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ABSTRACT: Phosphate-based inorganic—organic hybrid nano-
particles (IOH-NPs) with the general composition
[M]“[Rfm,w,,(o)PoS]z— (M = ZrO, Mg,0O; R = functional
organic group) show multlpurpose and multifunctional proper-

Inorganic-organic Hybrid Nanoparticles (IOH-NPs)
[M)*[R ucion(O)PO,I

ties. If [ {umtwn(O)PO ~ is a fluorescent dye anion [ZFOJ*[R,OPO.J [ZrO][R,.,OPO.I [Mg,0][R....PO.I"
([R4OPO;]*7), the IOH-NPs show blue, green,2+red agl_d - ZOF [DUTF - [ZOF [BMPT - [Mg,OF [AMPT
near-infrared fluorescence. This is shown for [ZrO]*[PUP]*", - [ZrOJ"[RRPF* - [ZrOF'[(BMP)(DUT)* - [Mg,OF[1AEPT*
[ZrO]*[MFP]*~, [ZrO]**[RRP]*", and [ZrO]**[DUT]*~ (PUP - [ZrOJ [MFPJ* - [ZrOF [FAUMPT - [Mg,OF [2AEP]*

= phenylumbelliferon phosphate, MFP = methylfluorescein | _jzroppup) - [ZrOJ* [UMPT* - [Mg,OF [APPT*
phosphate, RRP = resorufin phosphate, DUT = Dyomics-647 - [Mg,O]*[ABPT*
uridine triphosphate) With pharmaceutical agents as functional Fluorescence CO, Sorption

anions ([R;,,OPO,]*
inflammatory ([ZrO]**[BMP]>

), drug transport and release of anti-
~) and antitumor agents

([ZrO]**[FAUMP]*") with an up to 80% load of active drug is possible (BMP = betamethason phosphate, FAUMP = §'-
fluoro-2’-deoxyuridine 5'-monophosphate) A combination of fluorescent dye and drug anions is possible as well and shown for

[ZrO]* [BMP]* (00s[DUT]* 004 Merging of functional anions, in general, results in [Zr0]2+( (R4 OPO; ],
nanoparticles and is highly relevant for theranostics. Amine-based functional anions in [MgO]**[

[RdyeOPO?,] )2_
ammePO3]2_ IOH NPS, ﬁnally,

show CO, sorption (up to 180 mg g~') and can be used for CO,/N, separation (selectivity up to a = 23). This includes

aminomethyl phosphonate [AMP]*",

l-aminoethyl phosphonate [1AEP]*",

2-aminoethyl phosphonate [2AEP]*~, aminopropyl

phosphonate [APP]*", and aminobutyl phosphonate [ABP]*". All [M]**[Ry,.qin(O)PO;]*" IOH-NPs are prepared via
noncomplex synthesis in water, which facilitates practical handling and which is optimal for biomedical application. In sum, all
IOH-NPs have very similar chemical compositions but can address a variety of different functions, including fluorescence, drug

delivery, and CO, sorption.

1. INTRODUCTION

Hybrid nanomaterials are intensely discussed for various

purposes—including catalysis," theranostics,” sensors,® solar
cells,* and gas sorption5 as well as magnetic,6 plasmonic,7 or
optoelectronic properties®—and allow for unique merging of
different constituents to realize optimally adapted multipurpose
and/or multifunctional properties. Most often specific nano-
particles or molecules have been incorporated into polymers.’
Furthermore, carbon species such as carbon nanotubes
(CNTs), graphene, carbon dots (C-dots), or Fullerenes have
been integrated into oxides (e.g, SiO,) or polymers.'®
Nanostructured hybrid biomaterials have been widely discussed

as well in view of biocompatibility and biodegradability, for
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instance, in regenerative medicine, for biorecognition, or as
biosensors and biopolymers.'"

