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MATERIALSAND METHODS

Materials. All reagents and materials were of the highest censrally available grade and
were used without further purification, unless otfise mentioned. 2-(6-chloroHt
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium héxaro-phosphate (HCTU), Rink Amide
AM resin (0.71 mmol/g) and Fmoc-Trp(Boc)-OH wereaghased from IRIS Biotech GmbH.
Boc-Cystamine-Suc-OH was obtained from IRIS Bioté&mbH and converted to Fmoc-
Cystamine-Suc-OH amino acid as previously descrtb@ther amino acids were ordered
from Novabiochem. Dimethylformamide (DMF) was puashd from J.T. Baker,
diisopropylethylamine (DIPEA) from VWR, dichloronfeine (DCM) and ethanol (96 %) F15
from Brenntag Schweizerhall AG, and acetonitrile&C{4) from Fisher Scientific. Opti-MEM,
DMEM, fetal bovine serum, and penn/strep were olg@ifrom Gibco. CellTiter 96 AQueous
One Solution Cell Proliferation Assay (MTS) was ghased from Promega. Heparin sodium
salt from porcine intestinal mucosa (15 kDa, 1984y was purchased from Merck KGaA
(Darmstadt, Germany), Aminopropyl-terminated poiy{ethylsiloxane) (PDMS(Nb).) was

obtained from ABCR GmbH (Karlsruhe, Germany). Alther chemicals and reagents were
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ordered from Sigma-Aldrich. Free amines in DMF welieninated by aluminum oxide prior
to usage. Dialysis was performed in dialysis tubifrpm Spectrum Laboratories (Spectrum
Laboratories Inc., cellulose ester, MWCO 0.5-1 kip&8.5-5 kDa). Water was obtained from
a Milli-Q Direct 8 water purification system (MerdkKillipore).

Heparin-PDM S synthesis. Heparin-PDMS block copolymer was synthesized g®rted
previously? Briefly, heparin sodium salt was converted toaletitylammonium salt using a
Dowex Marathon MSC column (Sigma-Aldrich, 428787¢utralizing to pH 7 with
tetrabutylammonium hydroxide solution (Sigma-Althic86863). The product was purified
via dialysis against water for at least 48 h (SpectLaboratories Inc., CA, USA, MWCO
3.5-5 kDa) and dried. Heparin tetrabutylammoniathwas reacted with PDMS(Nb4 for 7

days, then precipitated in diethyl ether, washedifipd and dried.

Peptide synthesis. Peptides were synthesized as described previd®sigfly, peptides were
synthesized by solid phase peptide synthesis wsifyro | peptide synthesizer (MultiSyn
Tech GmbH, Witten, Germany) using standard fluolmeyhoxycarbonyl (Fmoc) chemistry
and HCTU coupling protocols. After synthesis, teeim was isolated and washed alternating
with  DMF, methanol, and dichloromethane. Cleavaganf the resin and removal of
protective groups was performed for 2 h in 10 meaghge cocktail containing 85%
trifluoroacetic acid (TFA), 2.5% triisopropylsilan2.5% ethanedithiol, 5% thioanisole and
5% HO followed by filtration and precipitation in 40 ndold diethyl ether. The pellet was
subsequently solubilized and lyophilized. Purificatwas performed on a high-performance
liquid chromatography (HPLC) instrument from Shirmadusing a C18 reverse phase (RP)
column (Merck Chromolith, RP-18e, 100 mm x 10 mmd 400 mm X 4.6 mm) with mobile
phases of water and acetonitrile containing 0.1% While monitoring at 280 nm. Correct
mass was confirmed by liquid chromatography elecspray ionization mass spectrometry

(LC-ESI-MS) performed on an amazon X MS from Brui@&ermany).



