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Green Synthesis of Zr-Based Metal-Organic Framework Hydrogel
Composites and Their Enhanced Adsorptive Properties

Shirell E. Klein,? Joshua D. Sosa,® Alexander C. Castonguay,® Willmer I. Flores,? Lauren D. Zarzar,* bd
and Yangyang Liu*?

Metal-organic frameworks (MOFs) have emerged as promising candidates for a wide range of applications due to their high
surface area and customizable structures, however, the minimal external hydrophilicity of MOFs has limited their biomedical
implementations. Structuring of MOFs within polymer frameworks is an approach used to create hybrid materials that retain
many of the MOF characteristics (e.g. high adsorption capacity) but expand the range of mechanical and surface properties
as well as form factors accessible. Using this approach, hybridizing MOFs with hydrophilic hydrogels can give rise to materials
with improved hydrophilicity and biocompatibility. Here, we describe the synthesis of the first Zr-based MOF-hydrogel
hybrid material (composite 3) using a green chemistry approach, in which only water was used as the solvent and relatively
low temperature (50 °C) was applied. Using methylene blue (MB) as a probe molecule, composite 3 exhibited greater
adsorption capacity than the MOF or the hydrogel alone in aqueous solution at most tested pH values (all except pH 13). At
an initial MB concentration of 0.0096 mg/mL (30.014uM) and neutral pH conditions, this new hybrid presented the highest
loading of MB among similar materials (MB adsorbed = 4.361 + 0.092 mg MB/g Zr, partition coefficient = 0.172 + 0.004
mg/g/uM) and largely retained its adsorption capacity under varied conditions (pH 1-13 and 0.2-1.0M NaCl), rendering
possible applications in drug delivery and the removal of tumor contrast agent/dye with minimal leakage due to its broad

chemical stability.

Introduction

Emergent challenges in diagnostics and biomedicine have
promoted the development of new materials with superior loading
capacity, broad chemical resistance, and precise target specificity. In
particular, materials with unique adsorption properties are desired
when it comes to the design of on-demand drug delivery systems.!
Such materials often require hydrophilicity to improve blood
compatibility, prevent protein adsorption, and facilitate adhesion to
target cells.? Additionally, for in vivo implementation, materials with
wide pH stability are of interest to withstand localized deviations
from physiological pH, such as in the environment surrounding
cancerous cells.? Organic drug delivery systems (e.g. polymers,
lysosomes) offer exceptional biocompatibility,*®> and, consequently,
organic polymers such as hydrogels have been investigated for use in
advanced wound healing, immunology, and oncology with low risk of
drug denaturation or aggregation.® However, these materials often
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lack the desired loading capacity provided by inorganic systems such
as pure metal, metal-oxide, and silica-coated nanoparticles.”-10
Therefore, hybrid materials that possess both low toxicity and high
porosity have gained increasing attention in recent years with the
synthesis of aerogels, 12 sol-gels,’3'4 and other semi-crystalline
compounds as well as crystalline inorganic complexes including
zeolites'™1® and metal-organic frameworks (MOFs).17:18