The concept of inorganic—organic hybrids emerged about 30
years ago with the expansion of soft inorganic chemistry
processes.'> Ever since, mild synthesis conditions have allowed
a flexible mixing of inorganic and organic constituents on the
nanoscale and, thereby, the realization of tailor-made materials
with specific chemical and physical properties.' "' However, it
must be noted that many hybrid materials are not nanoparticles
on the whole, but contain nanoscaled constituents (e.g,
nanoparticles, nanorods, nanolayers) embedded in a macro-
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Figure 1. Scheme illustrating the composition and the multipurpose properties of the inorganic—organic hybrid nanoparticles (IOH-NPs)
[M]2+[R{uncti0n(O)PO3]2_ (M = ZrO, Mg,0; R = functional organic group). The IOH-NPs are composed of equimolar amounts of an inorganic

cation (

Zr0O]*, [Mg,0]**) and a functional organic anion ([RdyCOPO_«,]Z_, [RdmgOPO3]2_, [RuminePO3]*") with a phosphate or phosphonate group.

Exceptional loads of up to 80 wt % of fluorescent organic dyes and pharmaceutical agents are possible.

scopic matrix. But real hybrid nanomaterials are as well
available today with complex compositions and fascinating
structures addressing multimodal functions with high adapt-
ability."> On the other hand, the complexity and sheer number
of constituents can be a limitation by itself. Apart from
advanced synthesis and demanding handling, for instance, in
vivo biomedical application can be restricted since all
constituents and all types of combinations might need
individual clinical approval.

In the following, we present phosphate-based inorganic—
organic hybrid nanoparticles (IOH-NPs) as a new material
concept. Similar to simple sodium chloride, containing
equimolar amounts of Na* cations and CI™ anions, the IOH-
NPs consist of equimolar amounts of an inorganic
cation—[ZrO]** or [Mg,0]**—and a functional organic
anion  [Rp,i0n(O)PO;]*” (R: organic group) containing a
phosphate or phosphonate group. Whereas the organic anion
entails a specific function such as fluorescence (with
[RdyeOPO3]2_), drug release (with [RdmgOPO3]2_), or CO,
sorption (with [R,,;,,PO;]*7), the predominant role of the
inorganic cation is to make the hybrid nanomaterial an
insoluble compound. Insolubility (in water) is essential to
allow for controlled nucleation and growth of nanoparticles via
aqueous precipitation. Based on noncomplex water-based
synthesis, adaptable composition, a flexible combination of
properties (including fluorescence, drug delivery, CO, sorption,
CO, separation), an enormous dye/drug load (up to 80 wt %),
the IOH-NPs can be a promising alternative to existing
nanoscale functional materials.
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2. EXPERIMENTAL SECTION

Synthesis of Phosphate-Based IOH-NPs [MI**[Ryynction(O)-
PO;1*". [2rO]**[R,,OPO,;]*” and [ZrOJ*[R,,,OPO;]* IOH-NPs
are prepared by noncomplex admixing of aqueous solutions of ZrOCl,:
8H,0 and either the acid form or the sodium salt of the relevant
functional organic anion. Moreover, the parameters to control particle
nucleation and growth must be considered (including speed of mixing,
temperature, duration or reaction; for details, see: Supporting
Information (SI): Synthesis). [Mg,O]**[R,,PO3]>~ IOH-NPs can
be prepared similarly. Aiming at low molar weight, however, zirconium
was exchanged by magnesium. In view of the small particle size and
specific surface area, moreover, we have performed the synthesis in the
volume-restricted water pool of a water-in-oil microemulsion (SI:
Synthesis). All nanoparticles were washed and separated as powder
samples. For biomedical application, the as-prepared nanoparticles
were redispersed into HEPES-buffer (30 mM) or dextran 40 (1.6 mg
mL™").

3. RESULTS AND DISCUSSION

3.1. Synthesis of [MI>*[Ry,nction(O)PO3]>~ IOH-NPs. The
here presented IOH-NPs can include a wide range of different
compounds with the general composition [M]2+[Rfunctian(0)—
PO;]*” (M = ZrO, Mg,0; R = functional organic group). This
variety is possible since functional organic anions containing a
phosphate or phosphonate group typically turn into insoluble
salts upon addition of [ZrO]** or [Mg]** as a cation (Figure 1).
As a result, we can show 13 different types of nanoparticles:
[ZrO]*[PUP]*, [ZrO]**[MFP]*, [ZrO]*[RRP]*, [ZrO]**-
[DUT]*, [ZrO)**[BMP]*", [ZrO]*[FdUMP]*", [ZrO]**-
[UMP]*7, [ZrO]*'[BMP]*7(496[DUT]* 004 [MgO]**-
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[AMP]>", [MgO]*[1AEP]™, [MgO]*"[2AEP]>, [MgO]**-
[APP]*", and [MgO]*[ABP]*~ (PUP = phenylumbelliferon
phosphate, MFP methylfluorescein phosphate, RRP
resorufin phosphate, DUT = Dyomics-647 uridine triphos-
phate, BMP = betamethason phosphate, FAUMP = §’-fluoro-
2'-deoxyuridine 5’-monophosphate, UMP = uridine mono-
phosphate, AMP = aminomethyl phosphonate, 1AEP = 1-
aminoethyl phosphonate, 2AEP = 2-aminoethyl phosphonate,
APP aminopropyl phosphonate, ABP = aminobutyl
phosphonate [ABP]*") (Figure 1).

