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ABSTRACT: We hereby propose the use of ZIF-8 MOF (a
biocompatible porous material belonging to the zeolitic imidazolate
framework subclass) as a host for biologically relevant molecules
such as folic acid (PteGlu). It was demonstrated that PteGlu
loading can be achieved via a straightforward one-pot encapsula-
tion procedure without compromising the ZIF-8 crystalline
structure, given that suitable molar ratios of the metal precursor,
linker, and guest molecule are employed. The PteGlu@ZIF-8
composite thus synthesized brings two novel interesting features:
increased thermal stability and a remarkable photoprotection effect
of the highly photolabile PteGlu molecule. Both features are very
relevant for common uses of PteGlu, such as the production of
folate-enriched food.

■ INTRODUCTION

The term metal−organic frameworks (MOFs) refers to a class
of porous materials that can feature relatively high chemical
and thermal stability. MOFs can be described as infinite
coordination networks built upon metal ions (or metal
clusters) and multidentate organic linkers, binding usually
through carboxylic or heterocyclic nitrogen moieties.1−3

Among the key features that make MOFs appealing candidates
for selective adsorption and drug delivery applications are the
high surface areas and pore volumes available and the wide
chemical versatility possible by positioning selected moieties
on the pore walls.4−7 In the past few decades, ad hoc design of
MOFs and composites including MOFs was successfully
employed for numerous remarkable applications, e.g., hetero-
geneous catalysis (with embedded metal nanoparticles as active
sites),8,9 luminescence and optoelectronics,10,11 drug deliv-
ery,12,13 and impedimetric sensing (enabled by the incorpo-
ration of conducting elements).14,15

Zeolite imidazolate frameworks or ZIFs (a MOF subclass
named after their zeolite-like topologies) are constituted by
tetrahedrally coordinated Co2+ or Zn2+ metallic centers with
imidazolate N-bidentate linkers.16 A prominent member of this
subclass is ZIF-8 (also available commercially as BASOLITE-
Z1200 manufactured by BASF) based on zinc ions and 2-
methyl-imidazolate linker. The use of ZIF-8 was extensively
reported for diverse applications due to interesting properties
such as good biocompatibility and mechanical robustness.17,18

Additionally, ZIF-8 can be synthesized using inexpensive
solvents and mild conditions (i.e., room temperature and

relatively cheap zinc salts with water or methanol as a solvent)
and features considerably high Brunauer−Emmett−Teller
(BET) surface areas (above 1000 m2/g), with 3.4 Å windows
and 11.6 Å diameter micropores.19 Among the most relevant
reports to the present study, the use of ZIF-8 for food safety
control and drug delivery with caffeine as a model adsorbate
should be mentioned.20,21 In an interesting contribution,
Zhuang et al. discussed the use of ZIF-8 as a carrier for
camptothecin, an anticancer drug that can be loaded by simple
direct mixing with MOF precursors.22 These examples,
together with many studies in which enzymes were shown to
remain active upon encapsulation, demonstrate that MOF can
act as a suitable scaffold, providing enhanced stability and
preserved functionality.23−26 Pteroyl-L-glutamic acid (widely
known as folic acid and hereafter referred to as PteGlu), is a
soluble vitamin essential for mammals. The chemical structure
of PteGlu can be breakdown into three parts: 6-methylpterin
(Mep), p-aminobenzoic acid (PABA), and a glutamic acid
residue (Glu) (see Scheme 1). In living systems, PteGlu is
present in multiple forms including molecules with several
glutamate residues and di- or tetra-hydro derivatives. This large
group of related compounds is known as folates. Tetrahy-
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drofolate and its derivatives act as coenzymes in one-carbon
transfer reactions in mammals, leading to the synthesis of
essential biomolecules such as proteins and nucleic acids.27

