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Biofunctionalization of Metal-Organic Framework
Nanoparticles via Combined Nitroxide-Mediated
Polymerization and Nitroxide Exchange Reaction

llona Wagner, Simon Spiegel, Julian Briickel, Matthias Schwotzer, Alexander Welle,
Martina H. Stenzel, Stefan Brise, Salma Begum,* and Manuel Tsotsalas*

Surface engineering of metal-organic framework nanoparticles (MOF NPs),
and enabling their post-synthetic modulation that facilitates the formation of
bio-interfaces has tremendous potential for diverse applications including
therapeutics, imaging, biosensing, and drug-delivery systems. Despite the
progress in MOF NPs synthesis, colloidal stability and homogeneous
dispersity—a desirable property for biotechnological applications, stands as a
critical obstacle and remains a challenging task. In this report, dynamic
surfaces modification of MOF NPs with polyethylene glycol (PEG) polymer is
described using grafting-from PEGylation by employing nitroxide-mediated
polymerization (NMP) and inserting arginylglycylaspartic acid (RGD) peptides
on the surface via a nitroxide exchange reaction (NER). The dynamic
modification strategy enables tailoring PEG-grafted MOF NPs of the type
UiO-66-NH, with improved colloidal stability, and high dispersity, while the
morphology and lattice crystallinity are strictly preserved. The interaction of
PEG-grafted MOF NPs with human serum albumin (HSA) protein under
physiological conditions is studied. The PEG-grafted colloidal MOF NPs
adsorb less HSA protein than the uncoated ones. Therefore, the described
approach increases the scope of bio-relevant applications of colloidal MOF
NPs by reducing nonspecific interactions using NMP based PEGylation, while
preserving the possibility to introduce targeting moieties via NER for

specific interactions.

functionalization of MOF NPs with polymers of bio-relevance,

1. Introduction

Nanoparticles of metal-organic frame-
works (MOF NPs) are an emerging class
of porous modular materials, feature
well-defined crystalline structure, intrinsic
porosity with narrow pore size distri-
bution and amenable to post-synthetic
modification (PSM) for grafting specific
functionalities and desired properties.!®]
MOF NPs have been investigated for
many bio-relevant applications including
therapeutics, imaging, biosensing, and
drug-delivery systems.””] In many of the
before mentioned applications, surface
chemistry modulation of MOF NPs has
been of fundamental relevance and a
crucial factor in interactions with the sur-
rounding media.l'%"] For tailoring novel
MOF NPs, various strategies including
post-synthetic modification of the MOF
NPs via coordinative functionalization at
the metal/cluster nodes and covalent modi-
fication within the molecular skeleton have
been demonstrated.'"!?] For instance, col-
loidal crystal engineering of MOF NPs with

oligonucleotides,!’*! coordinative surface
(14]

and surface-selective covalent attachment of polymers to MOF
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NPs have been accomplished.['>!¢] Other elegant strategies for
grafting polymers to develop functional MOF NPs have been re-
ported for applications in (bio)technologies.!'”! However, despite
the progress in MOF NPs synthesis, colloidal stability and homo-
geneous dispersity stands as a critical obstacle that offer the op-
portunity for certain improvements to avoid aggregation of MOF
NPs suspensions.['#19) In this vein, introducing a rather different
approach, we have established dynamic surface modification of
MOF NPs employing post-synthetic nitroxide-mediated polymer-
ization (NMP) via alkoxyamine functional groups.!?! In this re-
port, we demonstrate external surface modification of MOF NPs
of the type UiO-66-NH, with dynamic alkoxyamines that serve
as initiators to grow polymers via post-synthetic NMP approach
using a PEO-methyl-p-vinylbenzyl-ether (SPEGA) as monomer.
Literature known procedures for grafting from- the MOF surface
often feature atom transfer radical polymerization and hdropho-
bic polymers, such as poly(methyl methacrylat) (PMMA).[?!] By
employing both NMP and nitroxide exchange reaction (NER) fur-
nish polyethylene glycol (PEG)-grafted MOF NPs with improved
colloidal stability, enhanced coagulation time in aqua media, and
high dispersity, while preserving the possibility of polymer chain
end functionalization with proteins and other biomolecules. We
have demonstrated that the PEG-grafted colloidal MOF NPs ad-
sorb less human serum albumin (HSA) protein than the un-
coated ones, thus, increase the scope of bio-relevant applications
of colloidal biomolecular MOF NPs.

