
Supercritical CO2 assisted bioMOF drug encapsulation and 
functionalization for delivery with a synergetic therapeutic value

Albert Rosado a,*, Luis García-Fernández b,c, María Rosa Aguilar b,c, Rosa Ana Ramírez b,c,  
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• CaSyr-1 bioMOF is processed via scCO2 
to afford a novel drug delivery system.

• ScCO2 enables consecutive isoniazid 
impregnation and stearate 
functionalization.

• The followed green processing approach 
results in a system with null 
cytotoxicity.

• The assembled CaSyr-1(INH)/S/PS60 
promotes sustained release of bioactive 
entities.
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A B S T R A C T

Despite the impressive characteristics of biological metal organic frameworks (bioMOFs) for their use as drug 
delivery systems (DDs), there are still some parameters related to their structural stability and processing routes 
that have decelerated their realistic application in this field. Both drawbacks are unraveled in this work for the 
microporous bioMOF CaSyr-1 by using supercritical CO2 (scCO2) to load the bioMOF with the anti-tubercular 
isoniazid (INH) drug, and functionalize its external surface with a hydrophobic protective layer of stearate 
(S). The hydrophobicized CaSyr-1(INH)/S vehicle is further coated with a neutral surfactant (PS60) to enhance 
the wettability of the system. In vitro tests, related to drug carrier biocompatibility and drug release in body 
simulated fluids, are performed to demonstrate potential prospective of the designed DDs in pharmacy. The 
synthetized product displayed total biocompatibility even at high concentrations, and the particle size and 
dissolution rate showed to be adequate for pulmonary administration.
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1. Introduction

Controlled and intelligent drug delivery systems (DDs) are of enor
mous interest for simultaneously maximizing active agents therapeutic 
efficacy and minimizing side effects [1]. These technological systems 
were first designed for the delivery of small drug molecules with a 
release largely dictated by their physicochemical properties, thus 
enabling entirely new medical treatments by sustaining the release, 
broadening the activity, increasing systemic circulation, adjusting the 
pharmacokinetics/bioavailability or enhancing the target to specific 
cells, tissues or organs within the body [2]. Traditional carriers in DDs 
are biodegradable natural polymers, such as chitosan derivatives or 
polysaccharides, and synthetic polymers, such as hydrogels or den
drimers [3]. Nanomaterials have played a pivotal role in advancing drug 
delivery technology, expanding a wide spectrum of new nanocarriers, 
such as polymeric nanocapsules, liposomes vesicles and solid lipid 
nanoparticles [4]. Over the years, drug delivery methods have evolved 
to the use of a variety of inorganic materials, including silica and 
metallic oxide structures, and particularly those possessing significant 
porosity [5]. Recently, biological metal organic frameworks (bioMOFs), 
which are micro/mesoporous biocompatible structures, have been pro
posed as carriers for controlled drug delivery. BioMOFs are built with 
non-toxic metals and organic linkers of biological nature that can be 
either macromolecules (nucleobases, amino acids, polypeptides, pro
teins, porphyrins, etc.) or polytopic therapeutic biomolecules (curcu
min, nicotinic acid, etc.) [6]. They offer further advantages over 
traditional drug carriers including compositional and structural di
versity, framework flexibility and enhanced biocompatibility [7]. Unlike 
conventional DDs, which are often inert in regard of therapeutic value, 
bioMOFs can be constructed from building units possessing pharma
ceutical activity [8,9].

The bioMOF CaSyr-1 has been recently developed in our laboratories 
with the aim of building DDs with full biocompatibility given by the 

framework composition defined as calcium cation (Ca2+) nodes and 
phenolic syringate anion (Syr2− ) linkers [10]. Among described bio
MOFs, CaSyr-1 shows outstanding textural properties, with extraordi
nary values of experimental specific surface area (ca. 1000–1100 m2 