Gadolinium-complex and nanoparticle formation and characterization. HepPDMS was
dissolved in 50% ethanol and filtered (0.45 pumphdain a 17 mg/mL clear solution. After
dilution to 4.25 mg/mL and pH adjustment to pH 7ngsdiluted NaOH, the solution was
dialyzed against water for 16 h, renewing exchauadeent twice, using prewashed 0.5-1 kDa
MWCO dialysis tubes. HepPDMS-Gd nanoparticles wkmened by adding gadolinium
chloride hexahydrate stock solution (27 mM) drogwisder stirring to above described
hepPDMS stock solution (17 mg/mL). The pH was rest#jd to 7 when necessary, diluted to
4.25 mg/mL HepPDMS and to a final gadolinium coriaion of 2.4 mM, then dialyzed to
water as described above. For production of codsisesthe peptides were first dissolved in
50% ethanol to obtain 1 mg/mL stock solutions dmhtfiltered through 0.2 pm hydrophilic
syringe filters. HepPDMS-Gd stock solutions (8.§/mL) were mixed 1:1 with peptide
stock solution and subsequently dialyzed as destrdbove.After sample removal from
dialysis tubing, the hydrodynamic diameter was mess from diluted samples in water
(2:20 v:v) by dynamic light scattering (DLS), zgtatential was measured at 1:100 (v/v)
dilution in water. DLS and zeta-potential data wel#ained from a Zeta Sizer Nano ZSP
(Malvern Instruments Ltd., UK) operating at a fixadgle ofé = 173 with a laser beam
wavelength of 633 nm at room temperature. Transamsgectron microscope (TEM) images
were recorded using a Philips CM100 transmissi@ttedn microscope operating at an
acceleration voltage of 80 kV. Samples were incedbdor 2 min on hydrophilized, carbon
coated, parlodion-(2% in n-butyl acetate) coppadsyrwhen necessary the grids were
negatively stained for 10 s with a 2% uranyl aeetatiution. Size data was obtained using the
imageJ64 program (n > 100). For energy dispersivayXspectroscopy (EDX) analysis an
FEI Nova NanoSEM was used operating at 10 kV. Saswkre prepared on glass coverslips

and sputter-coated with silver.



Cell culture. HeLa cells were maintained at 37 °C in a 5%,C{Od were grown in
Dulbecco's modified eagle medium (DMEM) with 10%afebovine serum (FBS), 100

units/mL penicillin and 100 pg/mL streptomycin.

Cell viability assay. Cytotoxicity testing was performed using the PrgmeCellTiter 96
AQueous Non-Radioactive Cell Proliferation (MTS§ag determining the number of viable
cells in culture. 2x1PHeLa cells were seeded in triplicates in a 96-pwigte 24 h prior to the
experiment. 10 puL of peptide HepPDMS-Gd NPs werdeddto the cells to give final
concentrations between 0.05-1 mM Gd and incubaie@4 h at 37°C with 5% COMTS
solution (20 uL/well) was added to the cells and incubated fdr. Zell viability was
calculated by measuring the absorbance at 490 ring w@s SpectraMax M5(Molecular
Device) spectrometer, and data was normalized whenemum viability was media and

MTS assay alone and maximum viability was cellsibated with 10 pL equivalents of water.

Cellular uptake. Hela cells (5x18cells per well) were seeded in triplicates intaZawell
chamber 24 h prior to the experiment. The celluweltmedia was replaced with Opti-MEM
(150 pL) followed by addition of 20 uL peptide HEpPRS-Gd nanoparticles. After 4 h
incubation, the cell culture medium was removed aeglaced with serum-containing
medium (500 pL). The cells were then incubatedaioother 20 h. Cells were washed with
opti-MEM, trypsinized, transferred to Falcon tulsesd digested in 65% HNObver night.
Subsequently, the gadolinium-content was determingidg inductively coupled plasma

optical emission spectroscopy (ICP-OES).

ICP-OES. All gadolinium contents were determined by ICP-OE3uantification of

gadolinium was carried out on a Ciros Vision inawally coupled plasma optical emission
spectroscopy from Spektro (Kleve, Germany) in ariaide. Gadolinium stock solutions of
known metal content were measured prior to samglasorements to plot calibration curves.

All samples were digested by 65% Hpj@ernight and diluted to 2% HNrior to analysis.
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Anticoagulation activity. The anticoagulation activity was determined by eplBien Heparin

(LRT) kit using a STA-R analyzer from Stago and dsorbance was measured at 405 nm.

Farndale microassay. Accessible heparin was determined by Farndale m$s@y as
described previousl.* Briefly, 250 pl 1,9-dimethylmethylene blue (DMMBJock solution
was mixed with 50 pl heparin standards (2.5-20 Wy/r@amples were diluted to the range
of the calibration curve using phosphate bufferaithe (PBS). Absorption was measured at

525 nm and the heparin levels of samples were leaxliusing a standard dilution curve.

Xylenol orange assay. Free gadolinium levels were analyzed by xylenange assay
according to a published proceddrBriefly, xylenol orange tetrasodium salt was diitin

10 mM HEPES buffer pH 6 to obtain a 12 pg/mL steckution. Samples were diluted to the
linear range and 10 pL aliquots were mixed with u@Oxylenol orange stock solution. For
stability tests samples where maintained in optiMiatth FBS, after 7 days 10 pL sample
was added to 100 pL stock solution in triplicated eneasured absorption at 433 nm and 473
nm. Gadolinium-ion concentration was calculatechgish calibration curve of the ratio of

absorption at 573 nm and 433 nm plotted againstlgadm-concentration.