2. Results and Discussion

2.1. MOF Nanopatrticle Surface Modification

Grafting synthetic polymers on the surfaces of MOFs is a versa-
tile approach and, in general, carried by two methods, namely
grafting from- and grafting to- reaction.[?] In the grafting from-
method, MOFs can be decorated with initiating sites on the sur-
face from where polymerization starts, while in the grafting to-
approach, the pre-synthesized polymer in bulk is grafted via an
anchoring functional group to- the surface. The pre-synthesized
polymers advantage is the polymer’s easier characterization in
advance, but it suffers from the low grafting density. In con-
trast, from- the surface synthesis strategy could be difficult in
characterization since most techniques require the cleavage and
isolation of the polymer from the surface. Nevertheless, the ad-
vantage of the grafting from- method is the high density of
polymer tailoring on the surface.l?2}] Alkoxyamines that con-
tain a thermo-labile C-ON bond combine the ability to dynam-
ically break, form, and reform covalent bonds with the possibil-
ity to initiate reversible-deactivation radical polymerization./?*%]
Alkoxyamines on thermal homolysis generate persistent nitrox-
ide radials that can be used for reversible nitroxide-exchange reac-
tions in the presence of an additional nitroxide radical species or
initiate a controlled polymerization of NMP process by monomer
addition. Being able to avoid additional mediators or the need
for catalyst removal and potential contamination by metals or
thiol-based components, favors the use of NMP applying grafting
from- method, especially for biological applications, as it is trig-
gered by temperature and needs no further purification.l?! The
reactivity of alkoxyamines and subsequent polymerization pro-
cess can be controlled precisely through the molecular design of
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the nitroxides.””] Employing this dynamic strategy, details and
sequence for our designed concept for surface modification of
MOF NPs via post-synthetic NMP is depicted in Figure 1.

Applying our previously reported surface modification proce-
dure for UiO-66-NH, using alkoxyamines,?”! we used polyethy-
lene glycol, more precisely PEO-methyl-p-vinylbenzyl-ether (re-
ferred here to as SPEGA) in NMP to graft PEG poly-
mer on the surfaces of the MOF NPs. Surface modifi-
cation of UiO-66-NH, with 2,2,6,6-Tetramethylpiperidinyloxyl
(TEMPO)-alkoxyamine (AA) was performed via amide bond
formation using (3-Dimethylamino-propyl)-ethyl-carbodiimide
hydrochloride/N-hydroxysulfosuccinimid (EDC/sulfo-NHS), fol-
lowed by controlled NMP free radical polymerization of SPEGA.
The SPEGA polymerization initiated from the pre-attached
alkoxyamine units on the UiO-66-NH,, the overall reaction
scheme is represented in Figure 2A. Successful attachment of the
alkoxyamine functions and successive surface PEGylation while
preserving the pristine MOF crystallinity intact, was confirmed
by Attenuated Total Reflection Infrared Spectroscopy (ATR-IR),
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
and Powder X-ray diffraction (PXRD) characterization methods
(Figure 2).