g− 1) and micropore volume (ca. 0.30 cm3 g− 1). These characteristics 
confer a remarkable cargo loading capacity to the material. The crys
tallographic description of CaSyr-1 indicates that the porosity arises 
from hexagonal and unidimensional channels with an effective diameter 
of 1.4 nm (Fig. 1). This wide pore diameter, together with the absence of 
narrow pore windows or entrances, would enable the encapsulation of a 
large variety of active ingredients of different molecular size, from small 
drug molecules to biomacromolecules. Indeed, CaSyr-1 has one of the 
largest pore diameter value described for microporous bioMOFs, close to 
that of the mesoporous counterparts [11]. Additionally, CaSyr-1 exhibits 
certain bioactivity itself, mainly given by the syringate with anti-oxidant 
and anti-inflammatory properties, among others [12]. Hence, when used 
as a drug reservoir, the simultaneous release of the framework compo
nents and loaded cargo can afford synergies to fight particular diseases 
or to reduce side effects. For instance, the triple bioactive release of 
calcium, syringate and ibuprofen from a CaSyr-1(ibuprofen) system has 
been recently described, expecting positive synergies for hypertensive 
patients [10]. CaSyr-1 framework is originated from weak coordination 
bonds stablished between the carboxylate O-donor groups in Syr2- and 
Ca2+ cations, which can be easily replaced by coordinating water mol
ecules. This characteristic gives the bioMOF a high potential for 
degradation in biological media [13]. Actually, moisture causes the fast 
transition of CaSyr-1 towards a non-porous crystalline phase. In some 
scenarios, as for hydrophobic ibuprofen, physiologically unstable bio
MOFs can be contemplated as desirable delivery vehicles to increase 
drug bioavailability [10,14]. Nevertheless, in many other occasions, too 
fast degradation in moisture/water is an event that can compromise 
applicability during drug administration, as well as steadiness during 
formulation and storage.

Fig. 1. Crystallographic structure of CaSyr-1: (a) hexagonal pores, and (b) projection of the pore wall functional groups interacting with loaded INH.
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In this study, to impregnate, functionalize and modulate the disso
lution behavior of CaSyr-1, the bioMOF is processed in supercritical CO2 
(scCO2), a solvent widely used in the preparation of pharmaceutical 
formulations with important advantages [15], such as lack of toxicity 
and possibility of carrying out processes at near-ambient temperature 
[16]. The latter is important to avoid the thermal degradation of bio
MOFs matrix, which can contain thermally labile organic linkers [17]. 
Moreover, the structure of MOFs can be sometimes altered by immersion 
in particular solvents, basically in those with high affinity for metals, 
leading to linker displacement and subsequent structural collapse or 
precipitation of a different phase. The use of scCO2 is advantageous for 
the processing of MOFs, since this neutral solvent do not affect their 
crystalline structure [18]. ScCO2 technology has been widely used to 
impregnate active agents and additives in polymeric and porous 
matrices [19,20]. This technology is used in this work to design a proper 
DDs based on CaSyr-1 nanoparticles (NPs), first to encapsulate a 
water-soluble drug (INH) into the pores of the bioMOF, and, second, to 
embed a water repellent agent (stearic acid, HS) on the outer surface of 
the NPs. The design of this particular DDs starts by using CaSyr-1 as a 
porous matrix for isoniazid (INH) loading, the reference antibiotic used 
in the first line treatment of mycobacterium tuberculosis infections, 
which is administered by oral or pulmonary route [21]. Continued 
treatment with INH is usually accompanied by serious side effects 
related to liver damage [22]. Conversely, many studies have indicated 
that syringic acid has hepatoprotective properties, and could mitigate 
the undesired hepatotoxic effects of isoniazid by the simultaneous de
livery of INH/syringic acid co-crystallized products [23–25]. Moreover, 
net isoniazid suffers particle size redistribution during prolonged stor
age, reason why this drug should be preferably encapsulated in a matrix 
[26]. After scCO2-mediated isoniazid impregnation, a biocompatible 
protective layer is deposited on the surface of CaSyr-1 NPs to attain a 
subtle balance between the necessary bioMOF degradability in biolog
ical media and sufficient stability to design proper administration routes 
for the loaded active agent. The research addresses kinetic factors 
affecting the bioMOF dissolution rate by the superficial incorporation of 
the bulky hydrophobic stearate (S), acting as a moist sensitivity modu
lator. HS is a saturated monobasic fatty acid with a C-18 chain that is 
widely used in the production of pharmaceutical tablets and capsules 
[27] and it is a lipid processed by scCO2 to produce solid lipid nano
particles [28]. The adjustment of the scCO2 operating conditions allows 
to carry out both processes, impregnation and surface functionalization, 
by using the same technology. Additionally, the resulting material is 
further coated with polysorbate 60 (PS60), a neutral stearate-derived 
surfactant, to enhance the overall wettability of the system. The pre
pared drug nanocarrier involving CaSyr-1, S and PS60 displayed full 
biocompatibility, even at elevated concentrations, which is ascribed to 
the rational design and synthesis of the DDs, including only bio-based 
products and pharmaceutically approved solvents such as scCO2 and 
ethanol.

