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Metal-organic frameworks (MOFs) possess a variety of interesting features related to their composition
and structure that make them excellent candidates to be used in agriculture. However, few studies have
reported their use as delivery agents of agrochemicals. In this work, the natural polyphenol chlorogenic
acid (CGA) was entrapped via simple impregnation in the titanium aminoterephthalate MOF, MIL-125-
NH,. A combination of experimental and computational techniques was used to understand and
quantify the encapsulated CGA in MIL-125-NH,. Subsequently, CGA delivery studies were carried out in
water at different pHs, showing a fast release of CGA during the first 2 h (17.3 + 0.3% at pH = 6.5).
In vivo studies were also performed against larvae of mealworm (Tenebrio molitor), evidencing the long-
lasting insecticidal activity of CGA@MIL-125-NH,. This report demonstrates the potential of MOFs in the
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Introduction

Over the last few decades, nanomedicine has allowed us to
achieve superior performance in the prevention, diagnosis, and
treatment of diseases. Among all the nanocarriers reported so
far, metal-organic frameworks (MOFs) have attracted much
attention in recent years."*> MOFs are potentially porous crystal-
line materials based on a regular array of inorganic units
connected through organic polycomplexant linkers.® They offer
multiple versatilities for the accommodation of active ingredi-
ents (Als): adaptable structure based on biocompatible and/or
therapeutically active organic ligands and/or cations, large
accessible porosity to host a large variety of Als, and available
binding sites where Als can be anchored.

Following a similar concept, MOFs have recently emerged as
agrochemical delivery agents to enhance crop production and
quality.* This is particularly important since, to keep pace with
the increasing demand of the world population, worldwide
food production will need to increase by 60% by 2050 (less
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efficient release of agrochemicals, and paves the way to their study against in vivo models.

than 30 years).” Each year, over 3 billion metric tons of crops
are produced globally, which require 187 and 4 million metric
tons of fertilizers and pesticides, respectively.® However, these
practices are obsolete as a result of leaching, photodegradation,
chemical hydrolysis and microbial decomposition of the
applied agrochemicals. In fact, a large proportion of applied
agrochemicals (10-75%) do not reach their target,””® and
their extensive use results in the contamination of the
environment.” ' A significant reduction in the needed amount
of agrochemicals to assure crop protection could be achieved by
MOF-carriers reducing toxicity and increasing their efficacy by:
(i) providing combined activities in a single treatment (MOF
intrinsic composition and cargo), (ii) protecting the active cargo
from degradation, or (iii) controlling the release, keeping active
but non-toxic concentrations over long times, and (iv) reducing
cost as lower or unique doses will be required. So far, few
studies in the literature have reported the potential use of
MOFs in agriculture as delivery agents of agrochemicals, such
as cis-1,3-dichloropropene from Ca-i-lactate MOF,'" dinote-
furan from MIL-101(Fe),'® azoxystrobin from MIL-100(Fe),"?
tebuconazole from PCN-224,"* or glufosinate from GR-MOF-
7'% (299 papers, 75% published within the last 3 years, according
to Web of Science, March 2024, “agriculture” ‘“metal-organic
frameworks”).

With this in mind, we have selected as AI the naturally
occurring polyphenol chlorogenic acid (CGA) based on caffeic
and quinic acid, with antioxidant, anti-herbivore and fungicidal
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Table 1 Textural properties before and after CGA encapsulation and total pesticide loading (wt% and mol mol™) calculated using different techniques

Sper (m” g ")

V, (em® g™ Loaded CGA (wt%, mol mol ")

Before encapsulation After encapsulation UV-vis HPLC EA TGA
MIL-125-NH, 1470 570 25.0 £ 6.0 29.3 £ 0.8 28.9 27.7