ATR-IR spectra of SPEGA polymer, pristine UiO-66-NH,, and
PEG functionalized UiO-66-NH-AA-SPEGA, are presented in
Figure 2B. The appearance of new bands in the case of UiO-
66-NH-AA-SPEGA in the area from 900 to 670 cm™', at 1100
and 2866 cm™!, are attributed to the characteristic bands of PEG
polymer. The band around 699 cm™! corresponds to the mono
substituted benzene vibrations from SPEGA, while the typical
0O=C-0-C and C-H stretching vibration from the PEG polymers
are observed at 1100 and 2866 cm™!, respectively. ATR-IR spec-
tra of UiO-66-NH-AA-SPEGA in comparison to the pristine UiO-
66-NH, and the reference SPEGA monomers, confirms the exis-
tence of PEG polymers, and thus demonstrate the successful in-
corporation of SPEGA monomers on the alkoxyamine function-
alized MOF NPs. ToF-SIMS data, normalized on the Zr-signal,
provides further evidence for the existence of PEG polymer on
SPEGA functionalized MOF NPs. PEG-related typical fragments
atm/z 31.02 (CH,0"), 43.02 (C,H,0"), and 59.05, (C;H,0") are
observed in PEG functionalized MOF NPs, whereas these sig-
nals are absent in pristine and alkoxyamine functionalized UiO-
66-NH,. Furthermore, PXRD patterns confirm the retention of
the crystalline phase of MOF NPs after the surface modifications
with AA and SPEGA. The pristine and modified UiO-66-NH,
samples show the characteristic PXRD pattern of UiO-66-NH,,
and all patterns well match to the simulated pattern (Figure 2D).

2.2. Dispersion Stability and Protein Adsorption

The scanning electron microscope (SEM) images of the pristine
(UiO-66-NH,) and the modified MOF NPs (UiO-66-NH-AA and
UiO-66-NH-AA-SPEGA) show octahedron crystals with the aver-
age crystal sizes of around 150 nm in diameter (Figure 3A). Mod-
ulating MOF NPs colloidal stability, homogeneous dispersity and
to avoid aggregation of MOF NPs suspensions has been a crucial
consideration. Reduced agglomeration tendency appears to be
associated with the polymer composition and the polarity of the
solvent media. During our previous investigations, we observed
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Figure 1. Schematic overview of the PEG grafting from the surface of UiO-66-NH, NPs via NMP. In the first surface modification (SM) step, 2,2,6,6-
Tetramethylpiperidinyloxyl (TEMPO)-alkoxyamine (AA) is attached to the pristine MOF NPs via amide bond formation. In the second step, AA serves as
initiator for the NMP reaction, where AA is dynamically exchanging with PEO-methyl-p-vinylbenzyl-ether (SPEGA). After polymerization the alkoxyamine

exchange function remains active.
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Figure 2. Overview of MOF NPs modifications. A) Reaction scheme of UiO-66-NH, successive surface modification with alkoxyamines and SPEGA, black
spheres represent [ZrgO, (OH),]'? *-cluster. Characterization of the pristine MOF UiO-66-NH,, (black), the alkoxyamine-modified MOF UiO-66-NH,
(green), SPEGA polymer (red), and SPEGA functionalized MOF UiO-66-NH-AA-SPEGA (blue) by B) ATR-IR; C) ToF-SIMS showing CH,0~, C,H;O0™and

C3H,07 signals normalized on the Zr-signal and D) PXRD.

a decreased agglomeration tendency of polystyrene(PS)-modified
MOF NPs in toluene.!” Similarly, the SPEGA-modified MOF
NPs in this study demonstrate a reduced agglomeration and
good dispersibility in ethanol (EtOH) and remain homoge-
neously distributed for days, while the pristine ones settle down
in hours (Figure 3B). The MOF NPs showed a different aggre-
gation tendency based on their surface modification (nonpolar

Macromol. Mater. Eng. 2023, 2300048 2300048 (3 of 8)