2. Materials and procedure

2.1. Materials

The employed reactants for CaSyr-1 synthesis were syringic acid 
(H2Syr 98 %, abcr) and calcium acetylacetonate (Ca(acac)2 98 %, abcr). 
The loaded active compound was INH (99 %, Sigma-Aldrich). The 
selected additives were HS (95 %, Merck) used as a modulator for hy
drophobicity and PS60 (Sigma-Aldrich) used as a surfactant. The 
employed solvents for the synthesis of the material were absolute 
ethanol (EtOH, Scharlab), compressed CO2 (99.95 wt%, Carburos 
Metálicos S.A.) and ethyl acetate (EtOAc, Scharlab).

2.2. Synthetic procedure

CaSyr-1 nanopowder was synthesized following a reported method 

[10]. In short, 238 mg of Ca(acac)2 and 198 mg of H2Syr were separately 
suspended and dissolved in 5 mL of EtOH, added to a vial and mixed by 
vortex agitation. After 30 min resting at room temperature, the precip
itated CaSyr-1 NPs were recovered by centrifugation and washed thrice 
with EtOH. CaSyr-1 was activated at 393 K under vacuum (ca. 15 Pa) for 
6 h to fully empty the pores from residual solvent.

The loading of CaSyr-1 with INH was carried out in a static mode 
under stirring (500 rpm) by using scCO2 at 333 K and 20 MPa, lasting 
the run for ca. 60 h. For this, excess of INH (164 mg) was added to a 
small vial (together with a stir bar) and placed into a 100 mL high- 
pressure vessel (Thar Design) holding 150 mg of activated CaSyr-1 
enclosed in a permeable cartridge of filter paper. The system was pres
surized up to 20 MPa by using a Teledyne Isco 260D syringe pump and 
heated with resistances. After drug impregnation, the autoclave was 
depressurized at a relatively low rate in a two-step procedure (ca. 
2–3 MPa min− 1 in the range 20–9 MPa and ca. 0.5 MPa min− 1 from 
9 MPa to ambient), and then cooled down to room temperature to 
recover the cartridge enclosing the CaSyr-1(INH) product. In this set-up, 
matrix and solute were physically separated to avoid potential 
contamination of the formulation by undissolved solid drug. The exte
rior of the recovered cartridge was flushed with a jet of pressurized N2 
gas to eliminate any potential solid particles of INH deposited on the 
filter paper surface. Indeed, most of the INH excess remained in the vial, 
and only a very small amount of crystals was found precipitated on the 
high pressure vessel walls, the coldest area in the autoclave due to CO2 
Joule-Thomson effect during depressurization. From the recovered 
sample, drug loading or content are defined as the impregnated mass of 
drug divided by either the mass of pristine matrix (wtINH/wtCaSyr-1 x 
100) or the mass of impregnated matrix (wtINH/wt(INH+CaSyr-1) x 100).

The functionalization of CaSyr-1(INH) with stearic acid in scCO2 was 
carried out in the same 100 mL high-pressure vessel containing a vial 
filled with 140 mg of stearic acid and a stirrer, and 120 mg of CaSyr-1 
(INH) NPs wrapped in a cartridge of filter paper. The system was heat
ed at 333 K and pressurized up to 15 MPa, while stirring at 500 rpm. 
These conditions were maintained for 20 h. Afterwards, the autoclave 
was depressurized to 6 MPa, pressurized again with fresh CO2 to 15 MPa 
and depressurized to ambient pressure. This washing step was repeated 
two times under isothermal conditions to remove the excess of stearic 
acid. Finally, the autoclave was cooled down to recover the CaSyr-1 
(INH)/S sample.

CaSyr-1(INH)/S was further coated with PS60. For that, 1000 mg of 
PS60 were placed into a vial and melted at 323 K. 120 mg of CaSyr-1 
(INH)/S were then added and the mixture was soaked at 323 K for 
2 h. The viscous suspension was diluted with a small amount (0.5 mL) of 
EtOAc, collected by vacuum filtration and washed with 1 mL of fresh 
EtOAc to eliminate the excess of PS60, thus recovering a powder of the 
end product CaSyr-1(INH)/S/PS60.