Folate deficiency is related to important health disorders,
among them are megaloblastic anemia, pregnancy complica-
tions, and neural tube defects,28,29 which led to the
implementation of food regulations to ensure an adequate
intake, especially for women in childbearing age. The most
widely used folate source is PteGlu due to its cost-effectiveness,
relatively high stability, and straightforward metabolization into
biologically active derivatives such as 5-methyltetrahydrofolic
acid.30 A common drawback for the use of all naturally
occurring folates (including PteGlu) is their high susceptibility
toward degradation in common conditions, such as oxygen-
containing solutions, low pH values, high temperatures, and,
mainly, upon exposure to ultraviolet (UV) radiation due to
UV-B (280−320 nm) and UV-A (320−400 nm) absorption
bands.31,32 Such susceptibility compromises PteGlu integrity,
and thus, even when embedded in protective matrices,
bioavailability can be lost if not properly stored and
managed.33

PteGlu constitutes a model system for the study of
photodegradation of folates, and many reports describe
photochemical processes occurring in aqueous environments
and other solvents.34,35 In oxygen-free aqueous solutions,
PteGlu remains photostable, but its excitation in the presence
of molecular oxygen leads to cleavage and oxidation reactions,
producing 6-formylpterin (Fop) and p-aminobenzoylglutamic
acid (PABA-Glu) as main photoproducts (see Scheme 2).
Upon further irradiation, Fop is subsequently converted into 6-
carboxypterin (Cap) and pterin (Ptr).

Having in mind the above-discussed ideas on the
possibilities enabled by versatile porous materials like MOFs
acting as hosts (with triggered disassembly upon exposure to in
vivo conditions)36 and the need for improving PteGlu stability
after loading in biocompatible matrices, we envisioned the
feasibility of ZIF-8 MOF for such end using the already
reported one-pot encapsulation approach.37 Although there
have been some recent related reports, specifically, on the use
of MOFs38−42 and cyclodextrins43 for synthesizing PteGlu
composites, a crucial point remains yet virtually unexplored,
i.e., the assessment of the potential photoprotective effect on
the photolabile PteGlu molecule. Along this line of thought, a
recent report by Pagano et al. demonstrates that spatial
confinement through Zn-carboxylate intercalation complexes
of PteGlu in lamellar double hydroxides (LDHs, anionic
layered clays) is capable of photoprotection, thus potentially
advantageous for the formulation of novel skin care products
containing PteGlu.44 We addressed this point further for
PteGlu@ZIF-8 by carrying a thorough characterization that
resulted in the demonstration of a remarkable photoprotective
effect. Moreover, the ZIF-8 matrix enables high PteGlu
loadings and also provides an enhancement of thermal stability,
highly relevant for the production of folate-enriched food.45

■ EXPERIMENTAL SECTION
Chemicals. Methanol (CH3OH Anedra, RA-ACS), zinc

nitrate hexahydrate (Zn(NO3)2·6H2O, Sigma-Aldrich, 98%),
2-methylimidazole (C4H6N2, Aldrich, 99%), ethylenediamine-
tetraacetic acid (EDTA, ICN Biomedicals Inc.), and sodium
hydroxide (Anedra, 98.6%) were used for the experiments
hereby described without further purification. Pteroyl-L-
glutamic acid (PteGlu) and other pterin derivatives were
provided by Schircks Laboratories (purity >98.5%). Ammo-
nium acetate (NH4Ac) was purchased from Sigma.

ZIF-8 Synthesis. ZIF-8 stock colloidal suspensions were
synthesized by mixing 12.5 mL of 50 mM methanolic zinc
nitrate and 12.5 mL of 50 mM 2-methylimidazole methanolic
at room temperature. After the reaction, the product was
purified by repeated solvent exchange cycles.