0.50 0.19 1.18 £ 0.30 1.93 £ 0.07 1.90 1.80

activity.'® CGA is a defence metabolite in plants that provides
protection against different pathogens, like the pathogenic
yeast Candida albicans,"” several phytopathogenic fungi (Alternaria
alternata, Sclerotinia sclerotiorum, Fusarium solani, Verticillium dah-
liae, Botrytis cinerea and Cercospora sgjina),'®'® the tomato fruit
worm Heliothis zea,” leaf beetles Lochmaea capreae L.** the
tobacco armyworm Spodoptera litura,”> and the western flower
thrips Frankliniella occidentalis,”®> among others. However, as a
natural antioxidant product, its chemical structure is prone to
change before or during its application. In particular, CGA has
been reported to be very sensitive to pH (between 3 to 10 in soil).>*
In an attempt to improve its stability and activity in the field, CGA
has been encapsulated in different polymeric formulations
(24 wt% in chitosan nanoparticles,” 24 wt% yeast cells,”® and
apple seed protein matrix),”” but never in a MOF-based material.
In this line, we report here the encapsulation and release of CGA in
the benchmarked biocompatible highly porous MOF carrier
MIL-125-NH, (i.e., [TigOs(OH)4(BDC-NH,)¢]; BDC-NH,: 2-amino-
terephthalate, MIL: Material Institute Lavoisier).”® The selected
MOF possesses a variety of interesting features that make it a
promising carrier of agrochemicals: i) it is highly porous (Bru-
nauer, Emmett and Teller (BET) surface area of 1400 m® g~ and
pore volume (V,) of 0.6 em® g~ '), with large cavities (12.5 and 6 A,
accessible via windows of ~5-7 A), compatible with the CGA
dimensions (17.0 x 6.1 x 4.9 A%, estimated by Vesta considering van
der Waals radii); (ii) it is non-toxic, since after its oral administration
(1 g of MIL-125-NH, per Kg of rat), this MOF has been demonstrated
to be biocompatible and bioeliminable by feces and urine,**
(iii) it can be considered an “active carrier” since MIL-125-NH,
presents a selective antimicrobial and antibiofilm activity, as
recently demonstrated,* and it is considered a beneficial element
in plant growth, as for example some commercial fertilizers are
based on titanium (Z.e., Tytanit™).>* Thus, we studied in detail the
CGA encapsulation in MIL-125-NH,, evaluating the efficiency in the
release of CGA of the resulting formulation under relevant aqueous
solutions at different pHs. Then, the potential antiherbivore activity
of the CGA-loaded material was investigated against larvae of
Tenebrio molitor (mealworm), which is considered a pest in agri-
culture. To the best of our knowledge, CGA@MIL-125-NH, will be
the first CGA formulation based on MOFs studied in vivo.

Results and discussion
CGA encapsulation

The impregnation of the porous material in CGA aqueous
solutions led to the successful incorporation of the pesticide.
The agrochemical content, estimated by UV-vis spectroscopy,

4718 | J Mater. Chem. B, 2024,12, 4717-4723

thermogravimetric analysis (TGA), elemental analysis (EA)
and high-performance liquid chromatography coupled with a
photodiode array detector (HPLC-PDA), reached ca. 30 wt%,
corresponding to 1.9 mmol of pesticide per mol of MIL-125-
NH, (Table 1). Such a value is in very good agreement with the
theoretical value (1.85 mmol mol * or 0.2 g g~ of dry MIL-125-
NH,) obtained for saturation by Monte Carlo calculations (see
Section S2, ESIT). Note that this CGA loading is higher than the
previously reported formulations (maximal reported loading
24 wt% of CGA).>**°® During the incorporation process, the
chemical stability of the MOF was confirmed as only 3.8% of
the total linker of MIL-125-NH, is leached under these condi-
tions. Furthermore, X-ray powder diffraction (XRPD) patterns
evidenced that the pesticide incorporation process does not
alter the crystalline structure of the porous material (Fig. 1a).
Additionally, the absence of Bragg peaks corresponding to the
free CGA rules out the presence of free recrystallized pesticide
out of the pores. The morphology and water dispersion of
CGA@MIL-125-NH, were characterized by field emission scan-
ning electron microscopy (FE-SEM) and dynamic light scatter-
ing (DLS), respectively. No differences between the shape and
size of the cubic MIL-125-NH, nanoparticles are observed after
the CGA loading (Fig. 1c and d). Furthermore, CGA@MIL-125-
NH, water solution exhibited larger particle sizes, between
226 + 83 to 653 £ 97 nm (ESL ¥ Fig. S6), similar to previously
reported MIL-125-NH,.**"*