As all IOH-NPs are insoluble in water, they can be prepared
via straightforward precipitation in water (Figure 2a; SI:

a
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Figure 2. Water-based synthesis of IOH-NPs results in colloidally
stable aqueous suspensions as exemplarily shown for [ZrO]**[RRP]*~
and [ZrOJ]**[BMP]*": (a) Scheme illustrating the water-based
synthesis; (b) Size and size distribution according to DLS (with
photos of suspensions; (c) Size and size distribution according to
SEM; (d,e) FT-IR spectra of [ZrO]**[RRP]*” and [ZrO]**[BMP]*~
with the starting materials H,[RRP] and Na,[BMP] as references.

Synthesis).'* To obtain nanoparticles and colloidally stable
aqueous suspensions, LaMer’s well-known concept for
controlling particle nucleation and growth must be consid-
ered.”® According to scanning electron microscopy (SEM) and
dynamic light scattering (DLS), the as-prepared IOH-NPs
exhibit typical mean diameters of 20—40 nm (Figure 2c;
statistical evaluation of SEM images given in the SI: Table S1,
Figure S1) and hydrodynamic diameters in the 40—90 nm
range (Figure 2b; SI: Figure S2). Aqueous suspensions with
typical IOH-NP concentrations of 1—10 wt % are colloidally
stable for weeks.

In view of the chemical composition of the IOH-NPs, the
presence of the functional organic anion and the inorganic
cation is most important. This is evidenced via infrared
spectroscopy (FT-IR) and energy-dispersive X-ray analysis
(EDX) (Figure 2d,e; SI: Figures S3—S8). Furthermore, it
should be noted that the presence of both the cation and anion
is essential for obtaining an insoluble compound. The cation-to-
anion ratio of 1:1 (Zr:P) and 2:1 (Mg:P) is verified by different
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analytical techniques, including EDX, inductively coupled
plasma atomic emission spectroscopy (ICP-AES), thermog-
ravimetry (TG), and elemental analysis (EA) (SI: Table S2). As
a result, the compositions [ZrO]**[R,,,0P0;]*7,
[ZrO]** [RdmgOPO3]2_, and [Mg,0]*[R,,;,.PO;]*" are verified
for the IOH-NPs (SI: Table S2). It is remarkable that all IOH-
NPs are noncrystalline.

3.2. Full Color Emission of [ZrO]**[R,,,OPO;]*~ IOH-
NPs. In general, fluorescent nanoparticles are promising tools
for applications in medicine and molecular biology.16 Together
with optical imaging techniques, they allow for in vivo as well as
ex vivo diagnostic strategies and monitoring of complex
biological processes. In this regard, semiconductor-type
quantum dots (e.g, CdSe)'” and rare-earth-doped oxides/
fluorides (e.g., LaPO,:Eu, NaYF4:Er,Yb)18 are well established.
Moreover, composite nanoparticles with surface-attached
fluorescent dyes or fluorescent dyes encapsulated into certain
oxide matrices (e.g,, SiO,, Ca;(PO,),) have been described."
In view of this, fluorescent IOH-NPs comprise meaningful
advantages: (i) Harmful elements such as Cd, Hg, Pb, Se, or Te
are excluded; (ii) as the fluorescence of the IOH-NPs originates
from the dye anion, special efforts related to precise size control
(for achieving quantum-size effects), high crystallinity, and
core—shell structures (for avoiding defect-related relaxation)
are obsolete; (iii) nanoparticle synthesis in water is optimal for
application in medicine. All these aspects facilitate materials
synthesis considerably.

