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Metal-organic frameworks (MOFs) are among the most extensively studied materials for delivering a
wide range of therapeutic entities including proteins, carbohydrates, and nucleic acids. Despite signifi-
cant efforts, the effect of serum proteins on MOFs is still not well understood. The biological identity
and fate of therapeutic biocomposites are altered in a biological environment due to the formation of a
protein corona around nanomaterials. Although the crystalline property of MOFs controls their biological
interactions, the influence of these properties on the MOF-protein interaction is not well understood.
Herein, we study the mechanism of interaction of a nucleic acid-encapsulated Zn-based zeolitic
imidazolate framework-8 (ZIF-8) and its carbonate-rich variant (ZIF-C) with human serum albumin
(HSA). It is found that different crystal topologies of these ZIFs affect their interaction with serum
albumin. The key finding is that ZIF-8 has the tendency to interact more strongly with serum proteins
compared to ZIF-C. Considering that ZIF-8 tends to spontaneously transform into ZIF-C in an aqueous
environment, these findings may have important implications in the rationale design of MOF-based
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1. Introduction

Metal-organic frameworks (MOFs) are coordination polymers
that are made of metal ions coordinated with organic ligands.
Their unique physicochemical properties make them attractive
candidates for delivering therapeutic biomolecules including
proteins, carbohydrates, and nucleic acids." It is a distinct class
of porous hybrid nanomaterials capable of bio-conjugating,
infiltrating, and encapsulating biomolecules.” Versatility in
the choice of metals and linkers define the structure and
properties of individual MOFs. Moreover, they are biodegrad-
able and have a high loading and on-demand release of loaded
therapeutics, which makes them a promising delivery agent for
therapeutic biomolecules.®™ Zeolitic imidazolate frameworks
(ZIFs) are imidazolate-based MOFs where a tetrahedral
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imidazole (Im) ring is connected with transition metal (M) ions
(e.g, Fe, Co, Cu, Zn) via strong coordination bonds (M-Im-M) to
form zeolite like isomorphs.® Among them, ZIF-8 (made of
2-methylimidazole and Zn**) is the most studied ZIF subclass
capable of encapsulating drugs, enzymes, and nucleic acids for
biomedical applications.”**

Human blood makes up 45% of the cells and 55% of the
plasma. The plasma transports nutrients, hormones, and pro-
teins across the body and removes waste products as well. The
majority of plasma is made up of water, the remaining 10% is
made up of ions, proteins, dissolved gases, and nutrient
molecules.'” Plasma proteins include antibodies, clotting factors,
fibrinogen, and albumin. Albumin is the most abundant blood
protein. It has a plasma concentration of 35-50 mg mL *.** This
66.5 kDa monomeric globular protein is produced in the liver and
participates in essential physiological functions such as vitamins,
lipids, and hormones transport, pH buffering, and osmotic pres-
sure control."* Once a therapeutic agent is introduced into the
blood, the water-soluble human serum albumin (HSA) tends to
non-specifically adsorb onto the surface of drug carriers and
biomolecules.”>*® The HSA molecule has metal-dependent
(pseudo-)enzymatic properties to play a role for plasma detoxifica-
tion, pro-drugs activation, nucleic acid recognition and transporta-
tion and storage of transition metals."” " This can change the
molecular identity of the therapeutic agent and so the under-
standing of the interactions between the HSA and the nanocarrier
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is a critical factor in designing robust therapeutic and imaging
agents. The HSA molecule is made of 585 amino acid residues
including all three aromatic amino acids, tyrosine (Try), phenyl-
alanine (Phe), and tryptophan (Trp).2° The aromatic side chains of
Trp, Tyr, and Phe have maximum absorption at 280 nm due to the
transition of diffused pi electrons from the aromatic ring.>* These
aromatic amino acids are intrinsically fluorescent when excited by
ultraviolet (UV) light (4 280 nm) and regulate the optical properties
of HSA. However, multiple copies of Try and Phe residues com-
plicate the investigation of biomolecular interactions of the HSA
molecule with the nanocarrier. Since HSA has a single copy of the
Trp residue, observing the changes in the optical properties of the
Trp residue offers a good choice to understand the level of
interaction between HSA and a particular nanocarrier. Optical
properties such as absorption and fluorescence emission can be
used to explore structural changes in HSA and determine complex
formations.**

