumol/g of sample;+fqrsand fiq are the purity factors of
TFE internal standard and TagFespectivelyV is the volume of solvent in the NMR tube in nilyyis the
concentration of the TFE internal standard in pmbland m the mass of the analyzed sample in gtthand
Int Tagk are the integral values of TFE internal standad Bagk, respectivelynFsq andnFragesare the
number of fluorine atoms of the TFE internal staddand Tagk; respectively.

4.4.4. Measurement of spin lattice relaxation 8niEl)

After calibration of the 90° pulse, a series of exments with varying relaxation times of 0.05,,@122,0.3,
0.5,0.7,0.9,1.5,2 and 3 s were set up using thkeBrlilir" pulse sequence for each compound whdseeeded
to be determined. These different relaxation timmese measured scrambled. Each spectrum was ruraover
sweep width of 402 ppm, with 8 scans (plus 4 dunsoans) and a delay of 30 s between scans. Prog€k&in
= 2 Hz) and analysis of the data were performatiénT OPSPIN 1.3 program suite (Bruker).

Determination off1 was done on free, in solution, probes and ligamtse it was not possible when conjugated
to PEG due to broadening of the fluorine peaksesponding to the GRags. Nevertheless it can be expected
thatT1 of conjugated molecules would be lower than the bnes.

4.4.5. Validation parameters

A calibration curve was obtained by plotting theegrations calculated with tH&F gNMR method for various
amounts of Tagfmixed with a constant quantity of internal standard fixed volume of CDGl Each point
was the mean of at least three independent prémasal he slope a (Eg. (2)) and other statistieahmeters
such as the correlation coefficie) and the standard error were calculated with reterérstatistical
methodologies based on the least-squares linesrssgn analysis using Microsoft Excel DROITEREG
function.

Int TagFg = a X Nyaep, + b (2)

The accuracy of the measured values to the weighes is expressed in term of recovery percentddRy
Results are expressed as the mean of three indemtemeéasures + the standard deviation (SD). Thiédim
guantification (LOQ) at a signal to noise ratioNBb6f 10 was calculated with Eq. (3).

LOQ = b + 10 x (standard error) (3)
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