2.3. Characterization

2.3.1. Physicochemical and morphological properties
Proton nuclear magnetic resonance (1H NMR, Bruker Avance NEO 

300 MHz) was used to quantify the molar ratio of INH with respect to 
H2Syr (see supplementary material for Figs. S1-S6) in the samples 
collected after impregnation (Fig. S1), surface functionalization (Fig. S2) 
and coating (Fig. S3). The analysis was carried out in dimethyl sulfoxide- 
d6 (DMSO-d6; 99.5 v% d6, abcr), after digesting each sample in hydro
fluoric acid (HF; 40 v% in water, Fluka). The INH signal at δ = 7.74 ppm 
(Fig. S4) was integrated with respect to the H2Syr signal at δ = 7.21 ppm 
(Fig. S5), both signals corresponding to the integration of 2 H in the 
respective pristine organic molecules. In the functionalized sample 
(Fig. S2), the stearic acid signal at δ = 1.48 ppm (Fig. S6) was also in
tegrated with respect to the H2Syr signal at δ = 7.21 ppm (Fig. S5) to 
estimate the content of the fatty acid in the system. Powder X-ray 
diffraction (XRD, Siemens D5000) patterns were recorded for the 
different samples in the 2θ range 5–30º. Scanning (SEM, Quanta FEI 200 
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FEG-ESEM) and transmission (TEM, JEOL 1210) electron microscopes 
were utilized to evaluate the morphology and the size of the NPs. For the 
different samples, histograms of the particle size distribution were ob
tained by measuring > 200 discrete particles in images taken with TEM 
and using ImageJ program for analysis. Dynamic light scattering (DLS, 
Zetasizer Nano ZS Malvern Inst.) was employed to measure the dynamic 
size of CaSyr-1 and CaSyr-1(INH)/S/PS60 particles suspended in EtOH 
and H2O, respectively. N2 physisorption at 77 K (ASAP 2020 Micro
meritics) was applied to estimate the porosity of the composites. Pre
vious to the analysis, the samples were activated overnight at 393 K 
under vacuum. From the recorded N2 adsorption/desorption isotherms, 
the micropore volume was determined by the t-plot method, while the 
mesopore specific surface area was calculated by applying the Brunauer- 
Emmet-Teller (BET) equation.

2.3.2. In vitro biocompatibility test
The biocompatibility of the nanocarriers CaSyr-1 and CaSyr-1/S/ 

PS60 was tested on a human osteosarcoma cell line (MG63, ATCC 
CRL1427). Prior to testing, the samples were sterilized at 413 K for 
5 hours under dry conditions. MG63 cells were cultured in MEM NEAA 
medium (Sigma Aldrich), supplemented with 10 wt% fetal bovine serum 
(FBS, Sigma), 1 wt% penicillin/streptomycin (Invitrogen), and 2 wt% L- 
glutamine (Invitrogen). Cells were maintained at 310 K with 5 v% CO2 
in a humidified chamber until confluence before the assays. Cells from 
passages 4–8 were used in all experiments. 200 μL of MG63 cells were 
seeded on transwell inserts (collagen coated, cut-off = 0.4 μm, diameter 
= 6.5 mm, Costar) at a density of 100,000 cells mL− 1. The inserts were 
incubated in a 48-well plate with 400 μL of culture medium at 310 K and 
5 v% CO2. After 24 hours, the medium in the inserts was replaced with 
fresh medium, and the medium in the well plate was replaced with serial 
dilutions of CaSyr-1 and CaSyr-1/S/PS60 in culture medium (starting at 
25 mg mL). After another 24 hours, all media were replaced with cul
ture medium without phenol red. Cell viability was assessed by adding 
Alamar Blue (AB, Invitrogen) at 10 v% and incubating the cells at 310 K 
for 4 hours. Viability was measured using a plate reader (Biotek Synergy 
HT spectrophotometer) with excitation at 590 nm and emission at 
530 nm. The cell viability (%) was calculated using the following for
mula: 100 x (ODS-ODB)/(ODC-ODB), where ODS, ODB, and ODC 
represent the emitted fluorescence at 530 nm for the sample (S), blank 
(B, culture medium without cells), and control (C), respectively. Ex
periments were performed in triplicate for each sample, and data was 
expressed as mean values ± standard deviation.

2.3.3. Release of bioactive compounds
The release of the organic bioactive compounds, i.e., syringic acid 

and INH, from the assembled DDs, CaSyr-1(INH)/S/PS60, and CaSyr-1 
(INH) for comparison, was studied in PBS at 310 K. The standard solu
tions and the studied aliquots were analyzed by high-performance liquid 
chromatography (HPLC, Shimadzu Prominence LC-20AD Liquid Chro
matograph, equipped with a Kromaphase C18 column). The employed 
mobile phase was a mixture of methanol/water (MeOH/H2O; 20/80 v/ 
v), applied with 0.5 mL min− 1 flow rate and 6.2 MPa. The recorded 
retention times for H2Syr and INH were 5.0 and 7.5 min, respectively. 
For both components, the UV-Vis spectra was analyzed at λ = 266 nm. 
Prior to aliquot analysis, calibration curves were constructed from 
several standards. For analyte concentration measurements, a weighted 
amount of sample, 25 mg for CaSyr-1(INH) and 30 mg for CaSyr-1 
(INH)/S/PS60, was immersed in 25 mL of PBS (pH = 7.4) at 310 K. 
Flasks were immediately placed into an orbital shaker incubator at the 
same temperature with the oscillation mode fixed at 100 rpm. Aliquots 
of 0.5 mL were collected after specific periods. The aliquots were then 
diluted in 1 mL of mobile phase and passed through PTFE syringe filters 
(0.45 µm) before analysis. The content of the bioactive compound in 
each aliquot was estimated by extrapolating the experimental signal in 
the equation obtained from the calibration curve of each compound, and 
considering the dilution factors. Each experiment was performed in 

triplicate and the results were given as mean values ± standard 
deviation.

