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Abstract: Control over particle size and composition are
pivotal to tune the properties of metal organic frame-
works (MOFs), for example, for biomedical applications.
Particle-size control and functionalization of MIL-88A were
achieved by using stoichiometric replacement of a small
fraction of the divalent fumarate by monovalent capping
ligands. A fluorine-capping ligand was used to quantify
the surface coverage of capping ligand at the surface of
MIL-88A. Size control at the nanoscale was achieved by
using a monovalent carboxylic acid-functionalized poly(-
ethylene glycol) (PEG-COOH) ligand at different concentra-
tions. Finally, a biotin—carboxylic acid capping ligand was
used to functionalize MIL-88A to bind fluorescently la-
beled streptavidin as an example towards bioapplications.

-

Metal-organic frameworks (MOFs) or porous coordination
polymers constitute a heavily investigated class of materials
consisting of metal ions or clusters thereof, and multivalent or-
ganic linkers."” MOFs are crystalline materials with high porosi-
ties (with reports of up to 90% free volume) and large internal
surface areas (over 4000 m?g~").” MOF pore sizes range from
several A up to tens of nanometers. MOF compositions can be
readily tuned by varying the metal or the organic linker and by
the ability to functionalize by grafting the organic linker
during or after synthesis.”! The resulting properties make these
MOFs suitable for various applications such as catalysis,” gas
sorption,” and drug delivery.®*®

In the field of biomedicine, there is the need for well-defined
carriers of, for example, drugs or imaging agents, often in the
form of nanoparticles.?”® To use nanosized MOFs for intrave-
nous drug delivery,” different properties are required: biode-
gradability,"” low toxicity,™ tuning of the pore size to control
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the encapsulation of molecules, such as drugs,
metal nanoparticles,™ and nucleic acids,” water dispersibili-
ty® monodisperse particle size tunable to less than
200 nm,’®™ and controllable composition and functionalization
of the surface."® A general and versatile fabrication methodol-
ogy is crucial to control the MOF particle size and the chemical
and physical properties of the particles for introducing ligands,
for example, for dispersibility or targeting, and to achieve col-
loidal and in vivo (bio)chemical stability.

In particular, the particle size is a limiting factor for intrave-
nous administration, but also for other applications, such as for
embedding MOFs in other material matrices, for example, poly-
mers and nanosize control, is important. For that reason, the
preparation of monodisperse, well-defined, reproducible, and
stable nanoparticles has been investigated by using different
methods, such as conventional hydrosolvothermal,®'?'” re-
verse-phase  microemulsions,'® interfacial,"®  sonochem-
ical,"”*?” and microwave-assisted syntheses,®'“'7*21 and spray
drying.”? Of particular interest is the coordination modulation
method,**'”*%! in which monovalent capping ligands are
added to control the nucleation phase by serving as a stopper
of the crystal growth to form nanoMOFs. But it should be
noted that this method currently has been employed only
with simple alkyl carboxylic acids and those in large excess.
Currently, a molecular and physicochemical concept to quanti-
tatively control the MOF particle size simultaneous with their
outer functionalization by using low amounts of more complex
and functional ligand molecules is lacking.

On the other hand, in the realm of supramolecular chemis-
try, the formation of supramolecular nanoparticles (SNPs)?* is
controlled by multivalent/monovalent competition between
the building blocks. Variation of the stoichiometry of these
building blocks is a simple and effective means to tune the
size of SNPs in a controllable manner, as well as their surface
chemistry. In this strategy, the monovalent building block by
default ends up on the outside of the SNP, and therefore, the
increase of its fraction at the expense of the multivalent, cross-
linking building block present in the core leads to an increase
of the total particle surface area and thus to a decrease of the
average particle size. Important to note is that the success of
this control by stoichiometry is in part due to the strong en-
thalpic driving forces for binding and the concomitant drive
for saturation of sites. Even stronger enthalpies are commonly
observed in MOF formation. To the best of our knowledge,
multivalent/monovalent competition by variation of the stoi-
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chiometry of the building blocks without using an excess of
material has not been used to date as a fabrication strategy in
the synthesis of nanoMOFs. Such a method would allow the
easy and direct introduction of more complex and functional
capping ligands onto the surface of MOFs without multistep
procedures and without using large amounts of these ligands.