MOFs are a class of highly crystalline materials that are composed
of metal nodes and organic linkers.1>20 Due to their high surface area,
permanent porosity, thermal and chemical stability, as well as
tailorable structure and functionality,?* MOFs have become
promising candidates for a wide range of applications, such as drug
delivery,? catalysis, 2527 gas storage,?® and solar cells.2® Nevertheless,
powdered MOFs or compressed MOF pellets have poor
conformational flexibility and limited direct biomedical applications
due to their rigid structure and minimal external hydrophilicity of
most MOFs, which can inhibit free circulation of MOF suspensions in
aqueous solution and lead to particle aggregation.3%3! Hydrophilic
polymers, such as polyethylene glycol (PEG), have been post-
synthetically modified onto MOF surfaces to improve their
hydrophilicity and prevent agglomeration, but this method often
requires cumbersome multi-step synthesis and only applies to
certain MOFs with accessible modification sites.32 Inversely, various
MOF hybrids have also been prepared by functionalizing polymer or
metal oxide substrates with MOF surfaces via post-synthetic
modifications.33-3¢ This approach is limited by the need for MOF
processing before deposition, and/or the resultant composites tend
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to lack structural continuity as the MOFs were incorporated as
individual particles.37-4° Additionally, the gelation of MOFs has been
achieved by altering solvent ratios in the solvothermal synthesis, but
the gelated MOFs tend to lack porosity and loading capacity needed
for guest encapsulation.*! On the other hand, internal incorporation
of MOFs in gel substrates can give rise to new composites that
combine the advantageous properties of both materials (i.e. superior
loading capacity of MOFs and hydrophilicity of gels). Recently, Zhu et
al. reported the synthesis of hybrids that embed MOF components
within the cross-linking of highly stretchable and adaptive alginate
hydrogels, which allowed for continuous large-scale structuring of
MOFs within conformationally adaptive materials without requiring
initial preparation of MOF particles.*? A subsequent study explored
the efficacy of water treatment applications for such MOF-alginate
hydrogel hybrids, but the vast combinations for these materials are
still largely undocumented.*? To date, very little research has been
done on the properties of these MOF-hydrogel hybrids,*4¢ such as
their stimuli-responsiveness, relative adsorption capabilities of guest
molecules, and potential biomedical applications. Furthermore,
there have been no reports on the synthesis of Zr-based MOF-Alg
composites, despite the great diversity and exceptional stability of
Zr-based MOFs.2® Given the low toxicity and high porosity of Zr-
MOFs, hybridizing them with hydrogels can further improve their
hydrophilicity and biocompatibility, which will promote their
practical applications as efficient topical or injectable drug delivery
platforms.4748

Herein, we outline a green chemistry route to synthesize a new Zr-
MOF-Alg composite, which uses only water as the solvent and
requires relatively low temperature heating (50 °C). Remarkably, the
obtained composite presented superior adsorptive properties
compared to the MOF or the hydrogel alone, and it achieved the
highest adsorption capacity of methylene blue (MB) in aqueous
solution among similar materials.? MB was selected as a
probe/model compound due to its reported applications in tumor
targeting and imaging.*>°° The synthesized composite also retained
its superior adsorption capacity across pH 1-13, and its robustness
may aid in MB removal when used as a contrast agent for tumor
imaging, where extracellular regions are characteristically acidic
(reaching below pH 5.5).% Essentially, taking advantage of the high
loading capacity of MOFs and the hydrophilicity of hydrogels, this
hybrid material offers an efficient novel platform for the delivery of
therapeutics and/or the removal of excess dye molecules for
bioimaging.

2| J. Name., 2012, 00, 1-3

Experimental Section
Materials

Zirconyl chloride octahydrate (98+%), alginic acid sodium salt
(viscosity: 15-25 cP -- 1% in H,0), N,N’-Dimethylformamide (99.8+%),
formic acid (98+%) and 1,3,5-benzenetricarboxylic acid or trimesic
acid (98%) were purchased from ACROS Organics, methylene blue
(high purity, biological stain) was purchased from Sigma-Aldrich,
sodium hydroxide pellets (98.9+%), sodium chloride (99.0+%),
hydrochloric acid (34-37% HCI), acetone (99.5+%) and ethanol
(99.8+%) was purchased from Fisher Scientific. All reagents were
used without further purification and all water used was deionized
water.

Instrumentation

Powder X-ray diffraction (PXRD) patterns were collected on a
Bruker D2 Phaser. Samples were scanned at 30 kV and 10 mA using
a step size of 20=0.01° (1.00 s per step) over a 26 range of 5 to 30°.
Thermogravimetric analysis (TGA) was done on a TA TGA 55 with a
step size of 5.0 °C/min over a range of 25 to 575 °C. The instrument
was calibrated with solid Sn weights at 10, 100, and 1000 mg. UV-
visible (UV-vis) spectra were collected on a UV-1800 Shimadzu UV
Spectrophotometer. A methylene blue dye calibration curve was
created using 0.0008, 0.0016, 0.004, 0.008, 0.016, and 0.04 mg/mL
methylene blue solutions (Figure S1). Gas sorption analyses were
carried out with an Autosorb iQ-XR GS Analyzer. MOF-808 was
activated at 150 °C for 24 hours before obtaining an N, isotherm.
Supercritical CO, drying was performed using a samdri-PVT-3D dryer
with bone-dry CO,. SEM imaging was collected with a FEI Nova
NanoSEM 630 SEM. Accelerating voltages of either 5 keV or 7 keV
were used for imaging based on charge build up and EDS was
obtained at 15 keV. A 5 nm coating of iridium metal was sputtered
on all samples to improve static dissipation.