After administration of a nanomaterial, once it is exposed to
the biological fluid, the surface of the delivered nanomaterial
spontaneously binds to cellular components like proteins,
forming a protein corona. This corona formation depends
largely on the physicochemical properties of the nanomaterial
and the environment.>® The formation of protein corona on
inorganic nanoparticles (NPs) has been extensively studied.** >’
For instance, Treuel et al. studied the effect of NP surface
chemistry on interactions with serum albumin.*® Walkey
et al. studied the effect of particle size, aggregation status and
surface chemistry of Au NPs on forming a serum albumin-Au
complex.”® The study noted that the adsorption of blood
components and subsequent interaction with cells changed
the interfacial composition of the nanomaterial by providing
it with a distinct biological identity. This study revealed the
importance of the rational design of nanomaterial for better
cellular uptake and less toxicity. Carnovale et al. further
demonstrated the impact of particle morphology on inter-
actions with serum protein.’® Further, an earlier study also
supports the idea that cellular uptake is strongly affected by the
presence of a protein adsorption layer around therapeutic
nanomaterial.*®

ZIF-based MOFs have been extensively investigated for
delivering therapeutic proteins and nucleic acids.®®*' These
studies have mainly focused on maximising the loading of
biomolecules in MOFs and their release on demand. The for-
mation of protein corona around biomolecule-encapsulated ZIFs
has not yet been investigated. Therefore, it is critical to under-
stand the effects of protein corona on MOFs as it can change
the inherent properties of MOF particles and influence their
biological fate, including the release behaviour of the loaded
biomolecules.?” Further, the release rate of biomolecular payloads
can be manipulated by varying the corona composition around
the carrier molecule.*

To address these fundamental questions on the nature of
the protein corona around nucleic acid-encapsulated MOFs, we
first utilised a biomimetic mineralisation method to encapsu-
late a 5.6 kb circular plasmid within the ZIF-8. The resulting
biocomposite was washed and purified and then exposed to the
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HSA. The reciprocal impact of ZIF-8 on the properties of HSA
was investigated as a function of incubation time and MOF
concentration using a combination of UV-Vis absorption,
fluorescence, and circular dichroism (CD) spectroscopies. The
ultimate fate of the crystal structure of MOF and its surface
properties were analysed via X-ray powder diffraction (XRD) and
Fourier-transform infrared spectroscopy (FT-IR). Finally, the
protection of loaded nucleic acid after serum treatment was
evaluated by agarose gel electrophoresis. The outcomes of
this study offer valuable insights for understanding the early
molecular interactions and changes that a therapeutic nucleic
acid-loaded MOF is expected to face in a biological environ-
ment. These outcomes are critical to allow safe translation of
therapeutic MOFs for subsequent clinical studies.

2. Experimental section

2.1. Required materials

Zinc acetate dihydrate (Zn(OAc),-2H,0), 2-methylimidazole
(2mIm), and human serum albumin (HSA, >97%) were pur-
chased from Sigma-Aldrich (Australia). Propidium iodide and
SYBR™ Safe DNA gel stains were purchased from Thermo
Fisher Scientific. An engineered plasmid DNA (6.5 kbp) was
collected from NanoBiotechnology Research Laboratory
(NBRL), RMIT University, Melbourne, Australia. This plasmid
carries a gene that codes for a green fluorescent protein (GFP).
The plasmid (hereafter referred to as pGFP) itself is non-
fluorescent, but when transcribed and translated within cellu-
lar machinery, expresses a nontoxic protein, GFP, and emits a
strong green fluorescence under blue light excitation.

2.2. Nucleic acid encapsulation by ZIF-8

The biomimetic mineralisation method was followed to encap-
sulate pGFP in ZIF-8.” In brief, 1000 ng of pGFP was taken in a
fresh tube to mix with aqueous 2mIm (160 mM, 20 pl) followed
by aqueous ZnOAc (40 mM, 20 pl). The mixture was left
undisturbed for 10 minutes at room temperature. The obtained
precipitate was recovered by centrifugation at 13 000 rpm for
12 minutes (Eppendorf MiniSpinPlus). The supernatant was
separated to remove unreacted precursors and ions. The pellet
was washed thrice with ethanol (E) and labelled as pGFP@
ZIF-8g. Similarly, a separate batch of the pellet was washed
thrice with deionised water (W) and labelled as pGFP@ZIF-8y.
Finally, all samples were vacuum dried to remove any residual
solvent post-centrifugation.