3. Results and discussions

3.1. Synthesis and characterization

The synthesis of the designed DDs involving CaSyr-1/INH/S/PS60 is 
carried out stepwise following the procedure schematized in Fig. 2. 
CaSyr-1 was obtained following a facile, fast and non-solvothermal 
synthesis by simply mixing the starting materials in EtOH at room 
temperature (Fig. 3(a)). SEM images indicated that the bioMOF 
precipitated as isometric particles of 50–100 nm diameter (Fig. 4(a)) 
with narrow size distribution determined by TEM (Fig. S7 in supple
mentary material). Although CaSyr-1 is stable for at least one month 
when stored under ambient conditions, this material is thermodynami
cally unstable in contact with water, solvent in which the NPs are 
instantaneously dissolved with the subsequent precipitation of a dense 
non-porous phase. The significant kinetic stability of CaSyr-1 under 
moisture (60 % relative humidity and 298 K) is taken as a benefit for 
making the bioMOF suitable for further processing, e.g., for loading with 
an active agent. Nevertheless, for its reliable application in DDs, the 
kinetic stability in aqueous media must be enhanced. This aspect is 
addressed in this work by hydrophobizing the material. Both processes, 
drug impregnation and hydrophobization of CaSyr-1 NPs, are performed 
consecutively by using scCO2 technology, a solvent widely used in the 
preparation of pharmaceutical products [29]. This technology is here 
used to encapsulate the drug inside the pores of the bioMOF and to 
embed the water repellent agent on the outer surface of the NPs.

INH was chosen as the active agent for CaSyr-1 impregnation. This 
choice was rigorously taken considering some physicochemical aspects 
of INH with respect to CaSyr-1, including the molecular size (1.0 
×0.7 nm, suitable for entering the 1.4 nm CaSyr-1 channels), the po
tential supramolecular interactions in the pores and the respective 
hepatotoxic and hepatoprotective properties. INH drug has been already 
impregnated in other MOFs of the iron trimesate family by using water 
as the carrier fluid [30,31]. However, due to the chemical instability of 
CaSyr-1 in water, scCO2 is used in this work as a proper alternative 
solvent. Despite the highly polar character of INH, this drug presents 
some solubility in scCO2, with reported values of 4–6 ×10− 6 mole 
fraction at 15–20 MPa and 313 K [32]. In this fluid, the primary amino 
group contained in INH can react with CO2 to produce insoluble car
bamates through the formation of zwitterion intermediates [33]. The 
generation of these insoluble species is minimized at high operating 
temperatures, reason why the impregnation process in scCO2 was car
ried out at 333 K, which would also enhance the intrinsic solubility of 
the drug by increasing its vapor pressure. Even so, the attained solubility 
values of INH in scCO2 would be low, thus, long equilibrium times have 
been applied in the adsorptive impregnation process. Drug confinement 
by adsorptive impregnation inside porous materials has been defined to 
start with an adsorption process [34]. For materials with pore diameter 
larger than the solute size by a factor of 10–20, drug crystals can be 
formed, while for small pores, amorphous phases generally precipitate. 
In the studied pair CaSyr-1/INH, the pore size of the micrometric matrix 
just slightly exceeds the molecular diameter of the solute (1.4 nm vs. ca. 
1 nm, respectively). With such a small pore diameter, solute precipita
tion inside the pores is not expected for neither crystalline nor amor
phous phases. As defined by the IUPAC technical report on physisorption 
[35], solute confinement inside micrometric pores below 2 nm is better 
defined by micropore filling than by surface adsorption. Hence, the 
physical state of INH inside CaSyr-1 pores can be approximated to 
liquid, which, in regard of molecular order, is considered closer to 
amorphous solids. Actually, the process in this work can be defined as a 
molecular adsorptive impregnation, in which the formation of a drug 
solid phase is not envisaged [20]. Under the working static conditions, 
kinetics can be defined by either drug dissolution, or by its transport to 
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the adsorbent surface or diffusion/adsorption into the pores. Even for 
the slightly soluble INH, drug dissolution is likely not the 
rate-determining step in the used stirred autoclave [36]. Drug diffusion 
in the scCO2 medium can be the rate limiting step at early stages, until 
the solution reach equilibrium. After that, intraparticle diffusion would 
determine the kinetics. The chemical composition of the bioMOF is the 
key parameter to ensure successful drug incorporation, since infused 
molecules must be stabilized at the interior of the channels by supra
molecular interactions with the pore walls. For the INH/CaSyr-1 pair, 
the INH interactions include hydrogen bonding with the exposed coor
dinating waters and π–π interactions with the syringate aromatic rings 
(Fig. 1(b)). According to 1H NMR quantitative analysis (Fig. S1), the 
recovered CaSyr-1(INH) sample contains 0.3 mol of INH per mol of 
CaSyr-1, which implies a mean drug content of 14.7 wt% (drug loading 
of 17.3 wt%), with a deviation of ± 2 %. For this sample, the XRD 
pattern displays all the peaks of CaSyr-1 (Fig. 3(a)), demonstrating, first, 
that the structure of the bioMOF was not damaged during scCO2 treat
ment. Moreover, the main peaks of INH, expected at 2θ = 9.25 and 24.2º, 
are not present in the diffractogram. Overall, only some differences in 
the relative intensity of the peak at 2θ = 5.7º could be spotted, which is 
ascribed to CaSyr-1 micropore filling, thus indicating that the active 
agent was molecularly impregnated inside the channels and the outer 
surface and not precipitated as crystals on the bulk. Likewise, SEM im
ages show only CaSyr-1 NPs, free of the typical needles formed by INH 
recrystallization in scCO2 (Fig. 4(b)). Comparing with the N2 
adsorption-desorption isotherm of pristine CaSyr-1, CaSyr-1(INH) ex
periences a complete drop of N2 adsorption in the micropore region, 
which indicates that the bioMOF pores were blocked by incorporation of 
the active agent (Fig. 3(b)). CaSyr-1(INH) only exhibits some meso/
macroporosity originated by NPs aggregation, with a BET specific 