Zirconium Alginate (Zr-Alg) Cross-Linked Hydrogels

3 mL of a 10 mg/mL aqueous solution of sodium alginate was
added dropwise to 15 mL of a 30 mg/mL ZrOCl, aqueous solution to
form hydrogel beads with ~3 mm diameter, in quantities of
approximately 30 beads per milliliter alginate. The mixture was
stirred while the alginate solution was added, and the mixture was
allowed to sit for 48 hours to ensure complete incorporation of
zirconium into the hydrogels. The supernatant solution was decanted
and Zr-Alg hydrogel beads were washed with water (3x15 mL).

Zr-MOF-Alg Composites

Three composites were synthesized by varying the synthetic
conditions. Composite 1 was synthesized by adding the Zr-Alg
hydrogels to 30 mg/mL trimesic acid ethanol solution, and the
mixture was incubated at 85 °C in a closed container under pressure
for 24 hours for MOF growth. This synthesis of composite 1 was
adapted from Zhu et al.’s reported procedures on the synthesis of
Cu?*, Co?, Zn?*, and Fe3* MOF-Alg composites.*> Composite 2 was
synthesized under similar conditions but using only water as the
solvent. Both composite 1 and 2 had low structural stability and fell
apart upon removal from incubation following synthesis (Figure S2).
Therefore, composite 3 was obtained using a green chemistry
approach, in which we used only water as the solvent and a mild
heating temperature. In detail, 450 mg trimesic acid was dissolved in
15 mL water, followed by adding the Zr-Alg hydrogels into the
solution and incubating the mixture at 50 °C for 48 hours. Resultant
Zr-MOF-Alg composite (3) beads were washed with water (3x15 mL)
to remove excess trimesic acid. Only composite 3 was used for
further testing due to its enhanced stability.

This journal is © The Royal Society of Chemistry 20xx
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MOF-808

MOF-808 particles were synthesized following a procedure
similar to that reported by Furukawa et al., in which 0.11 g trimesic
acid and 0.16 g ZrOCl,*8H,0 were dissolved in 40 mL of a 1:1 volume
mixture of N, N’-dimethylformamide (DMF) and formic acid.>! The
mixture was then incubated at 100 °C for seven days before
collecting the white crystals and washing with DMF (3x15 mL) and
acetone (3x15 mL). The product was dried in a vacuum oven before
activation under high vacuum at 150 °C for 24 hours (Yield: 0.087 g,
62% based on Zr). A nitrogen isotherm, powder X-ray diffraction
(PXRD), thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM) were obtained for characterizations (Figure S3,
S4d, S5a, S6).

Dye Removal Studies

Synthesized materials (Zr-Alg hydrogel/composite 3/MOF-808)
were immersed in methylene blue (MB) solutions of varying pH or
varying ionic strength, each with a total volume of 10 mL containing
6 mL of 0.0096 mg/mL aqueous MB solution. The remaining 4 mL
were used to obtain the desired solution pH. lonic strength was
altered by directly adding NaCl to the solution. Samples were allowed
to soak in MB for 5 days to reach equilibrium (Figure S7), and UV-vis
of the supernatant was then measured with a UV-1800 Shimadzu UV
Spectrophotometer.