or polar polymer). While the PS-modified particles are more
stable in nonpolar solvents, like toluene, the SPEGA-modified
MOF NPs show less aggregation tendency in polar solvents, like
EtOH, as shown in Figure 3B. The PEG chains grafted to the
MOF NPs maintain a well-dispersed stable suspension of MOF
NPs in EtOH and prevent the particles from agglomeration.
Additionally, the dynamic light scattering (DLS) measurements
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Figure 3. Characterization of MOF NPs size distribution before and after the surface modification by A) SEM analysis B) Optical images of pristine
UiO-66-NH, (top) and SPEGA functionalized UiO-66-NH-AA-SPEGA NPs (bottom) suspended in EtOH: both samples are well dispersed at 0 min,
pristine MOF NPs are settling down over time while the SPEGA functionalized MOF NPs remain well suspended over 2 d. C) DLS size distribution
measurements in water and EtOH; UiO-66-NH, (black), UiO-66-NH-AA (green), and UiO-66-NH-AA-SPEGA (blue). D) HSA adsorption by pristine
UiO-66-NH, (black), and SPEGA-modified MOF NPs (blue) after 4 h incubation at 37 °C, assayed by BCA assay.

(Figure 3C) show a narrow particle size distribution for the
SPEGA-modified NPs. In water, the particle size was around
195 + 63.7 nm for the pristine MOF and 191 + 73.3 nm for
the SPEGA-modified MOF NPs. In EtOH, the SPEGA-modified
MOF NPs show lower particle sizes (163 nm + 55.0 nm) com-
pared to the pristine MOF NPs (177 + 54.5 nm). In comparison to
the SPEGA-modified MOF NPs, the alkoxyamine-modified MOF
NPs in water show a wide range of large particle size distribution
(two peaks around 761 + 359 nm and 236 + 66.6 nm).

We used PEGylation of UiO-66-NH, to modulate their colloidal
stability and homogeneous dispersity with features preventing
their recognition and clearance by the innate immune system,
a required trait for biomedical applications. Reducing the non-
specific protein adsorption on drug carrier systems is a valu-
able feature to enhance the blood circulation time and the effec-
tiveness of the drug nanocarriers. To gain insight on the influ-
ence of SPEGA functionalized MOF NPs on protein adsorption
under physiological conditions, human serum albumin (HSA),
the most abundant protein in human blood plasma, was cho-
sen for this study. Pristine and SPEGA functionalized MOF NPs
were incubated for 4 h at 37 °C in an ammonium acetate solu-
tion containing HSA. After centrifugation, the amounts of non-
adsorbed HSA in supernatants were quantified using a bicin-
choninic acid (BCA) titration assay. The amount of adsorbed
protein on pristine UiO-66-NH, NPs (329 ug mg' + 4.20) and
Ui0-66-NH-AA-SPEGA (211 ug mg’ + 4.90) modified NPs is
shown in Figure 3D. This demonstrate that the SPEGA-grafted
colloidal MOF NPs adsorb less HSA protein than the uncoated
ones, thus, increase the scope of bio-relevant applications of col-
loidal MOF NPs.
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2.3. Nitroxide End-Group Exchange - Post-fabricated RGD
Grafting on PEGylated MOF NPs

Nitroxide-exchange reaction (NER) is a favourable tool to modify
the polymerization chain via nitroxide end-group exchange.[2%°]
The nitroxide end-group on polymers enable further modifica-
tion of the MOF NPs and diverse functional moieties desired
for specific functions can be incorporated in a highly controlled
way. We have shown nitroxide exchange reaction of TEMPO with
the nitroxide (2-lambdal-oxidanyl-1,1,3,3-tetramethylisoindole,
known as TMII0).[203%] We evaluated this possibility by attaching
a tumor targeting RGD-sequence (Figure 4A) to the polymer via
a nitroxide-exchange reaction. RGD is an amino acid sequence
consisting of a Arg-Gly-Asp peptide first described in 1970.131
The exchange of the TEMPO group on the SPEGA-modified
MOF NPs with the RGD-nitroxide was confirmed by ToF-SIMS.