The incorporation of CGA into the cavities of MIL-125-NH,
was demonstrated by the reduction of the N, sorption capacity
of the MOF (Fig. 1b). In particular, CGA@MIL-125-NH, keeps
a significant residual porosity (570 m> g~ '). This decrease in
accessible porosity is confirmed by theoretical calculations
performed on the CGA-saturated structure for which the spe-
cific surface area and the pore volume evolve from 1900 to
1275 m®> g~' and 0.77 to 0.67 cm® g~ ', respectively. The
dimensions of CGA (17.0 x 6.1 x 4.9 A®) are compatible with
its encapsulation in MIL-125-NH, particularly into the micro-
pores of MIL-125-NH, (accessible via ~5-7 A windows). In this
regard, to shed some light on the influence of porosity on CGA
encapsulation, the potentially maximum CGA adsorption capa-
city was estimated by taking into account the pore volume of
MIL-125-NH, and the theoretical volume of CGA. Accordingly,
20% of the theoretical maximum CGA loading (2.5 mol of CGA
per mol of MIL-125-NH,) should be located in the tetrahedral
void. Considering that we achieved a maximum 1.9 mmol of
CGA loading, we can suggest the absence of any encapsulation
within the smaller cages of MIL-125-NH,. This could be
related to the interaction of the hydrophilic and hydrogen
bond acceptor -NH, group in the organic linker with water

This journal is © The Royal Society of Chemistry 2024
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(a) XRPD patterns of pristine and CGA loaded MIL-125-NH,. Free CGA XRPD pattern was added for comparison. (b) N, sorption isotherms (77 K)

for MIL-125-NH; before (black, circles), and after (red, squares) the CGA loading. Empty symbols denote desorption. FE-SEM images of (c) MIL-125-NH;
and (d) CGA@MIL-125-NH,. No significant differences after the CGA encapsulation are observed in the cubic shaped particles.

molecules. Considering the CGA as rigid, Monte Carlo simula-
tions show that the CGA molecule can only enter in the
structure in the largest pores (see Fig. 2a illustrating the density
of presence of the molecules). This preferential interaction
tends to block the accessibility of the smaller cages as pre-
viously observed in the adsorption of caffeine.?”

Fourier transform infrared (FTIR) spectroscopic analysis
shows the presence of the main band of pure CGA (1690 cm ™)
in the IR spectrum of CGA@MIL-125-NH, (ESLf Fig. S7).
Furthermore, the IR spectrum of CGA@MIL-125-NH, con-
firmed a wavelength shift in comparison with the bare
MIL-125-NH, (from 1541 to 1529 cm~ " (N-H deformation) for

This journal is © The Royal Society of Chemistry 2024

MIL-125-NH, and CGA@MIL-125-NH,, respectively. One could
tentatively propose the formation of hydrogen bonds between
the carboxylic and hydroxyl groups in the CGA with the NH,
groups present within the MOF. As illustrated in Fig. 2b, strong
interactions between both carboxylates and OH groups from
CGA were equally found with the NH, groups from the MOF
structure. Indeed, in Fig. 2b, the distances between the OH and
NH, groups were close to 2.7 A, while carboxylate groups
interact with 3.2 A distances with NH, groups. One could also
consider the deprotonated form of CGA during the encapsula-
tion in aqueous solution (pH = 6.5 and 8; pK, = 3.3).>° However,
the same interactions were observed, OH groups from the

J. Mater. Chem. B, 2024,12, 4717-4723 | 4719
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Fig. 2

(a) Density of presence for the CGA (green dots) in MIL-125-NH, obtained from GCMC simulations, (b) snapshots illustrating the main interactions

between the neutral CGA and the MOF, and (c) snapshots illustrating the main interactions between the ionic CGA (compensated by Na*) and the MOF.
The colours of the atoms are the following: H (white), C (black), O (red), N(blue) and Ti (grey).

anionic CGA interacting with the NH, groups from the MOF
(distances close to 2.7-2.9 A; Fig. 2c).