Results and Discussion

By varying the synthetic conditions as described in the
Experimental Section, three Zr-MOF-Alg composites 1, 2 and 3 were
obtained. Composites 1 and 2 were synthesized following an adapted
procedure from literature.*? Composite 3 was synthesized via a
greener approach (Figure 1a), in which Zr-Alg hydrogels were first
synthesized as previously described (Experimental Section) and the
resultant semi-transparent white spherical beads (Figure 1b, right
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vial) were then further reacted with trimesic acid to obtain the
opaque white beads of composite 3 (Figure 1b, left vial). Figure 1a
presents the schematic of the green synthesis. In the synthesis of the
Zr-Alg hydrogels, Zr**ions interact with sodium alginate, forming an
“egg-box” cross-linked structure (Figure 1a, Zr-Alg hydrogels).>? It
was assumed that all Zr** used in the synthesis was incorporated into
the gels during this process. This assumption was based on the equal
dye adsorption in samples with varying alginate concentrations,
indicating that the zirconium was the limiting reagent during
crosslinking (Figure S8c). When Zr-Alg hydrogels reacted with
trimesic acid under hydrothermal conditions at 50 °C, some of the
Zr** in the hydrogels self-assembled with the trimesic acid linker to
form porous MOF-like structures embedded within the hydrogel
(Figure 1a, Zr-MOF-Alg composites).*2 Composite 3 was selected for
further testing due to its greater observed structural stability and
adsorptive capacity (Figure S2, S8). In order to analyze the structures
of the obtained materials, composite 3 and the Zr-Alg hydrogels were
dried using a supercritical CO, dryer, after which the adsorption
capacity of the materials was mostly retained (Figure S8, S9). The
dried samples were then analyzed using various techniques to
confirm the proposed MOF-hydrogel hybrid structure. Firstly, the
MOF linker (trimesic acid) incorporation was confirmed by FT-IR,
which showed zirconium coordination to both trimesic acid and
alginate linkers through red-shifting of the Zr-O (755 cm™) and C=0
(1723 cm™) stretches, respectively (Figure S10). Secondly, a greater
surface area was observed for composite 3 than the Zr-Alg hydrogels
in gas sorption experiments, indicating the MOF component was
indeed incorporated into the composites and created additional
micropore surfaces (Figure S11). Thirdly, in thermogravimetric
analysis (TGA), the weight loss corresponding to the decomposition
of trimesic acid (starting ~500 K) was observed in both MOF-808 and
composite 3, but not Zr-Alg hydrogel (Figure S5). This further
confirmed the successful incorporation of trimesic acid into
composite 3.

Zr-MOF-Alg composites

Trimesic
acid
solution

= Zr* cross-linked alginate

Figure 1 (a) Schematic of the preparation and proposed structures for Zr-Alg hydrogel and Zr-MOF-Alg composite. (b) Photographs of Zr-
MOF-Alg composite 3 (left) and Zr-Alg hydrogel beads (right). Schematics are not drawn to scale.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2a/e present photographs of the as-synthesized gel beads
of Zr-Alg hydrogel and composite 3, respectively. After supercritical
CO, drying, the morphology of both materials was studied by
scanning electron microscopy (SEM). As shown in Figure 2b/f,
compared to the as-synthesized samples, the diameter of the beads
shrank by half upon drying for both Zr-Alg hydrogel and composite 3,
but their spherical shape was conserved. Using the weight of the
supercritical CO, dried gels, swelling ratios of 28.263 and 20.030
were calculated for the composite and hydrogel, respectively. These
ratios exhibit the tendency of the composite to swell more in

As-synthesized Dried

a)

Zr-Alg Hydrogel

Composite 3

ARTICLE

aqueous solution compared to the hydrogel. Visible in the cross-
section SEM image of Zr-Alg (Figure 2d), a porous structure was
evident within the dried hydrogel. The cross-section SEM image of
composite 3 presented a similar porous structure but with smaller
voids, suggesting additional crosslinking with trimesic acid could be
present in the composite (Figure 2h). Energy dispersive X-ray
spectroscopy (EDS) mapping of the cross-sections was used to
confirm an even distribution of zirconium throughout the samples of
both Zr-Alg hydrogel and composite 3 (Figure S12).

Surface Cross-section

Figure 2 Photographs of as-synthesized Zr-Alg hydrogel (a) and composite 3 (e) gel beads. SEM images of supercritical CO, dried Zr-Alg
hydrogel bead (b: whole bead, c: surface of bead, and d: cross-section of the bead) and composite 3 (f: whole bead, g: surface of the bead,

and h: cross-section of the bead).