Electron Paramagnetic Resonance Spectroscopy. Electron paramagnetic resonance (EPR)
spectra were recorded with a Bruker ElexSys500 xdb@&W spectrometer, to which the
superQ wave-guide resonance cavity (ER4122 SHQE-W&E) attached. Microwave power
was adjusted at levels below the saturation camditwith values 2.0-6.0 mW. The
modulation frequency was 100 kHz ahé todulation amplitude was 0.9 mT; other spectral
parameters were adjusted for each spectrum indilhdu80 spectra were acquired to
optimize the signal-to-noise ratio, and®-8rder polynomial averaging was used for
subsequent noise reduction. Gd samples (pH adjustgdwith NaOH) were measured at
room temperature. Lorentzian line shapes were dersil with the line-width adjusted for
each spectrum. The peak-to-peak line widthlf, ) was measured from the spectrum using
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the WINEPR software. The transverse electronicxegian rates, 1/7. were calculated using

eq.1°

1 gu.3

T = Bh AH (1)
2e

Wherepg is the Bohr magneton, and h the Plank constant.

Magnetic resonance imaging (MRI). Samples were measured in 1.5 mL centrifuge vials in
denoted concentrations. For imaging a 3T cliniaahbn MRI scanner (Magnetom Prisma,
Siemens Healthcare, Erlangen, Germany) was usesl.TThelaxation times were measured
using an inversion-recovery-prepared spin echo esezpi with the following acquisition
parameters: voxel size 1.2x1.2x5 MMR/TE 6000/12 ms. The scan was repeated at \&riou
inversion times (TI): 50 ms, 100 ms, 200 ms, 500 ™€ ms, 1000 ms, and 2000 ms. The T
relaxation times of the samples were measured wsimylti-echo spin echo sequence with
the following acquisition parameters: voxel siz&€xlL.2x5 mm, TR 3000 ms. 32 echoes

were acquired with a 13.2 ms echo spacing (filsbe&3.2 ms, last echo: 422.4 ms).



Supplementary figures and tables
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Figure S1. DLS of hepPDMS-Gd-NPs, p-hepPDMS-Gd-NPs (-DTHd @-hepPDMS-Gd-

NPs (+DTT).
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Figure S2. (A) FTIR spectra of hepPDMS-NPs and hepPDMS-Gd-NFey dashed lines
are the PDMS absorptions that remain unchangedesepce of Gd, excluding interaction
between PDMS and Gd; grey regions indicate the lgadm interaction to the heparin block.
(B) Surface accessible heparin as measured by &arndcroassay. Data represent average +
SD (n=3).
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Figure S3. (A) DLS and TEM (B) of coassemblies formed usinm@/mL H3SSgT peptide,
scale bar: 200 nm. At this concentration of peptldeger size aggregates are formed along
with the co-assemblies, thus a concentration of @&ml was used for all other
characterization.



Figure $4. EDX-spectra of Gd-DOTA (A), hepPDMS-Gd NPs (B)danhepPDMS-Gd-NPs
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Figure S5. MTS viability assay of HepPDMS-Gd-NPs and p-hepPF®&d-NPs compared to
commercial contrast agent Gd-DOTA (A). Cell uptatEé hepPDMS-Gd-NPs and p-
HepPDMS-Gd-NPs (B). Data represent average + SB)((); average + 10% deviation by
ICP-OES (B).
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Figure S6. Free Gadolinium before and after incubation fan@nths at room temperature
(A). Size distribution after incubation for 7 mosat{B).
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Table S1. Longitudinal () and transverse {Y water protons relaxation times at various CA

concentrations.
Gd- T1 (ms) T (ms) R(MM7sY | rn(mM7s?h
concentration
(mM)
Gd-DOTA 0.986 213 204
0.591 334 341
+ +
0296 632 680 45+0.1 4.90 +0.03
0.099 1360 1870
hepPDMS-Gd-NPs 0.930 20.2 6.79
0.558 31.9 14.9
+ +
0279 508 305 51.7+1.2 162.6 £ 17.9
0.093 164 94.9
p-hepPDMS-Gd-NPs (-DTT 1.057 20.5 9.18
0.634 31.6 17.0
+ +
0317 579 336 442 +1.5 103.5+5.0
0.106 154 98.5
p-hepPDMS-Gd-NPs (+DTT| 1.057 16.7 8.73
0.634 25.9 15.2
+ +
0317 186 307 544+15 108.4 + 2.5
0.106 124 86.8

Table S2. EPR parameters and transverse electronic relaxatiees for Gd-DOTA and the

Gd-NPs.
g AH, [G] T2e [NS]
Gd-DOTA 1.980 96 0.77
hepPDMS-Gd-NPs 2.003 430 0.15
p-hepPDMS-Gd-NPs 2.013 390 0.17
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Comparison of ry relaxivitieswith literature

In literature, the relaxivity of experimental caat agents (CASs) is determined at different
magnetic fields, depending on the purpose of thdysand/or the equipment available to the

researcher. As the relaxivity is field dependeng¢ tomparison between studies is rendered
difficult, and we, herein, restrict ourselves tomgarison with systems characterized in

similar conditions.