Full color emission of [ZrO]“[RdyeOPOﬂZ_ IOH-NPs is
shown with phenylumbelliferon phosphate ([PUP]*”), meth-
ylfluorescein phosphate ([MFP]*>”), resorufin phosphate
([RRP]*7), and Dyomics-647 uridine triphosphate
([DUT]*) as organic dye anions, showing blue (380—600
nm, A, = 458 nm), green (460—700 nm, A,,,, = 518 nm), red
(550-700 nm, A, = 584 nm), and near-infrared (630—780
nm, A, = 675 nm) emission, respectively (Figure 3a,b; SI:
Figure S9). Due to the quasi-infinite number of fluorescence
centers, the IOH-NPs show intense spot-light emission in
aqueous suspension (Figure 3b). Even partial bleaching of the
fluorescent dye is less of a limitation due to the molar dye
reservoir (dye content up to 80 wt %, SI: Table S1) in each
single IOH-NP.

Biomedical issues and optical imaging-based applications in
animal models and in humans require long-wavelength
emission rather than in the far-red and near-infrared range, as
the light absorption by water and hemoglobin is minimal in this
spectral range, resulting in optimal tissue penetration."®*° In
this respect, [ZrO]**[MFP]*>~, [ZrO]**[RRP]*", and
[ZrO]**[BMP]* (99s[ DUT]* 04 were incubated in vitro
with cultured murine alveolar macrophages of the MH-S cell
line”! (50 ug mL™" of cell culture medium) to analyze the
uptake as well as the potential of IOH-NPs for imaging
applications. After S h of incubation at 37 °C, a clear
internalization of all IOH-NPs by macrophages was demon-
strated by fluorescence microscopy (data not shown), which
was even more evident after 24 h (Figure 3c). The granularly
structured fluorescence in the cells (in contrast to the cell
nuclei) indicates the presence of nanoparticles (Figure 3c) that
was also confirmed by electron-energy loss spectroscopy
showing a similar granular structure for the localization of
zirconium in the macrophages (SI: Figure $11)."* In both
control assays—including (i) MH-S cells incubated with the
nanoparticles at 4 °C where the cellular metabolism and
therefore internalization is strongly reduced and (ii) MH-S cells

DOI: 10.1021/jacs.5b01172
J. Am. Chem. Soc. 2015, 137, 7329-7336


http://dx.doi.org/10.1021/jacs.5b01172

Journal of the American Chemical Society

| Article |

ZrO]*[PUP*  [ZrOJ*[MFPT*

(=2
~

relative intensity

500 600

wavelength / nm

700

d)

Figure 3. Fluorescence of [Zr0]2+[RdyeOPO3]2_ IOH-NPs: (a) Nanoparticles in aqueous suspensions (excitation via halogen lamp with light fiber
and color filter for obtaining blue, green, or yellow light; blue-emitting [ZrO]**[PUP]*~ excited with UV-lamp); (b) Emission spectra and chemical
composition of [ZrO]**[PUP]*" (blue), [ZrO]**[MFP]*~ (green), [ZrO]**[RRP]*" (red), [ZrO]**[BMP]* 40s[DUT]* 004 (magenta; combined
with anti-inflammatory drug [BMP]*"); (c) Fluorescence microscopy showing the uptake of [ZrO]**[MFP]*~ (green), [ZrO]**[RRP]*" (red), or
[ZrO]** [BMP]* 4990s[DUT >y 04 (magenta; combined with anti-inflammatory drug [BMP]*") by MHS macrophages (cell nuclei show blue
emission due to 4’,6-diamidin-2-phenylindole (DAPI) staining), (d) Spectrally unmixed fluorescence intensity map of a nude mouse after
subcutaneous injection of [ZrO]**[MFP]*", [ZrO]*[RRP]*", and [ZrO]* [BMP]* (006 DUT]* 404 (each in a concentration of 10 pg in 50 uL of

0.9% NaCl).

cultivated without nanoparticles—no comparable fluorescence
was observed within the cells (data not shown). Furthermore,
no toxic effects of phosphate-based [Zr0]2+[RfunctionOPO3]2_
IOH-NPs could be determined with concentrations up to 250
UM (SI: Figure S12), showing their biocompatibility.