Having characterized the chemical structure of the synthesized
materials, we next examined the adsorption capacity of composite 3
using MB as a probe molecule. In this experiment, composite 3 gels
were immersed in 10 mL aqueous MB solution for 5 days and the
concentration change of the MB supernatant solution was
monitored by UV-vis. The amount of MB adsorbed by the composite
was calculated based on the milligrams of MB being removed per
gram of zirconium content in each sample. Proper MB saturation was
determined by constructing an adsorption curve, using initial MB
concentrations of 3.001uM, 15.007uM, 30.014uM, and 90.042uM
(Figure 3a). The 30.014uM initial concentration corresponded to a
relatively low saturation of the composite, and the adsorption at
90.042uM therefore provides a point for comparison with an initial
MB concentration that is closer to full saturation of the adsorbent.

Given the correlation of initial sorbent concentration to loading
capacity and low MB concentrations in real world applications,
30.014uM MB concentration was used for further testing. The
additional metric of partition coefficient (PC) was also calculated to
assess the objectivity of MB adsorption values.>? After scaling MB
adsorption with the final MB concentration (in the supernatant),
similar overall encapsulation trends were observed with more
defined adsorption dependence (Figure 3b, Table 1). Figure 3b also
highlighted the non-linear relationship between the initial MB
concentration and the PC values. For consistency and ease of
comparison with previous studies, MB adsorption in the form of mg
MB/g Zr was used for subsequent plots. Tabulated PC values are
shown for all samples in the SI (Table S1).
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Figure 3 MB adsorption capacity of composite 3 at varied initial MB concentration with (a) MB adsorbed metric and (b) Partition coefficient
(PC) metric (all samples performed in triplicate, shown as average with standard deviation for error). PC was calculated as mg MB adsorbed
per g Zr partitioned from uM MB remaining in the supernatant.

Initial MB Concentration (uM)

Table 1 MB adsorption capacity of composite 3 at varied initial MB concentrations (all samples performed in triplicate, shown as average
with standard deviation for error). PC is used to analyze the objectivity of the MB adsorbed metric by providing a contrasting scaled value.

Sample Initial Final MB Adsorbed PC (mg/g/uM)
Concentration | Concentration | (mg MB/g Zr)
(uM MB) (uM MB)
Composite 3 3.001 1.631 0.261 £ 0.013 0.160 £ 0.008
Composite 3 15.007 11.448 2.431+0.072 0.212 £ 0.006
Composite 3 30.014 25.326 4.361 £ 0.092 0.172 £0.004
Composite 3 90.042 23.808 13.080 + 0.125 0.549 + 0.005

The same dye removal experiment was also performed on Zr-Alg
hydrogels and MOF-808 separately. As shown in Figure 4, composite
3 showed significantly higher MB uptake in aqueous solution
compared to equivalent amounts of MOF-808 and hydrogels. In
aqueous solution, composite 3 adsorbed 8.7 times more MB than the
hydrogel and 6.5 times more MB than MOF-808. PC was also used to
compare the performance of different materials, which yielded an
adsorption for composite 3 that was 21.5 times higher than the
hydrogel and 14.3 times higher than MOF-808 (Table 2). This
demonstrates the effect of PC as a metric to further delineate
calculated values and supports our assessment of the enhanced
loading capacity of composite 3. To the best of our knowledge,
composite 3 exhibited the highest reported adsorption capacity of
MB in aqueous solution among the same class of materials.*? A
recent study of a cobalt MOF-alginate hydrogel hybrid reported
adsorption kinetics parameters yielding an adsorption capacity of
87.387 mg/g for tetracycline at our initial adsorbate concentration,
which can be compared with composite 3 adsorption of 88.866 mg
MB/g sample (when adsorption is calculated per g dry weight sample
rather than per g Zr content).** We hypothesized that the high
adsorption capacity of composite 3 can be attributed to the
combination of micropores from the MOF component and
mesopores from the hydrogel component, in which the micropores
create more surfaces to interact with/adsorb guest molecules while
the mesopores facilitate the diffusion of guest molecules into the
hybrid voids. Compared to MOF-808, the relatively larger voids in
composite 3 also allow it to accommodate more MB molecules per
mol of zirconium content. Essentially, the adsorption performance of
the MOF-hydrogel hybrid is superior to the MOF (i.e. MOF-808) and