A clearly visible intense signal of TEMPO™ observed at m/z
156.14 before the NER in UiO-66-NH-AA-SPEGA, is significantly
reduce after the exchange reaction in the sample labeled as UiO-
66-NH-AA-SPEGA-RGD. Significant difference in the TEMPO*
signal was observed for UiO-66-NH-AA-SPEGA before and af-
ter the RGD grafting via NER, confirming the successful and
complete exchange of the TEMPO end-group with the RGD-
sequence. In addition, the representative fragments of the RGD
sequence, such as typical signals for arginine around m/z 43.03,
100.09, and 127.10 are observed (Figure 4B). Presence of arginine
signals and absence of the intact RGD signal (m/z 642.3) in UiO-
66-NH-AA-SPEGA-RGD NPs further confirms that the RGD-
sequence is successfully attached to the MOF NPs via a covalent
bond and rule out the presence of physiosorbed RGD molecules.
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Figure 4. Nitroxide exchange reaction (NER) of UiO-66-NH-AA-SPEGA with RGD-nitroxide A) scheme of the exchange process. B) ToF-SIMS showing
TEMPO+, intact RGD-nitroxide and arginine signals in pristine UiO-66-NH, (black), Alkoxyamine functionalized UiO-66-NH-AA (green), PEG function-
alized UiO-66-NH-AA-SPEGA before (blue) and after NER with RGD-nitroxide UiO-66-NH-AA-SPEGA-RGD (orange).

3. Conclusion

As the size and morphology of UiO-66-NH, MOF particles can
be precisely controlled, while modulating colloidal stability and
homogeneous dispersity has been a desirable property for bio-
relevant applications. In this vein, we developed a covalent mod-
ification strategy for controlled grafting polymers from the sur-
face of MOF NPs via nitroxide-mediated polymerization. This
strategy enables tailoring surface properties of MOF NPs with
improved colloidal stability, and high dispersity while preserving
crystallinity and particles size. In proof-of-concept study, we have
demonstrated that the PEG-grafted colloidal MOF NPs adsorb
less human serum albumin protein than the uncoated ones, thus,
increase the application scope of colloidal biomolecular MOF
NPs. Additionally, a broad range of biomolecules, proteins, anti-
bodies, and fluorescent moieties can be introduced in a precisely
controlled way via nitroxide exchange reaction of the nitroxide
end-group on polymer chains enabling further modification and
designable biointerfaces of the MOF NPs. Considering the labile
nature of the nitroxide-mediated process in polymerization, our
work demonsrates modulating colloidal biomolecular MOF NPs
employing NMP and NER approaches, that could bring new ca-
pabilities and opportunities to explore bio-relevant applications
of MOF NPs-Polymer composites.
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4. Experimental Section

Materials:  If not otherwise stated, materials were bought
from Sigma—Aldrich and used as received. The polymers were
purified by an alumina column to remove the inhibitor and
stored afterward under nitrogen atmosphere in the freezer.

Characterization Techniques:

Nuclear Magnetic Resonance (NMR):  'H and *C NMR spec-
train CDCI; were recorded on a Bruker Advanced 400 spectrome-
ter. Chemical shifts (6) were expressed in parts per million (ppm)
referenced to the NMR solvent residual peak.

X-ray Diffraction (XRD): Powder diffraction was measured
on a Bruker D8 Advance with Si strip detector (PSD Lynxeye) in
- geometry at a temperature of 298K. The data were fitted by a
measured Au-peak.

Dynamic Light Scattering (DLS): Particle dispersion was
measured by a Zetasizer Nano ZS device from Malvern Pan-
alytical. An EtOH and water particle suspension was used for
the tests.

Scanning Electron Microscopy (ESEM): An ESEM Quattro S
from ThermoScientific was used to determine the particle sizes.
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The particles were dispersed into EtOH, drop cast onto a gold
wafer and sputtered with a 1.5 nm gold layer using a Baltec MED-
020 high-vacuum coating system.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS):
ToF-SIMS was performed on a ToFSIMS5 instrument (IONTOF
GmbH, Miinster, Germany). The spectrometer is equipped with
a Bi cluster primary ion source and a reflectron type time-of-flight
analyzer. UHV base pressure during analysis was <3x 1078 mbar.
For high mass resolution, the Bi source was operated in bunched
mode providing short Bi} primary ion pulses at 25 keV energy,
a lateral resolution of approx. 4 um, a target current of 0.35 pA
at 10 kHz repetition rate, and 1.1 ns pulse length. Data acquisi-
tion was stopped at the quasi-static limit (2x10!! ions per cm?).
Charge compensation was performed by applying a 21 eV elec-
tron flood gun and tuning the reflectron accordingly. Mass scale
calibration was based on low Mw hydrocarbon signals together
with ZrO;, ZrO;H™ , or Zr* signals, respectively. The primary
ion beam was rastered across a 500x500 ym? field of view on the
sample, and 128x128 data points were recorded.