PteGlu@ZIF-8 Synthesis. PteGlu encapsulated in ZIF-8
was synthesized with slightly modified procedures based on
recent reports. Special care was taken in ensuring the
preservation of PteGlu exposure to light sources.37 PteGlu
and zinc nitrate methanolic solutions were mixed to promote
the interaction between Zn2+ and carboxylic moieties on the
glutamate residue; such a premixing step was demonstrated to

Scheme 1. Molecular Structure of Pteroyl-L-glutamic Acid
(PteGlu)

Scheme 2. Photo-oxidation of PteGlu in Air-Equilibrated Aqueous Solutions under UV-A Irradiation

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c04905
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=sch2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04905?ref=pdf


trigger confined nucleation due to supersaturation upon the
addition of 2-methylimidazolate linker (see Fourier transform
infrared (FTIR) spectroscopy experiments below).46,47 Briefly,
12.5 mL of 50 mM methanolic zinc nitrate solution was mixed
with 12.5 mL of methanol with 12.0 mg of PteGlu dissolved in
12.5 mL of methanol in the absence of light for a 7:1 molar
ratio (zinc/PteGlu). The as-prepared mixture was sonicated in
a cold bath for 20 min and then mixed at room temperature
with 12.5 mL of 50 mM 2-methylimidazole methanolic
solution (equimolar metal/linker molar ratio, total volume
37.5 mL). The obtained yellowish-orange suspension (see the
Supporting Information, Figure S1) was purified by repeated
cycles of precipitation and solvent exchange with deionized
water (DIW), then resuspended in DIW, and kept away from
light for further characterization regarding PteGlu loading,
crystal structure, particle size and morphology, porosity, and
chemical structure. For experiments exploring the effect of high
PteGlu molar ratios on the material obtained, PteGlu solutions
were prepared with 24.0 mg of PteGlu dissolved in 12.5 mL of
methanol.
Wide-Angle X-ray Scattering (WAXS). The crystalline

structure was assessed with wide-angle X-ray scattering
(WAXS) measurements on powdered samples. The equipment
used for small-angle X-ray scattering (SAXS)/WAXS (IN-
IFTA, “Nanopymes”-EuropeAid/132184 D/SUP/AR Contract
331-896) is a XEUSS 1.0 HR (XENOCS, Grenoble) equipped
with a microfocus X-ray source and a PILATUS 100 K
detector (DECTRIS AG, Switzerland).
Transmission Electron Microscopy (TEM). Transmis-

sion electron microscopy experiments were carried out with a
JEOL 1200 EXII 120 kV transmission electron microscope
equipped with a Gatan Orius Digital 2k × 2k CCD camera.
N2 Sorption Isotherms. N2 sorption isotherms at 77 K

were assessed with a Micromeritics accelerated surface area
and porosimeter analyzer, ASAP 2020. Adsorption−desorption
isotherms were analyzed to achieve characterization in terms of
the Brunauer−Emmett−Teller (BET) surface area, pore size,
and pore volume.
Fourier Transform Infrared (FTIR) Spectroscopy. A

Varian 660-IR apparatus in transmission mode was used to
characterize the obtained materials after inclusion in KBr
pellets.
Thermogravimetric Analysis (TGA). Thermal degrada-

tion of synthesized materials was assessed using a TA
Instruments equipment (TGA Q500). All samples were
subjected to heating rates of 10 °C/min under a 40 mL/min
N2 flux.
Steady-State Photolysis Experiments. Continuous

photolysis experiments of PteGlu and PteGlu@ZIF-8 were
carried by irradiating 1 mL of samples of air-equilibrated
aqueous suspensions of PteGlu@ZIF-8 (0.7 mg/mL−10%
PteGlu) and 150 μM aqueous solutions of PteGlu (identical
concentration based on the PteGlu loading determined, see
TGA experiments below), respectively, using quartz cells (1
cm optical path length) under continuous magnetic stirring at
room temperature. A triplicate series of experiments were
carried out in each case, and results obtained for each
irradiation period correspond to an independent sample from
the same PteGlu@ZIF-8 synthesis batch. The irradiation setup
used consists of a Rayonet RPR 3500 lamp (Southern N.E.
Ultraviolet Co.) with emission centered at 350 nm (bandwidth
20 nm) as a radiation source, placed at 1 cm from the quartz
cell. An Aberchrome 540 (Aberchromics Ltd.) was used as an

actinometer for the incident photon flux density measurement
(qλ,p

0,V) at the excitation wavelength from the Rayonet RPR
lamp. The method for the determination of qλ,p