the hydrogel (i.e. Zr-Alg hydrogel) alone, rendering its potential
applications in MB delivery for bioimaging purposes and/or the
removal of excess MB following administration.
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Figure 4 Methylene blue adsorption capacities of composite 3, Zr-Alg
hydrogel, and MOF-808 at 30.014uM initial MB concentration and pH
7 (all samples performed in triplicate, shown as average with
standard deviation for error).

Table 2 PC comparison for methylene blue adsorption capacities of
composite 3, Zr-Alg hydrogel, and MOF-808 at 30.014uM initial MB
concentration and pH 7 (all samples performed in triplicate, shown
as average with standard deviation for error).

Sample Final MB Adsorbed | PC
Concentratio | (mg MB/gZr) | (mg/g/uM)
n (uM MB)
Composite 3 | 25.326 4.361+0.091 | 0.172 £0.004
Zr-Alg 64.798 0.502 +0.142 | 0.008 *+ 0.002
MOF-808 57.731 0.672 £0.066 | 0.012 +0.001

We also sought to investigate the MB adsorption behaviors of
obtained materials under different pH, expecting that the
independent pH-sensitive behaviors of the hydrogel and MOF-808
would interpolate to produce unique adsorption properties of the
composite. Alginate hydrogels are expected to undergo a reduction
in osmotic pressure upon protonation of uncoordinated carboxylates

6 | J. Name., 2012, 00, 1-3

Journal Name

around a pH of 3.0-3.5, resulting in expulsion of water from the
pores.>> Meanwhile, the trimesic acid linkers can dissociate from Zr
ions above pH 7.4, causing partial collapse of MOF-808.23 As shown
in Figure 5, the Zr-Alg hydrogels showed increased MB adsorption
under pH 1.3, possibly due to their greater electrostatic interaction
with dye molecules wupon hydrogel shrinking in acidic
conditions.>1>45 When placed in a pH 1 solution, the hydrogel may
have compressed to an extent that caused steric constraint for MB
encapsulation, hence a lower MB adsorption was observed. In
comparison, MOF-808 showed very little response to increasing
solution acidity for MB loading because MOF-808 is stable in acids
and its rigid three-dimensional structure remained unchanged.?35¢
Interestingly, composite 3 showed incrementally decreasing
adsorption of MB as the pH was decreased. The MB adsorption
capacity of composite 3 under acidic conditions may be impacted by
the loss of mesopore-facilitated dye diffusion as the hydrogel
component shrank to closer proximity to the MOF-like micropores,
possibly blocking certain adsorption sites.>> Upon exposure to basic
conditions, Zr-Alg hydrogels showed slightly increased MB loading
capacity, likely resulting from some enhanced dye diffusion in the
expanded hydrogel mesopores. We think the significantly enhanced
encapsulation of MB by MOF-808 under pH 13 is due to the instability
of the MOF in base,?® which led to missing linker/node defects
exposing uncoordinated carboxylates within the MOF micropores
and stimulating a higher negative surface charge.>” The electrostatic
interaction with positively charged MB molecules was therefore
increased under basic conditions. In fact, the adsorption capacity of
MB in the partially decomposed MOF-808 (in base) was similar to
that of composite 3 in neutral pH. On the other hand, composite 3
adsorbed slightly less MB under basic pH, possibly due to the local
decomposition of the MOF components in the composite caused by
linker dissociation.?> Within the range of pH 5.5-8.5, the loading
capacity of the composite remained largely unchanged,
demonstrating its excellent chemical stability. These experiments
further indicated that the MOF-hydrogel hybrid (composite 3)
inherited properties of both the MOF and the hydrogel. While
possessing both the micropores from the MOF and the mesopores
from the hydrogel, the composite also presented similar stability of
the MOF and flexibility of the hydrogel, giving rise to its unique pH-
dependent adsorption behaviors.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Inorganic Chemistry; Frontie