CGA delivery

In order to envisage the potential applications as a CGA
controlled delivery system, the CGA-release properties of
CGA@MIL-125-NH, were tested in aqueous media by HPLC
(see ESI,T Section S3 for experimental details). Note that water
was selected as typically agrochemicals are sprayed as aqueous
solutions or suspensions and will be delivered by the plant or
soil humidity/rain effect.?” First, as CGA was reported to be very
sensitive to pH,* the stability of CGA and its release in water at
different pH values (pH = 4, 6.5 and 8) were assessed. Free CGA
remains stable at pH 4 and 6.5, but an important degradation is
observed at pH 8 (with less than 10% of the initial CGA after

pH=4

»
3

. 1 & %
- i o k3 : 2

.

'CGA@MIL-125-NH,

pH=65

7 days; Fig. S8, ESIt). From the CGA@MIL-125-NH,, a fast
release of CGA occurs during the first 2 h in all studied media
(34.5 + 1.8, 17.3 + 0.3, and 46.8 & 2.6% at pH 4, 6.5 and 8,
respectively; Fig. 3). Then, a slower and partial release of CGA is
observed. When comparing the CGA delivery in the different
media, one can observe the relation between the CGA release
and the MOF stability (linker release), the latter increasing from
pPH=8 < pH =4 < 6 pH =6.5. It should be noted that along all
the experiment (7 days) the concentration of CGA remains
stable in all tested media, which demonstrates the utility of
MIL-125-NH, in the controlled release of CGA and its protective
effect (specially at pH = 8). This slow and sustained CGA release
may be due to the slow diffusion of CGA thought the MIL-125-
NH, windows (~5-7 A, connecting the cages), with a similar
size to the CGA dimensions (17.0 x 6.1 x 4.9 A*) and to the

pH=8
CGA@MIL-125-NH, = I
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Fig. 3 CGA release (black squares) from CGA@MIL-125-NH, and leached linker (H,BDC-NH,, red circles) in aqueous media at different pHs (4, 6.5, and

8 from left to right) during (a) 168 h (7 days), and (b) 10 h.
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formation of specific CGA-MOF interactions (Fig. 2; see above).
Note here that the remaining amount of CGA in MIL-125-NH,
after 7 days of release was confirmed by TGA (ca. 72% at pH 6.5).

On the other hand, to assess temporal stability, the CGA@
MIL-125-NH, sample was stored at room temperature, without
any special requirements. After 3 months, the CGA@MIL-125-
NH, material remains crystalline, as demonstrated by its XRPD
pattern (ESL,T Fig. S9).

Aside from CGA release as an insecticide, one should con-
sider the advantageous effect of the release of Ti associated
with the matrix degradation. Ti is considered a beneficial
element in plant growth. Several commercial fertilizers contain-
ing Ti (i.e., Tytanit and Mg-Titanit) have been used as bio-
stimulants for improving crop production.®* In this regard, the
potential growth effect of MIL-125-NH, was tested in Lolium
multiflorum (annual ryegrass) seeds, used here as a model plant
(ESL T Fig. S11). Seeds were grown in aqueous suspensions of
MIL-125-NH, with different concentrations (from 50 to 750 ppm)
or in water (used as control), and the length of the stem and roots,
and dried weight of the plants were measured after 7 days. At the
studied concentrations, no significant differences (p-value < 0.05)
were found between groups under the tested conditions. Thus, it
can be concluded that non-biostimulant nor toxic effects in plant
growth can be associated with MIL-125-NH,. Furthermore, accord-
ing to the MOF degradation in water (2.9% after 2 h), the total Ti
concentration after 2 h is 0.59 mg mL™". Thus, considering the
Pourbaix diagram of Ti at the working pH (pH = 6), Ti should be as
TiO,, considered a safe metal oxide which does not exhibit acute
toxicity to soil earthworms.*®