Herein, we describe the synthesis of functionalized nano-
MOFs as multivalent materials. We apply the concept of size
control and surface functionalization in one pot by controlling
the ratio between mono- and multivalent building blocks
while maintaining a 1:1 stoichiometry between the binding
groups. In the context of MOFs, the metal ions or secondary
building units and the organic linkers are the multivalent
building blocks, while a capping ligand that contains a single
binding moiety of the same nature as the organic linker is the
monovalent building block. Maintaining the stoichiometry ena-
bles the saturation of sites by the system. In contrast to the
other coordination modulation methods, we do not employ
a large excess of capping molecules, but rather replace only
a small fraction of the organic linker by a monovalent ligand.
To demonstrate this concept, we adapted the MIL-88A system
using ferric chloride and fumaric acid as the multivalent build-
ing blocks and different monovalent carboxylates as the cap-
ping ligands to achieve surface functionalization, size control,
and biomolecular functionalization.

Scheme 1 shows the concept of multivalent/monovalent
competition in MOF synthesis. By substituting a small part of
the multivalent bridging ligand (fumaric acid) for a monovalent
carboxylate capping ligand while keeping the number of
moles of carboxylate groups constant in the reaction mixture,

g} = Fe,0

<> = HOMOH
o)
[o] " ;

= O o ntosp o Bae

1 1

(o)
CF;-cy-COOH PEG-COOH o
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Ki N o o oH > 24—
biotin-COOH

Scheme 1. Multivalent/monovalent competition in MOF synthesis: conceptu-
al image of the introduction of monovalent capping ligands (red), which ter-
minate the particle surface and thereby control the particle size.
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we aim to control particle size and surface functionality. If satu-
ration of metal sites is an important driving force, it is expect-
ed that the MOF particle size will decrease when minor quanti-
ties (up to a few percent) of capping ligand are introduced.
The monovalent capping ligand effectively terminates the sur-
face, which inhibits particle growth. The capping ligands used
in this study are: 1) a fluorine-containing capping ligand (CF;-
cy-COOH; cy =cyclohexyl) to introduce an element (F) that can
be detected both by bulk elemental analysis and the surface-
sensitive X-ray photoelectron spectroscopy (XPS); 2) a poly(eth-
ylene glycol) (PEG) capping ligand with a molecular weight of
2000 gmol~' (PEG-COOH), which provides water solubility, to
study the effect of molecular size and steric interactions be-
tween the capping ligands on MOF particle size; and 3)a
biotin-capping ligand (biotin-COOH), which allows biofunction-
alization by the coupling with streptavidin.

The iron(lll) fumarate MOF MIL-88A has been synthesized ac-
cording to an adapted microwave synthesis of Chalati et al."’
The synthesis yielded elongated particles (aspect ratio of 4.7)
with a length of 1.704+0.55 um and a width of 0.36 +0.11 um
(Figure 1a). Analysis by using X-ray diffraction (XRD), as well as
transmission electron microscopy (TEM) and total reflection X-
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Figure 1. SEM images of MIL-88A with a) 0% and b) 3% CF;-cy-COOH cap-