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR):
A BRUKER TENSOR 27 IR Spectrometer was used for the ATR-
IR measurements. The related used software was OPUS. The
powder was dried under reduced pressure, and a small amount
was placed on the ATR crystal for the measurement. All ATR-IR
measurements were compared to pure previously produced or
commercial products.

Absorbance Spectroscopy: Absorbance spectroscopy for the
Proteinadsorption measurement was performed on a TECAN
multimode microplate spectrometer from Spark at RT (298K).
Equipped with the SparkControl Software, the absorbance was
measured at 532 nm.

UiO-66-NH, Synthesis: The UiO-66-NH, particles were syn-
thesized according to a previously described procedure.[*?! ZrCl,
(0.240 g, 1.03 mmol) and 1.77 mL acetic acid were dissolved in
60 mL DMF by sonication for 5 min. 2-Aminotherephthalic acid
(BDC-NH,) (0.186 g, 1.03 mol) as linker was added in an equimo-
lar ratio with regard to ZrCl, and dissolved by another 5 min son-
ication. The reaction vial was then capped, placed in an oven at
120°C, and let react for 24 h. Afterward, the synthesized nanopar-
ticles were washed with DMF three times by centrifuging them
at 8000 rpm for 10 min. Additional data supporting the chemical
synthesis results is available via the Chemotion repository:
https://doi.org/10.14272 /reaction/SA-FUHFF-UHFFFADPSC-
YJAIWVDPLY-UHFFFADPSC-NUHFF-BUHFF-NUHFF-ZZZ.

TEMPO-Alkoxyamine Synthesis (4-(1-((2,2,6,6-
Tetramethylpiperidin-1-yl)oxy)ethyl) ~ Benzoic  Acid): TEMPO
(1 g, 6.4 mmol), 2-bromo-2-methyl propionic acid or 4-(1-
bromoethyl)benzoic acid (1.2 equiv.), Cu (1.2 equiv.), CuBr
(1.2 equiv.) and a stir bar were added into a three neck round
flask. The flask was sealed with a rubber septum and care-
fully degassed and refilled with N,. THF (30 mL) and Bis(2-
dimethylaminoethyl)methylamine (PMDETA) (2.4 equiv)
were dried separately using the freeze-pump-thaw method.
THF was added in the flask ,and the mixture was stirred for
10 min until the PMDETA was added. The resulting solution
was subsequently stirred at room temperature for 24 h. The
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Figure 5. The used monomer for the surface modification of UiO-66-NH,
nanoparticles: PEO-methyl-p-vinylbenzyl-ether (SPEGA).

reaction mixture was diluted with dichloromethane (DCM)
(100 mL) and then washed with 5 x 100 mL of an aqueous
disodium ethylenediamine-tetraacetate solution until the super-
natant was clear, to remove the catalyst. The organic layer was
dried over MgSO,, filtered, and evaporated. The alkoxyamines
were then purified by recrystallization in MeOH under room
temperature. The received product was a white/light yellow
powder.**] (yield: 3.00 g, 3.20 mmol, 51.0 %). 'H NMR (400
MHz, CDCl;): 6 (ppm) = 8.07 (d, ] = 8.05 Hz, 2H), 7.43 (d,
] = 8.0 Hz, 2H), 4.86 (q, ] = 6.94 Hz, 1H), 1.50 (d, ] = 6.48
Hz, 3H), 1.30-0.56 (m, 18H). *C NMR (CDCl,): 6 (ppm) =
171.77 (1C), 152.12 (1C), 130.18 (2C), 127.76 (1C), 126.59 (2C),
83.00 (1C), 59.80 (2C), 40.32 (1C), 34.19, 23.60 (2C), 20.36
(4C), 17.18 (1C). Additional data supporting the analysis of the
target compound is available via the Chemotion repository:
https://doi.org/10.14272 [reaction/SA-FUHFF-UHFFFADPSC-
IXIHDVSFIR-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ.