Finally, the CGA release kinetics was fitted to a mathema-
tical model in order to better understand the potentially
involved mechanism. In particular, the Higuchi model (ESL+
Section S5), which defines the short time behaviour of the
release of a dispersed cargo from a matrix has been used to

a)

Fig. 4

b)

View Article Online
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describe the diffusion of the CGA from the MOF.*° This model,
normally used to describe the release of drugs, perfectly
describes release processes where the cargo is dispersed in
stable monolithic systems (with no changes during the release
process), with the release being purely controlled by diffusion.
As previously described in the drug release from biodegradable
matrices,*® Higuchi’s equation is verified at early times, avoid-
ing an important degradation of the material where this model
would not fit.

Insecticidal activity assay

To demonstrate the applicability of the CGA-loaded MIL-125-
NH, in agriculture, the potential insecticidal activity of CGA@-
MIL-125-NH, against the larvae of mealworms (Tenebrio moli-
tor) was tested, and compared with the free CGA and pristine
MOF as controls. Previous to any test, the active CGA concen-
tration against larvae of T. molitor was determined (200 mg of
CGA per gram of oat), considering previous reports on the
activity of CGA against different herbivores.*! Then, larvae were
fed with repeated doses of oats (1 g) previously doped with an
aqueous suspension of CGA (200 mg), MIL-125-NH, (441.2 mg),
or CGA@MIL-125-NH, (683.2 mg). Note that the administered
quantity of each group was adjusted to the corresponding part
of CGA or MIL-125-NH, (see further details in ESI, T Section S7).
The Probit analysis was used to calculate the median lethal
time (LTso) to compare the isolates effectiveness.*” When T.
molitor was fed with CGA-containing oat, 97.5% of larvae died
after 21 days of the first treatment (Fig. 4), which corresponds
to a LTs, of 7.5 days.

After 21 days, CGA@MIL-125-NH, is significantly (p < 0.05)
more active (92.5 + 3.5% of mortality) than pristine MIL-125-
NH, (72.5 £ 3.5% of mortality), with an LTs, of 16.1 and
17.3 days respectively. On the other hand, when treated with
pristine MIL-125-NH, and CGA@MIL-125-NH, for 21 days, a

100

90

80

70 A

60 A

50

Survival (%)

40 A
30 4
20 1

10 ~

0 [

CGA@MIL-125-NH, MIL-125-NH, CGA

Oat

Images of larvae of T. molitor sprayed with CGA@MIL-125-NH, and water (control), and (b) insecticidal effect after 21 days of the first

administration of oat, CGA, MIL-125-NH,, and CGA@MIL-125-NH, to larvae of T. molitor.

This journal is © The Royal Society of Chemistry 2024
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progressive larvae mortality was evidenced (ESL,T Fig. S12).
As expected, the pristine CGA has a faster effect on larvae death
than the CGA-loaded MOF, but as mentioned during the
introduction the use of high doses of agrochemicals could led
to toxic effects in the environment. These results are indicative
of the enhance long-lasting insecticidal activity of CGA@MIL-
125-NH, related with the progressive release of the CGA, and
therefore, associated with a reduced environmental toxicity.

Conclusions

A new agrochemical formulation based on a highly porous MOF
and chlorogenic acid (CGA), with antioxidant, anti-herbivore
and fungicidal activity, is here presented as an attractive
formulation to improve pesticide activity, while decreasing
environmental toxicity. The CGA was easily encapsulated into
MIL-125-NH, (water suspension for 24 h) surpassing the load-
ing achieved using other CGA formulations. Furthermore, the
CGA release was fast (17.3% in 2 h), retaining 72% of CGA in
MIL-125-NH, after 7 days. Upon the treatment of T. molitor
(a pest in agriculture) with oats supplemented with CGA@MIL-
125-NH,, a progressive toxic effect was, observed and associated
with a reduced environmental toxicity. These results pave the
way to efficiently delivering potentially toxic agrochemicals via
a convenient porous formulation, avoiding toxic effects asso-
ciated with high concentrations of agrochemicals in our fields.
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