ping ligand; c) F1s XPS spectra for MIL-88A functionalized with 3% CF;-cy-

COOH capping ligand; d) elemental analyses (w %) of MIL-88A without and

with CF;-cy-COOH capping ligand and e) F/Fe atom % ratios using statistical
composition, bulk elemental analysis, and XPS.
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ray fluorescence (TXRF), confirmed the successful synthesis of
MIL-88A (Figures S1, and S2 and Table S1 in the Supporting In-
formation). Calculations of area and volume for MIL-88A (non-
functionalized and functionalized particles) are given in the SI.
Synthesis of MIL-88A functionalized with CF;-cy-COOH was per-
formed by substituting 1, 3, or 5% of fumaric acid for CF;-cy-
COOH (Figure 1b for a SEM image using 3% CF;-cy-COOH).
XRD experiments confirmed that all samples were crystalline
MIL-88A (Figure S3 in the Supporting Information). Note that
the powder XRD spectra patterns of the different MIL-88A
differ from reported values due to differences in pore opening
as a consequence of their flexible structure, their smaller size,
and the effect of water absorption inside the pores, as was de-
scribed before.” Additionally, as is shown below, a fraction of
the F capping ligand is incorporated at a coordination site,
which may cause some crystal damage leading to smaller crys-
tallite sizes. Sorption experiments of MIL-88A gave a Brunauer—
Emmett-and Teller (BET) surface area of 348 m?g~', which is
similar to previous results (see Figure S4 in the Supporting In-
formation)."*¥ However, upon addition of 1% of F capping
ligand, the BET surface area decreased by 40%. This decrease
in the presence of the F capping ligand is explained in three
ways: 1) presence of the ligand at the surface can block the
pore entrances; 2) binding of the ligand inside the lattice at
a coordination site may cause crystal damage, smaller crystal-
lite sizes and possible pore blockages; and 3) incorporation of
the ligand as a counterion, loosely connected to the lattice,
could lead to reduced accessibility.

XPS was used to analyze the surface elemental composition.
Figure 1c shows the XPS F1s spectrum of the 3% ligand
sample, qualitatively indicating the presence of F at the surface
of the MOF particles. An increase in fluorine content was ob-
served with increasing amount of capping ligand (Table S2 in
the Supporting Information). Elemental analysis was used to
analyze the bulk elemental composition (Figure 1d). The fluo-
rine content was found to increase significantly whereas the
chlorine content decreased slightly. To explain these trends,
one has to look at the structure: MIL-88A is composed of Fe;O
inorganic building blocks, which are linked together by fuma-
rate ligands. To obtain charge neutrality, one negative charge
per Fe;O unit is needed which is a chloride or negative mono-
valent capping ligand supplied from the synthesis mixture
during preparation. In functionalized MIL-88A, the structure is
Fe,0(0O0OC—C,H,—C00),Cl,R—CO0,_,:3H,0, in which R—COO is
the monovalent capping ligand. Based on a statistical composi-
tion of these anions (chloride and capping ligand) by assuming
equal probabilities for incorporation into the MOF crystal ac-
cording to their presence in the synthesis solution, the value
for z is calculated as 0.980 and 0.968 for 3% and 5% substitu-
tion, respectively, by the CF;-cy-COOH capping ligand (see
Equation S14 in the Supporting Information).

The ClI contents are in good agreement with the stoichio-
metric value of 0.33 for Cl/Fe, because one chloride anion
should compensate for the charge of one Fe;O block (Fig-
ure S5 in the Supporting Information). The decrease in chloride
content in the MOF crystal upon increase of capping ligand is
qualitatively observed as expected from the described statisti-
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cal counterion model, but the experimental Cl/Fe ratio is not
decreasing as much as the model predicts. This suggests that
a small fraction of CF;-cy-COOH capping ligand is inside the
crystal as a counterion and an even smaller fraction possibly at
a coordination site, causing a crystal defect.

For comparing the bulk and surface composition of the
MOF, the ratio between fluorine (F) and iron (Fe) is used. In Fig-
ure 1e, the F/Fe atom % ratios are shown for increasing quanti-
ties of fluorine-capping ligand as was predicted by the statisti-
cal counterion model, and obtained from experimental data,
bulk elemental analysis, and surface-specific XPS analysis.
These results show that the MOF contains more fluor com-
pared to statistical replacement of chloride counterion for
both the bulk of the material, as well as the surface. This in-
crease is tentatively attributed to population of the capping
ligand at the MOF particle surface. For MIL-88A particles of the
size observed herein, approximately 1.4% of the unit cells is lo-
cated at the surface (see below), which can well explain the
observed increase in bulk F content. With 5% of the CF;-cy-
COOH capping ligand, substantially enhanced fluor contents in
XPS has been observed, indicating that the surface is the
prominent position for the capping ligand (Figure S6 in the
Supporting Information).