The capability of the IOH-NPs for in vivo optical imaging
was confirmed by proof-of-concept experiments. Here,
fluorescence signals derived from subcutaneously injected
[ZrO]*[MFP]*", [ZrO]**[RRP]*", and [ZrOJ*[BMP]* (495
[DUT]* 004 (10 pg of each) were measured in a living mouse
using an IVIS spectrum in vivo imager. Application of a spectral
unmixing protocol allowed clear identification and separation of
fluorescence signals derived from each particular IOH-NP type
(Figure 3d).

3.3. Drug Delivery of [ZrO]**[R4,,,OPO;]*~ IOH-NPs.
Despite tremendous advances in clinical diagnostic techniques
and therapeutic strategies, there is still a high demand for
engineering new tools for both diagnostic and therapeutic
purposes, especially, in terms of increased sensitivity and
reduced treatment side effects. Nanoparticle-based technologies
that emerged in the recent decades, although innovative, are
still far from being perfect. Especially, nonbiocompatible
materials that need to be encapsulated or covered with well-
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tolerable agents, with unknown or uncertain systemic clearance
of the body, are still a major drawback toward the translation of
nanotechnology into clinical practice. Recently, a branch of
molecular technologies that incorporate both diagnostic and
therapeutic functionalities, so-called theranostics, have attracted
enormous interest to improve patient management via
personalization of therapeutic interventions.>'” Here, nano-
formulations offer perfect tools, as they can easily include a
defined combination of agents and functions within a single
particle. Therefore, new nanoformulations with a high load of
active agents that are less harmful and preferentially based on
already existing or even clinically approved materials are in high
demand for clinical application.

Similar to the widely applied nucleoside phosphate
prodrugs,”* the P—O—C bond in the functional anions
[Ry,OPO;]* is slowly hydrolyzed in physiological media by
phosphatases, which induces the release of the active agent
from the phosphate-based IOH-NPs (Figure 4a, SI: Figure
$10). Thus, the IOH-NPs dissolve into the drug molecule and
zirconyl phosphate. Phosphate is excreted via normal metabolic
activity, and zirconium (as [ZrO]**) is of low toxicity and
known to be well-tolerable to the human body (>1 g kg_l).23
Such dissolution is favored for theranostics, especially for in vivo
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a) Schematic drug release of IOH-NPs
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Figure 4. Drug release of [ZrO]* [RdmgOPO 1>~ with betamethasone
phosphate ([BMP]*") and 5-fluoruridine phosphate ([FdAUMP]*") as
examples: (a) Scheme illustrating the phosphatase-mediated release
under physiological conditions;*> (b) TNFa concentration in the cell
culture supernatant as a measure of the anti-inflammatory activity of
[ZrO]** [BMP]* 440s[DUT]* 04 in comparison to untreated, DM-
treated, LPS-treated, and LPS+DM-treated MH-S macrophages; (c)
Antiproliferatory activity of [ZrO]*[FdUMP]*~ on MDA-MB-231
mamma carcinoma cells as compared to nonactive [ZrO]*[UMP]*
(UMP: uridine monophosphate) as negative control, and the
molecular drug S-FU (S-FU: S-fluoruracil) as positive control.