surface area of 70 m2 g− 1. Giving a geometrically predicted molar vol
ume of 110 cm3 for INH, 0.3 mol of this molecule would occupy ca. 
33 cm3. Before impregnation, the empty volume of pristine CaSyr-1 NPs 
was calculated from the N2 physisorption data by using the t-method as 
81 cm3 mol− 1. Hence, near 40 v% of the CaSyr-1 empty channels were 
loaded with INH molecules by using the scCO2 impregnation method, 
which is considered as an extraordinary loading value for a poorly sol
uble drug in scCO2 (in the order of 10− 6 mole fraction).

CaSyr-1(INH) sample reveals similar instability in water than pris
tine CaSyr-1, which would trigger the instantaneous release of INH and 
the precipitation of CaSyr-2. Considering the physicochemical proper
ties of CaSyr-1, it is reasoned that kinetically water-stable CaSyr-1(INH) 
NPs can be obtained by protecting the calcium coordination sphere on 
the NPs outer surface from water attack, for instance, by surface func
tionalization with a proper capping agent. Stearic acid, endowing a 
hydrophobic aliphatic tail and a carboxylic polar head with high affinity 
to calcium, was selected for this purpose. To configure the protective 
layer, consisting of stearate bonded to calcium on the NPs surface, 
CaSyr-1(INH) NPs were treated with a mixture of stearic acid and scCO2 
at 15 MPa and 333 K. Under these experimental conditions, the solu
bility of stearic acid is in the order of 1.1 ×10− 3 mole fraction [37]. The 
process was carried out at a similar temperature than INH impregnation, 
but reducing the pressure from 20 to 15 MPa with a concomitant CO2 
density drop that is expected to minimize, if any, the loss of loaded INH 
by re-dissolution in the fluid phase. Actually, quantitative 1H NMR 
analysis indicates a similar INH:CaSyr-1 molar ratio for both CaSyr-1 
(INH) and CaSyr-1(INH)/S samples (0.3:1, Fig. S2). The recorded XRD 
pattern for CaSyr-1(INH)/S is similar to that of CaSyr-1 (Fig. 3(a)), with 
an extra wide signal at 2θ = 21–22º attributed to the formation of cal
cium stearate on the NPs surface, likely together with some residual 

Fig. 2. Schematic representation of the synthetic protocol highlighting the consecutive main steps: precipitation of CaSyr-1 in EtOH, impregnation with INH for 
CaSyr-1(INH) in scCO2, surface functionalization with S for CaSyr-1(INH)/S in scCO2 and coating with PS60 for CaSyr-1(INH)/S/PS60.