2.3. Verification of nucleic acid encapsulation

Encapsulation of pGFP was verified by agarose gel electrophor-
esis (AGE), UV-Visible (UV-Vis) and fluorescence spectroscopy.
Verification of pGFP loading within ZIF-8 was carried out
through agarose gel electrophoresis of supernatant and ethyle-
nediaminetetraacetic acid (EDTA)-treated pellet of the pGFP
loaded biocomposites. EDTA (20 mM) dissolved the ZIF-8 pellet
due to the chelation of the zinc ions.?** Briefly, 1% (w/v) agarose
gel was prepared in 100 mL 1x TAE (Tris-acetate-EDTA) buffer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1x TAE was prepared from a stock of 10x made by dissolving
48.4 g of Tris base, 11.4 mL of glacial acetic acid and 3.7 g of
EDTA and bringing the final volume to 1 L. The agarose
solution was heated till the solution was completely clear and
cooled to roughly 40 °C prior to the addition of SYBR™ Safe
DNA stain. It was poured into the gel casting tray with the comb
in place. After the gel polymerized, the comb was removed to
expose the sample wells and the gel was placed into the tank of
the electrophoresis apparatus. Also, 1x TAE was poured to
cover the gel and act as a running buffer. The gel was run at
90 V for 60 minutes. Finally, the DNA bands were visualised by
placing the gel under a UV light source in a Gel Doc system
(BioRad). The pGFP encapsulation was also verified by UV-vis
(Lambda365, PerkinElmer) and fluorescence spectroscopy
(HORIBA FluoroMax4) by estimating the nucleic acid content
in the supernatant and EDTA-digested pellet. Nucleic acids
absorb UV light due to the presence of heterocyclic ring
structure in nucleotides.?® The fluorescence spectroscopy mea-
surements were performed to reconfirm the successful encap-
sulation of pGFP in ZIF-8 using propidium iodide (PI), a DNA-
binding red fluorescence dye. This dye selectively binds with
DNA and emits red fluorescence. In this study, PI (1 pg mL™") was
mixed with an equal volume of samples and incubated in dark for
30 minutes. Finally, the PI mixed solutions were excited at 535 nm
and maximum emission at 617 nm was recorded.

2.4. Serum protein treatment

HSA solution was prepared in ultrapure water (pH 7, MilliQ).
Then, different concentrations of pGFP@ZIF-8; and pGFP@
ZIF-8y, (5-200 mM) were mixed with HSA (4 uM). The reaction
mixtures were incubated for 30 and 60 minutes in ice. The HSA-
coated samples were brought to room temperature 10 minutes
before the spectroscopic analysis. The HSA-coated pGFP@ZIF-
8 and pGFP@ZIF-8y were purified by centrifugation. The HSA-
coated pGFP@ZIF-8 pellet was denoted as pGFP@ZIF-8@HSA
in subsequent studies.

2.5. Characterization of materials

The crystallinity of particles was studied by XRD using Bruker
D8 General Area Detector Diffraction System (GADDS). The Cu
Ko (2 = 1.54056 A) radiation at 40 kV and 40 mA was used for
the collection of spectra at room temperature. The step size was
0.01° and the collection range (26) was set from 5 to 60°. Data
was collected in raw file form (.raw) and converted to UXD file
format using the File Exchange Program XCH (Ver. 5.0.10, 2004,
Bruker AXS, Socabim, Karlsruhe, Germany) before data analy-
sis. As a reference, the calculated ZIF-8 and ZIF-C data were
collected from earlier literature.>*¢

The surface chemical properties of as-prepared pGFP@ZIF-8g
and pGFP@ZIF-8y and their HSA-treated derivatives were
assessed by FT-IR spectroscopy (Frontier 4000, PerkinElmer,
USA). The vacuum-dried pellets were mixed thoroughly with
KBr and loaded into the sample holder. The average of
128 scans was recorded within the 4000-400 cm™"' range with
a 4 cm™ ' resolution. The Spectrum™ software was used to
acquire and process the data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The morphology of particles was visualised by FEI Verios
460L scanning electron microscope (SEM) operated at an
accelerating voltage of 3 kV. Before SEM measurements, the
samples were diluted with 500 uL deionised water and soni-
cated for 10 minutes. After that, a 5 L sample was taken on the
clean surface of the silicon wafer substrate, followed by an even
5 nm iridium sputter coating (Leica EM ACE600 Sputter Coater)
to enhance the conductivity and vacuum durability in the SEM
chamber. The particles were also assessed by transmission
electron microscopy (TEM) with the JEOL1010 TEM (Japan)
operated at 100 kV. The samples were diluted and sonicated
before drop casting on a carbon-coated copper grid. The grid
was left to dry overnight under ambient conditions in a dust-
free environment.