0,V has been
described in detail elsewhere.48 The lamp irradiance was
calculated using qλ,p

0,V value resulting in EUV
L = 16 ± 2 W/m2.49

Once a prescribed irradiation period elapsed, samples were
analyzed using high-performance liquid chromatography
(HPLC) to detect the presence of photolysis products, this
is necessary due to the similar absorption bands of the species
involved as reactants and products, while for PteGlu solutions,
direct injection into the separation column is possible; for the
analysis of irradiated PteGlu@ZIF-8 suspensions, an additional
step was required. After irradiation, each PteGlu@ZIF-8
sample was centrifuged at 13 000g for 30 min and the
supernatant was removed. The ZIF-8 porous host was removed
by exposing the pellet to 100 mM pH 10.0 EDTA solutions for
30 min at 25 °C while shaking at 1100 rpm (see the
Supporting Information, Figure S4, where the effect on the
host is depicted). Due to a strong affinity toward Zn2+ ions,
EDTA causes MOF disassembly, leading to PteGlu liberation,
which otherwise remains in the porous host even after long
periods of exposure to aqueous environments, as demonstrated
by complementary release experiments. A contact period of 7
days yields liberation of only approx. 10% of the total loaded
PteGlu amount on the ZIF-8 host; i.e., the liberation during the
time span considered in the hereby discussed experiments can
be neglected for all practical purposes (see the Supporting
Information, Figure S7). All samples were filtered through a
0.20 μm Teflon filter prior to HPLC analysis.

HPLC Analysis of Irradiated Samples. A high-perform-
ance liquid chromatography (HLPC) Prominence from
Shimadzu (solvent delivery module LC-20AT, on-line degasser
DGU-20A5, communications bus module CBM-20, autosam-
pler SIL-20A HT, column oven CTO-10AS VP, photodiode
array detector SPD-M20A, and fluorescence (FL) detector RF-
20A) was employed for monitoring photochemical processes.
A Synergi Polar-RP column (ether-linked phenyl phase with
polar end capping, 150 mm × 4.6 mm, 4 μm, Phenomenex)
was used for product separation. Solutions containing 3%
methanol and 97% 25 mM formic acid (pH 3.2) were used as
the mobile phase. The column temperature was set to 25 °C,
and the flow rate was fixed to 0.6 mL/min. Sodium acetate
solution was used as the mobile phase (1 mM NH4Ac, pH
6.7).

■ RESULTS AND DISCUSSION
Characterization of PteGlu@ZIF-8 Synthesized via a

One-Pot Procedure. In Figure 1, the results obtained from
characterization experiments carried on PteGlu@ZIF-8 are
displayed. Diffractograms obtained via wide-angle X-ray
scattering (WAXS) performed in solid samples (Figure 1A)
are in line with what can be expected from the ZIF-8 reported
structure. This demonstrates that PteGlu inclusion does not
affect the MOF crystalline structure for the molar ratio used in
the premixing step (ratio (Zn/PteGlu) = 1:7).19 Further
WAXS experiments (see the Supporting Information, Figure
S2) suggest that higher PteGlu proportions causes the
appearance of both the loss of the ZIF-8 crystalline structure
and some degree of phase segregation, as demonstrated by
additional diffraction peaks attributable to the PteGlu phase
when premixing step was carried out using Zn/PteGlu = 1:14
molar ratio (although it can be expected that PteGlu loading
on the composite material obtained using 1:14 molar ratio to
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be higher than the corresponding 1:7 ratio, due to the above-
mentioned evidence of phase segregation, a direct comparison
is not meaningful, among other factors because of the possible
contribution to total PteGlu loading of molecules binding in
ZIF-8 Zn-defect sites; see the Supporting Information, Figure
S2).50 TEM images of the obtained PteGlu@ZIF-8 nano-
particles display the typical hexagonal-shaped cross section, as
presented in Figure 1B, similar to what is observed for bare
ZIF-8, aside from slight size differences and the appearance of
surface rugosity related to defects caused by the PteGlu
presence (approx. 300−400 nm diameter, rhombic dodecahe-
dra). The particle size distribution obtained for PteGlu@ZIF-8
is less monodisperse than that for bare ZIF-8, as shown in
wide-field TEM images, see the Supporting Information,
Figure S3. Calculated BET surface areas obtained from N2
adsorption isotherms on bare ZIF-8 and PteGlu@ZIF-8 show
remarkable differences. A value of 1210 m2/g, which reduced
to 416 m2/g (≈65% surface area reduction) when PteGlu was
included in the porous host, suggests a considerable
occupation of the available pore space, as shown in Figure
1B. Additionally, a clear hysteresis loop for 0.8 < P/P0 < 1
relative pressure can be observed for PteGlu@ZIF-8, which is a
hallmark of the presence of additional mesoporosity, in line
with the surface roughening observed in TEM images.
Fourier transform infrared (FTIR) spectroscopy character-