Journal Name

B Composite 3

[ Zr-Alg

ARTICLE

B MOF-808

5.0

o w &
= o o

MB Adsorbed (mg MB/g Zr)

'y
o

pH 8.5

0.0

pH13.0  pH127  pH12.0

pH 7.0

N | ol
pH 1.3 pH 1.0

pH 5.5 pH 2.0

Figure 5 Methylene blue adsorption capacity of synthesized materials (composite 3 in blue, Zr-Alg hydrogel in yellow, and MOF-808 in brown)
in solutions of varied pH (all samples performed in triplicate, shown as average with standard deviation for error).

In addition to varying pH, the response of obtained materials to
increasing ionic strength was also explored. The selected NaCl
concentrations were based on previously documented adsorption
responses for alginate hydrogels.®® Given the free carboxylates
dispersed throughout the hydrogel structure, Zr-Alg was expected to
swell in response to ion addition. As shown in Figure 6, this swelling
yielded improved hydrogel loading capacity at the highest NaCl
concentration. MOF-808 similarly underwent an increase in MB
loading as ionic strength was increased. Several MOFs with
carboxylate linkers have been shown to effectively encapsulate
NaCl,>® therefore, the observed response of MOF-808 to ionic
strength may be the result of adding ionic interactions between MB
and NaCl encapsulated in MOF pores. On the other hand, within
error, composite 3 showed no change in loading capacity,
maintaining its high MB adsorption compared with the other
materials. This property may prove useful for reducing leakage in
applications as a biomaterial, given that medical saline is typically
0.154M NaCl and physiological salt concentrations can be dynamic.

[ OM NaCl M 0.2M NaCl M 1.0M NaCl
6.0
~ 48
N
2
s
= 3.6
E
o
[
0
5 23
G
<
m
= 441 |
-0.1
Composite 3 Zr-Alg MOF-808

Figure 6 Methylene blue adsorption capacity of synthesized
materials in solutions with varied ionic strength (0.2M NaCl in dark
blue and 1.0M NaCl in light blue).

Overall, composite 3 broadly retained a greater adsorption
capacity for MB compared to the hydrogel and MOF-808 within the
tested conditions (pH 1-13, 0.2-1.0 M NaCl), demonstrating its
enhanced adsorptive performance and excellent chemical stability.
Low doses of MB can be administered for bioimaging or guided
surgery; however, excess dosing of MB can lead to skin lesions and
neurotoxic effects.%-62 The high adsorption capacity of composite 3
and its stability in varying pH/ionic strength makes it a promising
material for topical or circulatory removal of free MB dyes that are
not bound to target tissue/tumor post-administration, thereby
preventing adverse effects caused by excess MB.

Conclusions

A MOF-hydrogel hybrid, Zr-MOF-Alg (composite 3), was
synthesized via a green chemistry approach, and this hybrid
exhibited enhanced performance compared to individual Zr-Alg
hydrogels and MOF-808, particularly in near-neutral pH ranges.
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Taking advantage of the hydrophilicity and biocompatibility of
alginate hydrogels as well as the highly porous nature of MOFs, this
new hybrid material was developed with properties that are suitable
for biomedical applications. Importantly, composite 3 exhibited the
highest reported adsorption capacity of the MB dye in aqueous
solution among the same class of hybrids, and it displayed greater
retention of its loading capacity across a wide pH range (pH 1 to 13)
and NaCl concentration (0.2-1.0 M) compared to the constituent
materials. The excellent loading capacity and chemical stability of the
composite endow it with the ability to efficiently adsorb MB in
dynamic environments. Particularly, it may be of interest as a novel
platform for the removal of MB contrast dye following guided
surgery or tumor imaging to prevent adverse side effects of excess
MB. Future work may focus on nanosizing the Zr-MOF-Alg
composites and exploring their efficacy in delivering/removing
therapeutics as well as dye molecules for bioimaging.
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