2.6. Spectroscopic studies of serum protein interaction

Both pGFP@ZIF-8; and pGFP@ZIF-8y, were resuspended in
water via gentle pipetting and sonication and the emission
spectra (from 310 to 450 nm) were recorded at room tempera-
ture using a fluorescence spectrophotometer (HORIBA Fluor-
oMax4). Here, water was used as blank and uncoated (HSA-free)
PGFP@ZIF-8; and pGFP@ZIF-8y, were used for background
signal collection. The thermodynamics of interactions between
HSA and ZIF particles was also investigated by a temperature-
dependent study. The emission spectra of HSA-coated ZIFs at
various temperatures (i.e., 20-60 °C) were recorded. From these
data, the binding and quenching mechanism was explained
using Stern-Volmer plots and van’t Hoff plots.'>"®*”

2.7. CD spectroscopy

Changes in the secondary structure of HSA in the presence of
PGFP@ZIF-8¢ and pGFP@ZIF-8y, were investigated using a
Jasco J-815 spectropolarimeter (USA). A quartz cell (pathlength
1 mm) was used to collect all spectra at room temperature
(25 °C) and ultrapure water was used as a solvent. Baseline
correction was performed using ultrapure water. The CD spec-
tra were recorded in the 200 to 260 nm range using a scan speed
of 5 nm min~' under a constant nitrogen flow. For each
sample, five scans were acquired and averaged to improve the
signal-to-noise ratio. The ellipticity values are expressed in
terms of mean residue molar ellipticity (0) in degree cm®
dmol . The baseline-corrected spectra were smoothed with a
9-point Savitzky-Golay smoothing function.

2.8. Protection assay

Protection assays, ie., the ability of ZIFs to protect the pGFP
plasmid, were performed using TURBO™ DNase (Invitrogen)
following the manufacturer’s protocol. HSA-coated pGFP@
ZIF-8; and pGFP@ZIF-8y, particles were added with 1 pL
DNase I (2U puL ") and incubated at 37 °C. The inactivation
reagent was added after 30 minutes to stop DNase I activity,
followed by centrifugation at 12 000 rpm for 10 min. The pellet
was re-suspended in 10 pL of aqueous solution and mixed with
EDTA (20 mM) to digest the ZIF-8 particles. Agarose gel electro-
phoresis was then performed in 1x TAE buffer at 90 V for
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60 min. Finally, the nucleic acid bands were visualized in Gel-
Doc® (BioRad®, USA).

2.9. Release assay

In vitro release of pGFP from HSA-treated and untreated
PGFP@ZIF-8; and pGFP@ZIF-8y, was evaluated in a phosphate
buffer saline (PBS) solution. Both pGFP@ZIF and pGFP@ZIF@
HSA particles were incubated in PBS (pH 5.5 and pH 7.4) at
37 °C and stirred at 100 rpm in a ThermoMixer. The sample was
collected at different time points and PI (1 ug mL ™), and a
DNA-binding fluorescent dye was added to quantify the
released pGFP and the reaction was incubated in the dark.
After 10 minutes the fluorescence emission (EX. Amax = 535 nm
and Em. Ay, = 617 nm) was recorded to quantify PI labelled
PGFP in the solution.

3. Results and discussion

3.1. Nucleic acid encapsulation

ZIF MOFs are excellent candidate materials to explore the bio-
encapsulation of therapeutically important molecules.>* They
enable facile ambient temperature encapsulation of therapeu-
tic biomolecules (e.g., protein, enzymes, carbohydrates, nucleic
acids) through their biomimetic mineralisation under aqueous
conditions.