Post Modification of UiO-66-NH, with TEMPO-Alkoxyamine:
The MOF surface modification via an amide bond to the
amino group of UiO-66-NH, was carried according to the
reported literature procedure.’’) The UiO-66-NH, parti-
cles (30 mg) were washed three times with EtOH and
dispersed in 3 mL EtOH. Around 110 mg (0.577 mmol,
36 equiv) of N (3-Dimethylaminopropyl) N’ ethylcarbodi-
imide hydrochloride (EDC*HCI) and a catalytic amount of
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) was added.
TEMPO-alkoxyamine (30 mg) was added, and the reaction
was stirred overnight, washed three times with 5 mL EtOH,
and stored in EtOH. Additional data supporting the chemical
synthesis results is available via the Chemotion repository:
https://doi.org/10.14272 [reaction/SA-FUHFF-UHFFFADPSC-
ABCUGETYYU-UHFFFADPSC-NUHFF-NUHFF-NUHFF-
777.

Nitroxide-Mediated Polymerization on the MOF Surface: For
the polymer grafting experiments on the MOF (UiO-66-NH,) sur-
face, 30 mg of the TEMPO-alkoxyamine decorated MOF particles
were washed three times in 2 mL toluene and then dispersed in
toluene. To this suspension, SPEGA monomers (Figure 5), and
free TEMPO-alkoxyamine (30 mg) for an accelerated polymeriza-
tion were added.

The reaction mixture was freeze-pump thawed three times
until no further gas evolution occurs. Subsequently, the reaction
mixture was placed in a preheated oil bath and stirred at 130°C
for 24 h. Afterward, the mixture was cooled to room tempera-
ture to end the reaction and washed several times with 5 mL
THEF/EtOH (2:1) to remove the monomer and free polymer
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product from the solution. The polymer grafted MOF particles
were stored in EtOH and characterized according to XRD,
DLS, SEM, ToF-SIMS, and ATR-IR. Additional data supporting
the chemical synthesis results is available via the Chemo-
tion repository: https://doi.org/10.14272/reaction/SA-FUHFF-
UHFFFADPSC-UHTPHSRMIL-UHFFFADPSC-NUHFF-
NUHFF-NUHFF-ZZZ.

Protein Adsorption Test:  For the Protein adsorption test 300 ug
MOF nanoparticles were taken from stock and washed three
times with 1 mL of a solution of 77 mg mL~! ammonium acetate
(NH,CH,CO,) solution in water. Then the particles were redis-
persed in 1 mL of 100 ug mL~! human serum albumin (HSA)
solution in ammonium acetate. This procedure was conducted
for the pristine and polymer-coated particles. The particle sus-
pension was incubated at 37°C for 4 h.3%l After incubation, the
particles were centrifuged for 10 min at 10 000 rpm and the pre-
cipitates were discarded. 25 uL of the supernatant was mixed with
200 uL of the bicinchoninic acid (BCA) reagent (50:1 Regent B to
A) in a 96 well plate and afterward incubated for 30 min at 37°C.
The absorbance was measured at 532 nm.