Fig. 3. Structural and textural characterization of the studied samples: (a) powder XRD patterns of samples CaSyr-1, CaSyr-1(INH), CaSyr-1(INH)/S and CaSyr-1 
(INH)/S/PS60 compared with the simulated phase, and (b) N2 adsorption/desorption isotherms of samples CaSyr-1 and CaSyr-1(INH).
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stearic acid, both phases presenting intense diffraction peaks at these 
angles [38]. The presence of stearate did not generate noteworthy dif
ferences on the bulk appearance (Fig. 4(c)) and size (Fig. S8 in supple
mentary material) of CaSyr-1 NPs, although in TEM images the surface 
of the particles appear to be less smooth (Fig. S8), probably caused by 
the presence of disordered stearate chains in the external dominium. The 
specific amount of stearate in the composite was measured by 1H NMR 
as 2 ×10− 3 mol gCasyr-1

− 1 (Fig. S2). Considering the surface area occupied 
by one mole of stearate polar heads as ca. 4 ×108 cm2 mol− 1 (the 
stearate head molecular diameter is estimated as 0.3 nm), the specific 
surface area that can be covered with the incorporated amount of 
stearate is ca. 80 m2 g− 1. This area value is slightly higher than the 
experimental value found for the outer specific surface area of CaSyr-1 
(INH), which was measured as 70 m2 g− 1. Hence, total coverage with 
stearate carboxylate heads anchored on the outer surface of the NPs as a 
monolayer can be assumed, with only a small percentage of stearic acid 
in excess.

The obtained CaSyr-1(INH)/S NPs shows particularly high hydro
phobicity and cannot be soaked in water, not even upon vigorous stir
ring (Fig. 4(c)_inlet). However, wettability is an indispensable 
parameter for DDs to achieve an effective travelling across body fluids 
and also, to enhance biocompatibility. In order to modulate the polarity 
of the external surface, CaSyr-1(INH)/S was further treated with PS60, a 
non-ionic surfactant derived from stearic acid widely used as an additive 
in pharmacy and food industry. Hence, strong hydrophobic interactions 
between the aliphatic domains of stearate and PS60 are envisaged. This 
process was carried out by using an almost solvent-free method, just by 
soaking CaSyr-1(INH)/S in fused PS60. According to XRD character
ization, the composite structure was not modified by PS60 addition 
(Fig. 3(a)). Additionally, 1H NMR analysis indicated that the molar ratio 

of INH:CaSyr-1 was preserved (Fig. S3). Although the morphology and 
size of CaSyr-1(INH)/S NPs was not modified (Fig. S9 in supplementary 
material), a thin film of amorphous PS60 can be observed embedding 
the nanocrystals (Fig. 4(d)). Regardless, according to DLS, the dynamic 
particle size distribution under suspension for the assembled DDs was in 
the order of 200–300 nm (Fig. S10 in supplementary material). By 
adding this second layer, the hydrophobic character of CaSyr-1(INH)/S 
was reverted and the resulting CaSyr-1(INH)/S/PS60 NPs were easily 
dispersed in water (Fig. 4(d)_inlet). The assembled stearate-based pro
tective layers are expected to hinder the free diffusion of water mole
cules towards the CaSyr-1 framework, thus slowing down the release of 
the bioactive components.

3.2. Cytotoxicity

The toxicity of the assembled drug delivery system was tested to 
evaluate the suitability of the material for pharmaceutical applications. 
The assay was performed to estimate the IC50 of the matrix CaSyr-1/S/ 
PS60, without the presence of impregnated INH, in order to avoid 
misleading results associated with drug toxicity. Data was compared to 
that obtained for pristine CaSyr-1 NPs. In the assay, samples were 
diluted to different concentrations and then immersed in MG63 cell 
culture. Remarkably, CaSyr-1/S/PS60 exhibited null toxicity at all the 
studied concentrations, even at 25 mg mL− 1, at which cell viability for 
pristine CaSyr-1 was negligible (Fig. 5(a)). The partial low toxicity of 
CaSyr-1 in the synthesized nanocarrier is not reflected in the reported 
results since the wt% ratio of CaSyr-1 in CaSyr-1/S/PS60 sample is much 
lower than in the pristine material. On the whole, these results indicate 
that the assembled protective layers on the outer surface of the bioMOF 
nanoparticles do not provide any additional toxicity to the system. This 

Fig. 4. SEM images of samples: (a) CaSyr-1, (b) CaSyr-1(INH), (c) CaSyr-1(INH)/S, and (d) CaSyr-1(INH)/S/PS60. The insets in the bottom-left corner for (c) and (d) 
correspond to the respective behavior of the samples in water.
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unusual biocompatibility at high concentrations is the result of the 
intrinsic biocompatibility of the designed CaSyr-1/S/PS60 drug nano
carrier components, together with the use of green and non-toxic sol
vents for the assembly of the material.