The process of ZIF-8 growth in the absence of any bio-
molecules is well studied.’® In aqueous condition, imidazolate
ions form bridges with Zn®" ions via coordination bonds
resulting in Zn(2mIm),>" units. However, biomimetic miner-
alization, i.e., the presence of an additional biomolecule in the
reaction, triggers the formation of ZIF particles while the
biomolecule acts as a nucleating agent, which significantly
expedites the reaction. Here, the concentration of biomolecule
plays a critical role in nucleation, as without the biomolecule
the process is extremely slow.*

This leads to a several-fold increase in the number of
particles formed during biomimetic mineralisation, even when
the concentrations of other precursors are relatively lower than
under non-biomimetic conditions.”** Herein this study, the
2mIm (160 mM) and pGFP (biomolecule) mixture immediately
formed a turbid solution soon after the addition of zinc
(40 mM). Notably, in the absence of pGFP, the 2mIm and Zn
mixture remained transparent while other parameters were
consistent. Here, the presence of pGFP induces a synergistic
interaction between the MOF precursors and the pGFP. This
indicates the pGFP triggered nucleation of ZIF-8 precursors
under an aqueous condition followed by rapid particle growth
within 10 minutes. UV-Vis and fluorescence spectroscopy were
performed to confirm the encapsulation of pGFP in ZIF-8
biocomposites. Nucleic acids have maximum absorption at
about 260 nm. In the UV-Vis spectra, no absorption was
observed at 260 nm neither in pellet nor supernatant. However,
the reappearance of a DNA peak at 260 nm was observed in the
EDTA digested pellet similar to the free pGFP solution.
In Fig. 1A and B, a small peak at ~260 nm was observed in
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the supernatant as not all pGFP was encapsulated inside the
ZIF-8; and ZIF-8y, respectively. Similarly, the pGFP@ZIF-8¢
pellet also showed a tiny peak in that region which might be
due to surface deposition on pGFP (Fig. 1A). However, EDTA
treatment released the encapsulated pGFP and a sharp peak for
nucleic acid appeared similar to a plasmid control (i.e., 1000 ng
of pGFP) (Fig. 1A and B). This initial finding confirmed the
successful encapsulation of pGFP in both ethanol and water-
washed biocomposites.

Agarose gel electrophoresis also confirmed the successful
encapsulation of nucleic acid. Here, the MOF pellet was
digested with the chelating agent (EDTA, 20 mM) to dissociate
the Zn-imidazole bonds in the framework. As EDTA has a high
affinity (Kq = 107'® M) towards zinc, it dissociates the Zn-
imidazole bonds of ZIF-8 immediately and releases the
plasmid.*® The gel image confirmed the maximum loading of
the nucleic acid in the pellet (Fig. S1A, ESIt). The bar graphs
represent 96% and 81.5% loading of pGFP in ZIF-8g and ZIF-8w
pellets, respectively (Fig. 1C). Furthermore, fluorescence
spectroscopy was performed using PI, a common DNA staining
dye.”™**> No emission was observed in either supernatant or
pellet. However, the reappearance of the PI emission peak in
the EDTA digested pellet confirmed the successful encapsula-
tion of pGFP inside the framework (Fig. S1B and C, ESIt). Here,
the PI interacted immediately with the pGFP released in the
solution after the EDTA treatment, while the relative fluores-
cent intensities in ZIF-8¢ and ZIF-8y pellets also corroborate
with the absorbance spectroscopy results. This result supports
that biomimetic mineralisation allows the encapsulation of
nucleic acid inside the framework.” We studied the encapsulation
efficiency of ZIF-C using plasmid and siRNA as a representative of
large and small nucleic acid payload.® Moreover, we and our
collaborators studied the encapsulation efficiency of ZIF-based
material using different nucleic acid components.**™** Herein, we
also observed that the choice of washing solvents did not signifi-
cantly compromise the nucleic acid encapsulation efficiency in
ZIF biocomposites.