application in humans.** Both drug release and treatment
efficacy of IOH-NPs were investigated in proof-of-concept in
vitro experiments using two examples, both containing drugs
routinely used in the clinic: (i) [ZrO]**[BMP]* ) g06-
[DUT]* 004 Where the anti-inflammatory agent betametha-
sone phosphate was combined with the near-infrared emitting
[DUT]*" dye for optical detection (Figures 3,4b), and (ii)
[ZrO]**[FAUMP]*~ containing the chemotherapeutic agent 5'-
fluoro-2’-deoxyuridine $'-monophosphate ([FAUMP]*") (Fig-
ure 4c), which is one of the active metabolites of S-fluorouracil
(5-FU), an antineoplastic drug widely used to treat cancer.
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To test the anti-inflammatory potential of [ZrO]**-
[BMP]* 90| DUT]* 4004y We first treated macrophages of
the murine MHS cell line with endotoxine lipopolysaccharide
(LPS, 200 ng mL™") to provoke an inflammatory response.
Simultaneously, the macrophages were incubated for 48 h
either with the anti-inflammatory drug dexamethasone
(DM, 1 x 1077 M) as a control or with
[ZrOJ* [BMP]* 4,905l DUT 7004 IOH-NPs in concentrations
ranging from 1 X 107" to 1 X 107> M (Figure 4b). The anti-
inflammatory effects of the drugs were assessed by the use of an
ELISA assay measuring the release of the cytokine tumor
necrosis factor alpha (TNFa) into the culture medium.
Increasing amounts of [ZrO** [BMP]* 906l DUT* 004 re-
sulted in a dose-dependent reduction in TNFa secretion of
LPS-stimulated macrophages, confirming that the inflammatory
response was efficiently diminished by the IOH-NPs.
Interestingly, the efficacy of 1 X 107> M [ZrO]*[BMP]*") g0¢-
[DUT]* (04 compares to 1 X 1077 M of dissolved molecular
DM. Presumably, this can be attributed to a delayed release of
the drug from the IOH-NPs by phosphatase-mediated
hydrolysis.”> While this effect may appear suboptimal at first
sight, it could turn into an advantage under in vivo conditions
where a constant, slow drug action is often desirable.** In view
of a new class of nanomaterials with an exceptional load of
active agent (81 wt % BMP in [ZrO]**[BMP]* o6
[DUT]* g04), this result is very promising, all the more as
targeted delivery and eventually reduced side effects have not
been considered yet.

The antiproliferative potential of the second type, [ZrO]*
[FAUMP]*>~ IOH-NPs with 75 wt % load of active FAUMP, is
exemplarily shown on human MDA-MB-231 mammary
carcinoma cells and compared to the nonactive [ZrO]*-
[UMP]*~ (negative control) and to the clinically applied
molecular drug S-fluoruracil (5-FU, positive control) (Figure
4c). For [ZrO]*[FdUMP]*" at different points in time after
administration (24 to 72 h) and concentrations of 0 to 250 uM,
a strong time- and concentration-dependent decrease in cell
viability was measured using a CellTiter 96 Kit. In contrast, the
negative control [ZrO]**[UMP]*~ IOH-NPs, containing the
same amount of nonactive uridine monophosphate [UMP]*~
had no effect on cell viability. Interestingly, the same amounts
of molecular 5-FU (positive control) show lower antiprolifer-
ative effects and a higher cell viability as compared to the
[ZrO]**[FAUMP]*~ IOH-NPs (for example 40% viable cells
upon 72 h of treatment with 25 yM IOH-NPs compared to
60% viable cells after 72 h of treatment with the same amount
of 5-FU). From the one side, the results generally confirm the
biocompatibility of [ZrO]**[R,,i,OPO;]*~ IOH-NPs, as no
cytotoxic effects of the control probe [ZrO]**[UMP]*~ were
observed even upon 72 h of treatment with concentrations as
high as 250 uM. From the other side, strong antiproliferative
activity of the [ZrO]**[FdUMP]*” IOH-NPs is confirmed,
which was even prominently higher than the effect of clinically
applied S-FU (Figure 4c). Although this effect requires much
more detailed studies, a different behavior of the IOH-NPs and
the dissolved molecular drug is obvious and might be related to
the different membrane permeability and cell-uptake mecha-
nisms of dissolved molecular drugs and solid nanoparticles.”®
Additional aspects such as side effects again require detailed
follow-up studies to evaluate the full biomedical potential of the
IOH-NPs.

In sum, both in vitro assays using either [ZrO]**-
[BMP]* 996lDUT]* 04 0r [ZrO]**[FEdUMP]* indicate the
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a) CO, sorption on [Mg,0]"[R,,,.PO.]"

b) CO, excess loading and selectivity of CO,/N, separation
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Figure 5. CO, sorption and separation based on [Mg,0]**[R,,,,,,PO;]*~ IOH-NPs: (a) CO, sorption of IOH-NPs with different functional anions
[RuminePO3]*7; (b) CO, excess loading and selectivity for CO,/N, separation as calculated via IAST (SI: Table S3, Figures S13—S15). Gravimetric

sorption analysis was performed at 80 °C for CO, and N,.

successful drug release with anti-inflammatory or antiprolifer-
atory activity, respectively. As exemplarily shown for [ZrO]*-
[BMP]*799s[DUT]* 04, functional anions [Ry,OPO;]*”
and [R;,0PO;]*" can be combined, in principle, in variable
ratios [Zr0]2+[RdmgOPO3]Z_x[RdyeOPOS]Z_I_x. Thus, theranos-
tic functionalities can be easily established with drug delivery
and optical-detection properties merged in one nanoparticle
(Figures 3, 4). Based on the straightforward aqueous synthesis
and clinically approved materials such as [BMP]*~ and
[FAUMP]*", IOH-NPs can become acutely interesting for in
vitro and in vivo medical application.