ization was conducted to gain further insight into the nature of
the interactions between PteGlu and ZIF-8 (Figure 2). It can
be observed that PteGlu@ZIF-8 retains the absorption bands
corresponding to vibrational modes present in ZIF-8, e.g., 1580
cm−1 ascribed to CN stretching, 1308 cm−1 ascribed to C−
H imidazolate ring-bending mode, and both 1179 and 1145
cm−1 bands corresponding to C−N in-plane stretching.51

The above-discussed features confirm that moderate
loadings of PteGlu on ZIF-8 do not cause a significant
alteration on the host porous matrix. Regarding the
comparison between PteGlu and PteGlu@ZIF-8, several
interesting observations can be made. Typical PteGlu

absorption bands related to, namely, both symmetric and
asymmetric CO stretching modes (1700 and 1480 cm−1,
respectively); 6-methylpterin (Mep) aromatic ring stretching
vibration (1620 cm−1); acid moieties of the PABA ring (1420
cm−1); and bands centered at 853, 1192, and 1297 cm−1

corresponding to the out-of-plane and in-plane −NH2
vibrations and C−N stretching.52 When comparing the
position of the above-mentioned bands for PteGlu@ZIF-8,
three striking differences can be individualized: (i) the band
centered at 1620 cm−1 (Mep ring stretching) becomes more
intense and broadens, (ii) the intensity of 1480 cm−1

asymmetric carboxylic CO stretching band decreases, and
(iii) the symmetric carboxylic CO stretching band is blue-
shifted from 1700 to 1730 cm−1. The widening of the 1480
cm−1 vibrational band related to the Mep aromatic ring points
toward some degree of spatial confinement of PteGlu on the
porous host. The effect observed on symmetric/asymmetric
stretching bands can be rationalized by considering general
characteristics of coordination interactions between carboxylic
moieties and metal ions (e.g., Zn2+).53 It was demonstrated that
not only peak positions are highly dependent on the chemical
identity of carboxylic acid considered (e.g., formate or acetate
derived) but also, more interestingly, the intensity variation of
asymmetric (strong absorption) and symmetric (moderate
absorption) modes depends on the strength and type of
metal−ligand interaction (e.g., ionic, monodentate, bidentate).
The observed changes in PteGlu IR spectra when loaded in the
ZIF-8 host allow us to infer that coordination is likely to occur
predominantly via monodentate coordination of Zn2+ ions
with carboxylic moieties on the glutamic acid residue,54 as
expected, considering the wide variety of coordination
compounds (including archetypal MOFs) based on Zn-
carboxylate building blocks.55

Thermogravimetric Analysis (TGA) Experiments for
Determination PteGlu Loading and Characterization of
PteGlu@ZIF-8 Thermal Stability. The determination of
PteGlu@ZIF-8 thermal stability was carried with TGA
experiments under a N2 atmosphere (Figure 3). The thermal
stability of PteGlu (weight loss events starting at T ≈ 180 °C)
is substantially enhanced when loaded on ZIF-8 since
PteGlu@ZIF-8 weight loss starts only at temperatures > 350
°C (thermal decomposition of ZIF-8 occurs at T = 450 °C in a
N2 atmosphere).50,56,57 Such an enhancement can be under-
stood by considering the above-discussed confinement of