Relative surface densities of the capping ligand have been
calculated (Equations S15 and 16 in the Supporting Informa-
tion) by comparing the XPS data with a model for depth-de-
pendent X-ray penetration and photoelectron emission. The
model assumes full surface site saturation by CF;-Cy-COOH
and parameters for X-ray penetration have been given as well
(Figure S7 in the Supporting Information). In this way we esti-
mated a maximum F/Fe ratio (0.31-0.33) and compared this
value to the ones obtained by XPS. Relative surface coverages
of 15.3, 36.8, and 90.0% were estimated (Equation S16 in the
Supporting Information) accordingly for the samples with 1, 3,
and 5% CF;-cy-COOH capping ligand, respectively (Table S3 in
the Supporting Information).

As a next step, the effect of monovalent capping ligands on
particle size and aspect ratio was studied by using the fluori-
nated ligand and a PEG-functionalized capping ligand. XRD ex-
periments confirmed that all samples were crystalline MIL-88A
(Figure S8 in the Supporting Information). For the fluorinated
ligand, a significant particle-size effect was observed (Figur-
es S9 and 10 in the Supporting Information). A statistical analy-
sis (t test) on the data shown in Figure S10 in the Supporting
Information (see Tables S4 and 5 in the Supporting Informa-
tion) showed p values below 0.05 for both 0% versus 1%F
and 0% versus 3%F for both length and width, all p are, indi-
cating that the differences in particle length and width are sig-
nificant for all comparisons. For the PEG ligand, the decrease
in particle size was more pronounced, as was observed by a de-
crease of the length by a factor of two when using only 0.1%
of PEG ligand (Figure 2a,b). Higher quantities of PEG-function-
alized capping ligand induced an even stronger particle-size
decrease, reaching lengths down to approximately 200 nm.
Beyond 0.5% of PEG capping ligand (see SEM image in Fig-
ure 2¢), the particle size did not decrease significantly any-
more. The width of the PEG-capped particles is less affected as

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Particle length (left, triangles) and width (left, squares) and sur-
face fraction of unit cells (%; right, circles) as a function of percentage PEG-
COOH capping ligand. SEM images of MIL-88A with b) 0.1% and c) 0.5%
PEG-COOH capping ligand.

witnessed by an aspect ratio of 3.1 compared to the standard
MIL-88A particles (aspect ratio 4.8). Yet, the crystals retained
their characteristic elongated shape and triangular faceted
ends. The particle sizes using only 0.5% of PEG-COOH are simi-
lar to those reported earlier® when using 2% of PEG function-
alized with amino groups, with similar size distributions.

The surface fraction of unit cells (defined as the number of
unit cells at the surface versus the total number of unit cells,
see the Supporting Information) increases if the particles
become smaller. For the standard MIL-88A, 1.0% of the unit
cells were at the surface. There is a remarkable difference be-
tween PEG- and CF;-Cy-COOH-capped MIL-88A: the PEG-
capped particles with only 0.5% substitution showed a signifi-
cant increase in surface fraction of unit cells up to about 4.5%
(Figure 2a). However, for CF;-Cy-COOH-capped particles only
a minor increase was observed up to 1.4% (Figure S11 in the
Supporting Information). PEGs attached to surfaces can occupy
a larger area, thus enhancing the capping effect compared to
small capping ligands, and thereby apparently reduce the par-
ticle size more strongly. Elemental analysis of MIL-88A function-
alized with 1% PEG-COOH showed that the %Cl| decreased
only slightly from 5.36 to 4.99 for 0 to 1% PEG-COOH, respec-
tively, indicating no considerable uptake of the PEG-COOH in
the bulk of the crystal (Table S6 in the Supporting Information).
However, the BET surface area decreased strongly, compared
with the F capping ligand to a value of 58.2 m*g™" (Figure S4
in the Supporting Information). These measurements show
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that the porosity is hampered to some extent by the outer
functionalization; it appears thus to be dependent on the
length of the outer ligand and compares well with earlier ob-
served PEG-covered systems.”®