3.3. Bioactive release

To study the multicomponent drug release, impregnated CaSyr-1 
(INH) and CaSyr-1(INH)/S/PS60 samples were immersed in an 
aqueous solution of PBS (pH = 7.4) under 100 rpm (oscillation) at 
310 K. The concentration of H2Syr and INH in the liquid phase was 
measured by HPLC at different times. For the CaSyr-1(INH) sample, both 
Syr2- and INH were completely released from the framework immedi
ately upon immersion into the physiological medium (Fig. 5(b,c)). The 
fast dissolution and release is attributed to the polar character of the 
bioMOF, which fosters the rapid penetration of water molecules within 
the pores of CaSyr-1 and simultaneous bioMOF dissolution and INH 
delivery. Instead, for the CaSyr-1(INH)/S/PS60 sample the complete 
release of the components was delayed up to ca. 30 min (Fig. 5(b,c)). In 
this sample, the release profiles of INH and H2Syr followed similar 
patterns, indicating that again INH release is driven by CaSyr-1 disso
lution. Both profiles can be fitted to the pseudo-first order (PFO) kinetic 
model, which is representative of biodegradable nanocarriers [39].

It has been described that the serious side effects of INH in the liver 
can be reduced by administering the drug through the pulmonary 
instead of the oral route [40]. Concurrently, the specific potential for 
aerosol delivery of bioMOFs for pulmonary therapies has recently 
appeared in the literature [41]. With appropriately designed inhalation 
devices such as pressurized metered-dose inhaler, dry powder inhalers 
and nebulizers, the CaSyr-1(INH)/S/PS60 ultrafine nanoparticles would 

efficiently penetrate deep lung tissues and deposit in the airway by 
Brownian motion, entering the alveolar area where tubercular bacilli 
reside [42,43]. The designed DDs would easily dissolve in lung fluids, 
with similar composition to PBS but also consisting of complexing an
ions and functional groups known to chelate metals. Unlike the 
described behavior of CaSyr-1 in water, the non-porous phase does not 
precipitate in body fluids since the formation of calcium phosphate salts 
prevents the arrangement of the coordination polymer. Hence, upon 
framework dissolution, the syringate anion would be free to accomplish 
its hepatoprotective function.

4. Conclusions

The scCO2 technology is used to obtain a novel DDs by loading the 
anti-tubercular drug INH into CaSyr-1 nanocarrier to afford CaSyr-1 
(INH). Moreover, the same technology is used to post-synthetically 
encapsulate CaSyr-1(INH) NPs with a protective matrix (S/PS60), thus 
extending the applicability of the system towards administration in 
aqueous media. ScCO2 is used as a solvent in a stepwise process, in 
which the solute (either isoniazid or stearic acid) solubility is modulated 
by varying the system pressure in the range of 15–20 MPa. Loadings of 
ca. 14.7 wt% of INH into de pores of CaSyr-1 are thus obtained, while 
the NPs could be coated with a near monolayer of stearic acid. From the 
final product CaSyr-1(INH)/S/PS60, the release of the drug in a body 
simulated fluid occurs in a period of ca. 30 min, time enough for the 
CaSyr-1 nanoparticles to reach the alveolar lung region when pulmonary 
administration is followed. The advantages of the designed DDs include 
expected synergistic therapeutic effects between the loaded INH drug 
and the syringate component in CaSyr-1, with hepatotoxic and hep
atoprotective characteristics, respectively. Finally, it is shown that the 

Fig. 5. In vitro tests: (a) cell viability of MG63 cell line in different concentrations of CaSyr-1 and CaSyr-1/S/PS60, and bioactive release of (b) H2Syr and (c) INH 
from CaSyr-1(INH) and CaSyr-1(INH)/S/PS60 (the discontinuous line refers to the PFO fitting curve in CaSyr-1(INH)/S/PS60 sample).
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inherent biocompatibility of CaSyr-1/S/PS60 components as well as the 
followed green synthesis and processing of the material results in a DDs 
with null cytotoxicity.
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Periago, C. Domingo, ACS Sustainable Chem. Eng. 6 (2018) 12309–12319.

[30] C. Fernández-Paz, E. Fernández-Paz, P. Salcedo-Abraira, S. Rojas, S. Barrios- 
Esteban, N. Csaba, P. Horcajada, C. Remuñán-López, Microencapsulated isoniazid- 
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