3.4. CO, Sorption and Separation via [Mg,0
[RaminePO3]*~ IOH-NPs. New concepts and materials for
efficient CO, storage and separation are of general relevance in
view of the global greenhouse effect. Based on existing materials
for CO, sorption (e.g,, hydrotalcites, lithium zirconate, calcium
oxide, amine-modified porous oxides/zeolites, metalorganic
frameworks/MOFs),”® low-cost and easy-to-prepare sorption
materials, preferentially with high selectivity, are still
mandatory. Here, IOH-NPs with amine-containing functional
anions [R,,,;,,PO;]*~ can be an alternative. Hence, we have
studied various aminoalkyl phosphonates [R,,;,.PO;]*,
including aminomethyl phosphonate (AMP), 1l-aminoethyl
phosphonate (1AEP), 2-aminoethyl phosphonate (2AEP),
aminopropyl phosphonate (APP), and aminobutyl phospho-
nate (ABP) (Figures 1, 5). It must be noted that zirconium was
replaced here by magnesium as the cation in the IOH-NPs in
view of its lower weight.

The CO, uptake of all [Mg,O]**[R,,,.PO;])*~ IOH-NPs
ranges between 40 and 180 mg g™" up to a pressure of 120 bar
(Figure Sa, Table 1). Reversible CO, sorption of the IOH-NPs
proceeds via carbamate formation, analogous to liquid alkyl-

]2+_

Table 1. Specific Surface Area, CO, and N, Uptake, and
Selectivity of [Mg,0]*'[R,,,.,.PO;]*~ IOH-NPs

specific

surface area selectivity
(from BET CO, (IAST

analysis) uptake N, uptake calculation)

compound m® g™’ mg g~ (mmol g™!) @ (COxN,)
[Mg,0]*[AMP]*~ 250 46 (1.0) 6 (0.2) 16.7
[Mg,0O]*[1AEP]*~ 258 89 (2.0) 14 (0.5) 23.0
[Mg,0]* [2AEP]* 357 140 (3.2) 8 (0.3) 6.6
[Mg,0]*[APP]*~ 532 182 (41)  25(09) 3.6
[Mg,0]**[ABP]*~ 436 138 (3.1) 14 (0.5) 2.2
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amines or postsynthesis amine-functionalized MOFs: 2 RNH,
+ CO, < [RNH;]" + [RNHCOO]".****" The CO, uptake
increases with the specific surface area and decreases with the
molar weight of the IOH-NPs (Table 1). Furthermore, studies
on amine-functionalized zeolites (e.g, SBA-12) have shown
that the CO, uptake decreases with the alkyl-chain length of the
alkylamine due to the reduced alkalinity of the amine group.”®
Based on these opposing effects, the highest CO, uptake is
observed here for [Mg,0]*'[2AEP]*~ and [Mg,O]*'[APP]*~
(Figure Sa).

In order to study the selectivity of CO, sorption, the N,
uptake was determined as well for the [Mg,O]**[R,,,;,.PO5]*~
IOH-NPs at 80 °C up to 120 bar. For all compounds, the N,
sorption is significantly lower as compared to CO, with 25 mg
g~! at maximum for [Mg,O]**[APP]*~ (Table 1; SL: Table S3,
Figure S13). This confirms the interaction of acidic CO, with
the base amino-function of the [Mg,0]*'[R,,,;,,PO;]*~ IOH-
NPs. A Langmuir isotherm model was used to fit the
experimentally observed pure gas adsorption isotherms of
CO, and N, and to calculate the selectivity via the ideal
adsorbed solution theory (IAST; SI: Figures S14, S15). As a
result, selectivities of a 2.2—23.0 were obtained with
[Mg,O]**[AMP]*~ (a = 16.7) and [Mg,0]**[1AEP]*" (a =
23.0) having the highest values (Table 1, Figure Sb). Again, the
specific surface area that increases for longer alkyl chains, and
the alkalinity of the amine-function that is higher for short alkyl
chains must be considered.”® While the first effect favors high
sorption capacities, the latter promotes high selectivity. In sum,
the adsorption isotherms of [Mg,0]**[AMP]*~ and
[Mg,0]*[1AEP]*~ show the steepest slopes at low pressure,
and therefore a higher selectivity toward CO, as compared to
the other IOH-NPs.