Finally, to build a biomolecular system, MIL-88A was func-
tionalized using biotin-containing capping ligand. This was
achieved by substituting 1% of fumaric acid with biotin-COOH
followed by binding of Alexa-Fluor488-streptavidin (Alexa-
Fluor488-SAv). SEM imaging shows MIL-88A-biotin particles
with a length of 1.50+0.48 um and a width of 0.1340.03 um
(Figure 3a). Additionally, analysis using XRD confirmed the suc-

Figure 3. a) SEM image of MIL-88A-biotin and overlay images of optical and
fluorescence confocal microscopy for b) MIL-88A-biotin after adsorption of

Alexa-Fluor488-SAv, c) MIL-88A after adsorption of Alexa-Fluor488-SAv (con-
trol) and d) MIL-88A-biotin after adsorption of Alexa-Fluor488-SAv that was

partially blocked with biotin (0.8 equiv).

cessful synthesis of MIL-88A-biotin (Figure S12 in the Support-
ing Information). Upon incubation with Alexa-Fluor488-SAy,
fluorescence imaging shows a strong fluorescence intensity
demonstrating that biotin has been successfully bound to the
MIL-88A surface and interacted with Alexa-Fluor488-SAv (Fig-
ure 3b). To test whether these interactions were specific, a con-
trol experiment was performed by mixing MIL-88A (without
biotin) and Alexa-Fluor488-SAv (Figure 3¢c). As was expected,
this led neither to any significant aggregation nor fluorescence
due to the absence of biotin groups on the MOF surface.
Apart from the clear fluorescence of SAv, Figure 3b also
shows strong aggregation of the MIL-88A-biotin particles upon
incubation with SAv. This is attributed to the valency of the
SAv: the protein has four identical binding pockets, which can
induce cross-linking upon interaction with biotins of different
particles. Also, this aggregation is promoted by the large ratio
of biotin to SAv of 71.6 (see the Supporting Information for
calculations). To suppress the aggregation, we pre-blocked SAv
with free biotin before incubation with MIL-88A-biotin. Fluores-
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cence imaging shows lower cluster formation even for 80%
blocked SAv (Figure 3d). In addition, the fluorescence intensity
for the blocked Alexa-Fluor488-SAv experiment was still higher
than the blank (Figure S13 in the Supporting Information). In
summary, these results showed that excluding multivalent spe-
cific interactions between MIL-88A-biotin and partially blocked
SAv decreased the clustering while maintaining the specific in-
teractions.

In conclusion, this work demonstrates the benefit of mono-
valent/multivalent competition under stoichiometric control by
using a monovalent capping ligand, to simultaneously control
the size and the functionalization of MIL-88A. The surface cov-
erage of MIL-88A was assessed by using a capping ligand with
fluorine, which allowed its quantitative analysis. Both small and
large capping ligands significantly provide decrease of the
MOF particle size. However, a larger capping ligand is more ef-
ficient due to its larger molecular size. Combination of these
physicochemical properties make this MOF system a promising
candidate for developing a targeting platform for biomole-
cules, such as proteins and nucleic acids and thus potentially
for drug-delivery applications. For example, the herein shown
biotin-MOFs may be tuned down in size into the nanoregime
by straightforward use of the herein-developed concept, that
is, by using biotin-PEG-COOH as a capping ligand. This well-
controlled system will also be beneficial for other materials,
such as polymer blends and other types of MOF systems.
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