Figure 1. Characterization of composites obtained using the reactant
mixture molar ratio (Zn/PteGlu) = 1:7. (A) WAXS of both ZIF-8 and
PteGlu@ZIF-8 and (B) N2 adsorption isotherms performed at 77 K
for ZIF-8 (black) and PteGlu@ZIF-8 composite (blue), together with
the corresponding TEM micrographs of the approx. 300−400 nm
diameter nanocrystals.

Figure 2. FTIR spectra for PteGlu (red), ZIF-8 (black), and PteGlu@
ZIF-8 (blue).
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PteGlu within the ZIF-8 porous structure. Deconvolution of
the superimposed thermal processes is not straightforward, but
considering that for T < 400 °C ZIF-8 porous host remains
stable, PteGlu contained in the composite can be estimated to
be 10.0% w/w, in line with HPLC determinations carried out
on the composite upon EDTA disassembly. This value
corresponds to a resulting (Zn/PteGlu) molar ratio of 5.3:1,
slightly lower than the 7:1 molar ratio used for the premixing
step during the one-pot synthesis procedure.
Comparison of Bare and ZIF-8-Loaded PteGlu Photo-

stability under UV-A Irradiation. Air-equilibrated aqueous
suspensions of PteGlu@ZIF-8 were exposed to controlled UV-
A irradiation, and after chemical removal of the ZIF-8 matrix
(see Figure S4 and Experimental Section for more detailed
information), the concentrations of PteGlu and possible
photoproducts present were determined with the high-
performance liquid chromatography (HPLC) technique (see
Figures S5 and S6 and the Supporting Information for details
on the procedure followed). Results were then compared to
those of the control photolysis experiment carried out with
bare PteGlu aqueous solutions under identical conditions; in
line with previous reports, PteGlu was observed to undergo
photo-oxidation, with Fop and PABA-Glu as products (see
Figure 4A). Subsequent oxidation processes result in the

appearance of Cap and eventually pterin. On the other hand,
irradiation of PteGlu@ZIF-8 suspensions resulted in a
remarkable photoprotective effect, as observed in Figure 4B;
i.e., after 15 min of irradiation, only less than 20% of PteGlu
was consumed, in contrast to control experiments in which
PteGlu was almost completely consumed after 5 min
irradiation. Spontaneous liberation of PteGlu from the host
can be regarded as negligible for the time range considered and
conditions used in photolysis experiments, as demonstrated by
control experiments (see the Supporting Information, Figure
S7). Therefore, any photodegradation processes resulting from
PteGlu radiation absorption can be considered to occur within
the host porous matrix. An important factor that should be
considered when comparing the irradiation of PteGlu solutions
(homogeneous) and PteGlu@ZIF-8 (heterogeneous) is the
scattering of radiation caused by colloidal particles present.
That is, under identical irradiation conditions, the number of
photons reaching PteGlu in aqueous solutions would be higher
than that corresponding to colloidal suspensions of PteGlu@
ZIF-8. The relevant parameters for estimating scattering
radiation loss for a given wavelength and considering
nonabsorbing colloidal particles are the optical density or
concentration and the size/shape of such objects. A fair
estimate of an upper limit value for this effect is ≈10−20%,
considering 350 nm absorbance of bare ZIF-8 suspensions (0.7
mg/mL) (see the Supporting Information, Figure S4).58,59

Even after considering such radiation losses, the photo-
protection effect is still remarkable, with 80% reduction in
PteGlu consumption when hosted in the host matrix after 15
min of irradiation.
The acceleration observed for free PteGlu consumption as

the reaction time proceeds (Figure 4A) can be explained by
taking into account the already reported autocatalytic photo-
sensitization processes caused by photoproducts.35 Recent
reports dealing with the effect of pterinic impurities on PteGlu
photostability suggest that degradation does not proceed by
direct excitation of the pterinic moiety but by photo-
sensitization with unconjugated pterins present as impurities,
particularly Fop and Cap.30 Surprisingly, such typical behavior
was not observed upon irradiation of PteGlu@ZIF-8
suspensions.
To gain further insight into the photosensitized oxidation of