At a magnetic field of 3 Tesla (corresponding foraton Larmor frequency of 128MHz), the
per Gd ion 1 relaxivity of our system is in the range of 44#68M™s™. At the same magnetic
field, clinically applied Gd-based CAs haverelaxivities ranging from 2.8 mN&* for
Prohance® to 4.0 mN&™ for Multihance®’

Lowering the tumbling rate of Gd-complexes throdgh example the formation of bulky
assemblies is known to increase the relaxivityhefsystem. Examples of macromolecular Gd
complexes and assemblies investigated at 3T incthée experimental Gadomer 17, a
polylysine dendrimer with 24 Gd-DOTA complexes mayan i relaxivity of 13.0 mM's™.’
Other examples include Gd-polydisulfide copolymef6.8 mM'sY)® Gd-chelate
functionalized copper sulfide NPs (8.65 ni#h)°, colloidal structures obtained from
miniemulsion polymerization of Gd-based metalloaaténts (11.1 mMs?)™, various silica
NPs entrapping or functionalized with Gd complexX@8-39.3 mM'sH)*, copolymers
containing Gd chelates (4.5-12.6 nist)'?, and other dendrimers conjugated to Gd
complexes (12-29 mNsY) .1

Although some systems with similar or higher relitiés have been reportéti* to the best
of our knowledge they were all measured at lowegmeétic fields thus preventing direct
comparison. Indeed, the relaxivity depends on tlagmatic field in a nonlinear manner as
illustrated by the covalent attachment of Gd clesldb thiolinated DNA decorating gold
nanoparticles or nanostars, where relaxivities 461and 54.7 mMs* measured at 1.41T
(60MHz) drop significantly to, respectively, 5.8068.4 mM's™* at 7T (300MHz)"3
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Figure 2 discussion :

A T; weighted MR image, recorded on a human clinicaMH1 scanner, of a) Gd-DOTA, b)
hepPDMS-Gd-NPs, c¢) p-hepPDMS-Gd-NPs (-DTT), andodhepPDMS-Gd-NPs (+DTT)
with the concentration of each sample, given intev{values available in table S1). A
decrease in longitudinal relaxation time Y ©f water protons is observable with increase of
Gd** concentration for each sample. Comparison of a) landndicates a much shorter
relaxation time for the solution containing hepPDKXa8-NPs than for the solution containing
Gd-DOTA at similar concentrations. The peptide aonihg nanoparticles (c) also exhibit a
much smaller T compared to Gd-DOTA. The measuredig very similar for the particles
with and without peptide, yet the concentratiortr@ latter is smaller. Comparison of c¢) and
d) shows a clear decrease iniit presence of DTT, which is in agreement with ¢leavage
of the reduction sensitive bond in the peptide.

B EPR spectra of a) Gd-DOTA, b) hepPDMS-Gd-NPs, ¢)epPDMS-Gd-NPs (-DTT)
recorded at room temperature. The characteristactprs (table S2) are all around 2.00
within experimental error, with no additional linashigher or lower g-values. Compared to
Gd-DOTA (a), the spectra of Gd-containing NPs hawey broad lines, resulting in
significantly different transverse electronic redéimn times, J. (table S2). The significant
difference between the transverse electron spaxatbn time corresponding to Gd-DOTA
and those of Gd-NPs can be explained by intramt@edipole-dipole interactions between
close Gd' ions within one NP, a distribution of multiple paragnetic sites with different
geometries within the particle and a slower rotalaorrelation time due to the difference in
their size. Our results are in agreement with mnesireports indicating that the increased
proton relaxivity was associated with the formatodmigid micelle-like structures in aqueous
solution® Theslight difference in the transverse electron spgilaxation rate between Hep-
PDMS-NP and Hep-PDMS-pept-NP indicate an effedthef peptide coating, as it has been
intended in order to prevent taccessibility in other conditions than inside ell

C Plot of the longitudinal relaxation rate (1jTas a function of G concentration for p-
hepPDMS-Gd (+DTT) (squares), p-hepPDMS-Gd (-DTTreles), and Gd-DOTA (triangles)
(values in table S1). The slope of the obtainedvesuris the relaxivity & Gd-DOTA
(triangles) has a low relaxivity of 4.5+0.1 mst*. For p-hepPDMS-Gd-NPs (circles), the
longitudinal relaxivity is 44.2+1.5 mMs™ and increases to 54.4+1.5 st upon treatment
with DTT (squares), resulting in a relaxivity mdhan an order of magnitude higher than Gd-
DOTA.

D Same tharC for the transverse relaxation rate (Q/TThe trend is similar to the one
observed for T.
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