RGD-Nitroxide Synthesis: In a fritted syringe, 2-chlorotrityl
chloride resin (125 mg, 200 umol, 1.00 equiv.) was swollen in
3 mL dichloromethane (DCM) by shaking at 21 °C for at least 30
min, after completion the solvent was removed. The first amino
acid (1.60 mmol, 4.00 equiv.) and N,N-diisopropylethylamine
(DIPEA) (129 mg, 174 uL, 1.00 mmol, 5.00 equiv.) were dissolved
in 2.5 mL dimethylformamide (DMF) and added to the resin.
After shaking for 8 h, the solvent was removed, and the resin was
washed with DMF, methanol, and DCM. Deprotection of the N-
Fmoc-protecting group was carried out using a solution of 20%
piperidine in DMF. 3 mL were added to the resin, and the mixture
was left shaken for 5 min. The deprotection cocktail was removed,
and the procedure was repeated twice. The resin was washed
as described with DMF, methanol, and DCM. The subsequent
amino acid (800 pmol, 4.00 equiv.) and O-(7-azabenzotriazol-
1-y])-N,N,N,N-tetramethyluronium-hexafluorphosphat (HATU)
(306 mg, 1.60 mmol, 4.00 equiv.) were dissolved in 2.5 mL
DMF, added to the loaded resin, and let shaken for 12 h. The
resin was washed, deprotected, and additionally washed as de-
scribed above. Coupling of amino acids (800 ymol, 4.00 equiv.),
deprotection, and washing was repeated until the desired pep-
tide was synthesized. After coupling of the last amino acid,
removing the N-Alloc-protecting group was carried out using
tetrakis(triphenylphosphine)palladium(0) (23.1 mg, 20.0 ymol,
0.100 equiv.) and phenyl silane (335 mg, 382 uL, 3.00 mmol,
15.0 equiv.) dissolved in dry DCM (2.5 mL). The mixture was
added to the resin and was left shaking for 20 min. The procedure
was repeated three times. After washing with DCM, methanol,
and DMF, 3-Carboxy-2,2,5,5-tetramethylpyrrolin-1-yloxyl radical
(147 mg, 800 ymol, 4.00 equiv.) and HATU (306 mg, 800 ymol,
4.00 equiv.) dissolved in 2.5 mL of DMF were added to the resin,
and the mixture was left shaking for 24 h. Subsequently, the N
terminal Fmoc-protecting group was removed using a solution
of 20% piperidine in DMF (3 x 3 mL for 5 min each). The last
washing step was followed by washing with DCM (3 x 2.5 mL).
Subsequently, 2.5 mL of a solution of 33% hexafluoroisopropanol
in DCM was added. The resin was incubated with the cleavage
cocktail twice for 1 h. The solvent was collected, and the resin
was flushed with DCM five times. The solvent was removed
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under an air stream resulting in the crude linear precursor. De-
protection of N-Pbf- and N-Boc-protecting group was carried out
in the liquid phase. Therefore, the crude peptide was dissolved
in 5 mL of 2,2,2-trifluoroacetic acid, phenol, water, and triiso-
propylsilane (88%:5%:5%:2% (v/v)). The mixture was stirred
for 3 h. After completion, the peptide was precipitated with
15 mL of cold diethyl ether, filtered off, and washed with diethyl
ether (1 x 10 mL). The desired peptide (49.8 mg, 0.08 mmol,
39%) was isolated as a white solid. MS (MALDI-TOF), m/z
(%): 640 [M*H]". Additional data supporting the chemical
synthesis results is available via the Chemotion repository:
https://doi.org/10.14272 /reaction/SA-FUHFF-UHFFFADPSC-
GXXOJJSMTD-UHFFFADPSC-NUHFF-NPESU-NUHFF-
777.

Nitroxide End-Group Exchange: For the nitroxide-exchange
reaction, 2 mg of the MOF-SPEGA-modified nanoparticles were
dissolved in 2 mL DMF, an excess (around 1 mg) of the RGD-
Nitroxide was added, and the whole mixture was freeze-pump
thawed 3 times. Afterward, the reaction mixture was heated to
100°C for 24 h. After cooling to room temperature, the precipi-
tate was washed 3 times with 1 ml DMF, and the powder sample
was dried under reduced pressure for 24 h. Additional data sup-
porting the analysis of the target compound is available via the
Chemotion repository: https://doi.org/10.14272 /reaction/SA-
FUHFF-UHFFFADPSC-UHFFFADPSC-UHFFFADPSC-
NUHFF-NUHFF-NUHFF-ZAZ.7.
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