With this CO, uptake and selectivity, [Mg,O]**[AMP]*~ and
[Mg,0]*[1AEP]*” IOH-NPs can be promising new sorbents
for CO, separation from N,, all the more when considering
their facile water-based synthesis. Although the maximum CO,
uptake on MOFs is naturally much higher (up to 2,500 mg
g 1),>** the combination of uptake and selectivity of the
IOH-NPs is meaningful. Taking both aspects together, the
[Mg,0]*[R,inePO;]*~ IOH-NPs are very comparable to
postsynthesis amine-modified MOFs with typical selectivities
of a = 5—50 at capacities of 50 to 200 mg g~' CO,.>** In view
of the temperature and pressure range being accessible with the
IOH-NPs (up to 80 °C and 120 bar), especially, they can
become relevant for high-pressure treatment (>20 bar) (e.g., in
precombustion/oxy-combustion processes, syngas sequestra-
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tion, membrane separation processes). »>" Here, the

[Mg,01**[R,,nePO;)*” IOH-NPs can be considered as a
nanoscaled, solid-state alternative to the widely applied, but
corrosive and volatile liquid alkylamines.”

4. CONCLUSIONS

In conclusion, we present phosphate-based inorganic—organic
hybrid nanoparticles [M]“[Rfum,-on(O)POﬂz_ (IOH-NPs with
M = ZrO, Mg,O; R = functional organic group) as a new and
general platform for addressing multipurpose properties. This
includes full-color fluorescence based on [ZrO]** [RdyeOPOﬂz_
IOH-NPs with the examples [ZrO]**[PUP]*~ (blue emission),
[ZrO]**[MFP]*~ (green emission), [ZrO]*[RRP]*™ (red
emission), and [ZrO]**[DUT]*" (infrared emission). Drug
transport and delivery is shown for [ZrO]“[RdmgOPOﬂZ_
IOH-NPs based on the anti-inflammatory and antitumor effect
of [ZrO]*[BMP]>~ and [ZrO]**[FdUMP]*". Both com-
pounds exhibit exceptionally high loads of the active agent
(81 wt % of BMP, 71 wt % of FAUMP). Moreover, theranostics
can be realized by the merging of functional anions such as in
the case of [ZrO]*[BMP]* 06 DUT]* 04 containing the
anti-inflammatory agent betamethasone phosphate and the
infrared-emitting dye Dyomics-647 uridine triphosphate.
Finally, amine-based functional anions in
[Mg0]2+[RaminePO3]2_ IOH-NPs show CO, sorption (up to
180 mg g ') and can be used for CO,/N, separation
(selectivity up to @ = 23). This includes aminomethyl
phosphonate [AMP]*~, 1-aminoethyl phosphonate [1AEP]*,
2-aminoethyl phosphonate [2AEP]*", aminopropyl phospho-
nate [APP]*", and aminobutyl phosphonate [ABP]*".

Besides the synthesis of phosphate-based inorganic—organic
hybrid nanoparticles as a new class of nanoparticles, the wide
adaptability of material composition and properties and the
noncomplex water-based synthesis are major advantages for
practical handling and a difference from many yet established
synthesis and material concepts. Especially, for biomolecular
and medical application, the use of less-harmful, partly clinically
approved constituents such as [BMP]*~ and [FdUMP]*~ can
be highly relevant for biomedical application. The flexible
combination of functional anions leading to a general
composition [ZrO]**([Ry,,OPO;];_.[R4,0PO;],)*" leads to
promising potential in theranostics. Based on the concept of
IOH-NPs, in principle, the merging of other phosphate-based
functional anions can lead to many more nanoparticles with
adaptable composition and flexible properties.
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