PteGlu by unconjugated pterins in the ZIF-8 matrix, a series of
experiments were performed by adding Fop to PteGlu@ZIF-8
suspensions. In these experiments, the initial concentration of
Fop was 30 μM, and under such conditions, PteGlu
consumption proceeds as a result of photosensitization by

Figure 3. Thermogravimetric analysis in the N2 atmosphere of ZIF-8 (black), PteGlu (red), and PteGlu@ZIF-8 (blue).

Figure 4. Time evolution of reactant and photoproduct concen-
trations, determined by HPLC analysis, of (A) air-equilibrated
aqueous solutions of PteGlu and (B) air-equilibrated aqueous
suspensions of PteGlu@ZIF-8 under UV-A irradiation. [PteGlu]0 =
155 μM, pH = 6.0. λirr = 350 nm.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c04905
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c04905/suppl_file/ie0c04905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c04905/suppl_file/ie0c04905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c04905/suppl_file/ie0c04905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c04905/suppl_file/ie0c04905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c04905/suppl_file/ie0c04905_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c04905?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c04905?ref=pdf


Fop rather than through direct photolysis of PteGlu. HPLC
concentration profiles obtained reveal that upon irradiation of
air-equilibrated PteGlu solutions containing Fop, PteGlu was
rapidly oxidized, while the addition of Fop to PteGlu@ZIF-8
suspensions had a negligible effect on the PteGlu consumption
rate (Figure 5). This interesting result suggests that PteGlu

loading on ZIF-8 causes an enhancement on photostability,
even in the presence of unconjugated pterins known to
accelerate such processes.

■ CONCLUSIONS
We have synthesized PteGlu@ZIF-8 by a simple one-pot
encapsulation method that yields high loadings of such a
biologically relevant molecule in a biocompatible high-surface-
area host porous matrix. Thorough characterization of the
obtained material demonstrated that the ZIF-8 crystalline
structure and porosity remains present upon encapsulation of
PteGlu. Given the relative sizes of the ZIF-8 pore window and
diameter and PteGlu molecular dimensions, it is unlikely that a
postsynthetic loading procedure would yield an integrated
composite like that presented herein. We hypothesize that the
premixing step, in which metal precursor coordination with
carboxylic acid moieties present on PteGlu occurs, plays a
crucial role in the structuration of clusters, which later on
develop into the highly integrated composite particles.
Evidence of the enhancement of PteGlu thermal stability
caused by confinement constitutes a desirable feature having in
mind the requirements of potential applications, involving
exposure to high temperatures (e.g., sterilization procedures or
food processing). Although such a thermal protection effect
was already observed for other edible biocompatible hosts, the
use of ZIF-8 MOF allows enhanced maximum temperature
limits and higher loadings (10% w/w).43,60−62 Another
interesting feature of the encapsulation of PteGlu on
PteGlu@ZIF-8 is the photoprotection effect, which provokes
a remarkable increase in stability toward irradiation with UV-A
sources compared to free PteGlu (up to 80% increase).
Although some radiation loss due to scattering must be
considered; based on photosensitization experiments carried
out with the addition of Fop, we hypothesize that the
photoprotection mechanism involves a separation of PteGlu
and whatever trace Fop amounts produced in the early stages
of the irradiation process, which although difficult to detect can
greatly accelerate the autocatalytic degradation process. It
should be mentioned also a possible contribution to the
observed photoprotection arising from Zn-carboxylate com-
plexes, which were shown to be more stable than free PteGlu.
In summary, the hereby proposed biocompatible porous matrix

is suitable for loading of a biologically relevant molecule such
as PteGlu, yields enhanced thermal stability and photostability,
and also offers the interesting possibility of triggered
disassembly upon exposure to in vivo conditions.
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