3.2. Characterization

The crystalline properties of as-prepared pGFP@ZIF-8yy,
PGFP@ZIF-8; and the HSA-treated derivatives were investigated
by XRD. The diffraction pattern of water-washed biocomposite
(i.e., pPGFP@ZIF-8y) matched with carbonate-based ZIF or ZIF-C
(Fig. 2A). In particular, the diffracted peaks at 11.03, 14.35,
16.95, 18.31, 22.12, and 23.33° match perfectly with the calcu-
lated values.*®*® Moreover, no noticeable change was observed
in the diffraction patterns of pGFP@ZIF-8w@HSA (Fig. 2A).
This suggests that the crystallinity of pGFP@ZIF-8y, was main-
tained in aqueous HSA for at least up to 60 minutes. A web
application, developed at the Graz University of Technology,
called “ZIF phase analysis” was used to analyse the crystalline
phases in the biocomposites.® This analysis revealed that the
ZIF-C phase was retained completely in the HSA-treated bio-
composite (Fig. 2B). Next, the particle morphology was assessed
via electron microscopy. The SEM image showed plate-like
morphology of pGFP@ZIF-8y particles (Fig. 2C),%® which is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Confirmation of nucleic acid (pGFP) encapsulation in ZIFs. (A) UV-Vis absorption spectra of ZIF-8¢ precursors (imidazole and zinc acetate),
supernatant, pGFP@ZIF-8¢ pellet and EDTA-digested pellet. (B) UV-Vis absorption spectra of ZIF-8y, (imidazole and zinc acetate), supernatant,
pGFP@ZIF-8y pellet and EDTA-digested pellet. (C) Bar graph shows the loading efficiency of ZIF-8¢ and ZIF-8y pellet.
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Fig. 2 Characterisation of pGFP@ZIF-8y and their HSA-treated derivatives. (A) XRD of as-prepared pGFP@ZIF-8,, and the bio-composites treated with
HSA for 30 and 60 minutes. (B) Bar graph represents the obtained phases before and after HSA treatment. (C) SEM and (D) TEM images of pGFP@ZIF-8y
and their HSA-treated derivatives. Three different colour codes e.g., red, green, and blue respectively correspond to as-prepared pGFP@ZIF-8y,

pGFP@Z'F-Sw@HSAy,Omm and pGFP@Z'F—B\N@HSAGOmm

further evident from a TEM image that shows a thin 2-dimensional
(2D) sheet like morphology of these particles (Fig. 2D). Once
treated with HSA, a more compact and dense particle morphol-
ogy was observed in HSA-treated ZIF-8y (Fig. 2C and D). This
suggests that while exposure of pGFP@ZIF-8y, to HSA does not
lead to changes in its crystal structure, it does cause some
morphological changes in this material.

Conversely, in the case of pGFP@ZIF-8g, the obtained dif-
fraction pattern for pGFP@ZIF-8 showed crystallinity which
resembles that of the sodalite (SOD) topology of ZIF-8, typically

© 2023 The Author(s). Published by the Royal Society of Chemistry

formed by Zn** and 2mIm in a 1: 2 stoichiometry (Fig. 3A). The
obtained 26 values of pGFP@ZIF-8; at 7.3, 10.3, 12.7, 14.7,
16.4 and 18° perfectly matched with that of SOD ZIF-8.**
However, interestingly, a consistent time-dependent change in
crystallinity in pGFP@ZIF-85 was observed after treatment with
HSA for 30 and 60 minutes. The signature peak (20 = 11.07°) for
carbonate-based ZIF (ZIF-C) started to appear and increase in
intensity with time in pGFP@ZIF-8;@HSA samples. Eventually,
the SOD pGFP@ZIF-8g was gradually turned into a mixed-phase
biocomposite after HSA treatment (Fig. 3B). It has been noted
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Fig. 3 Characterisation of pGFP@ZIF-8¢ and their HSA-treated derivatives. (A) XRD of as-prepared pGFP@ZIF-8¢ and the bio-composites treated with
HSA for 30 and 60 minutes. (B) Bar graph represents the obtained phases before and after HSA treatment. (C) SEM and (D) TEM images of pGFP@ZIF-8¢
and their HSA-treated derivatives. Three different colour codes e.g., red, green, and blue respectively correspond to as-prepared pGFP@ZIF-8E,

pGFP@ZIF-8¢@HSAzomin and pGFP@ZIF-8c@HSAsomin.

previously that SOD ZIF-8 is not stable in water under ambient
conditions and undergoes a shift to a crystalline, denser
substance.*® This was also evident from our data on pGFP@
ZIF-8y samples in Fig. 2 that showed a ZIF-C phase instead of a
SOD ZIF-8 phase after a water wash step. Moreover, instability
of other ZIFs (e.g., ZIF-68 and ZIF-71) has also been observed to
result in phase transformation in water.*>*® This indicates a
water-mediated phase shift of ZIF structures as most ZIFs are
formed on similar coordination chemistry. To understand
whether HSA plays any substantial role in the stability of ZIF-8,
we performed a control experiment, in which SOD pGFP@
ZIF-8; was exposed to water for 1 h in the absence of HSA
(Fig. S2, ESIt). The corresponding XRD pattern shows a similar
degree of mixed phases having ZIF-8 and ZIF-C that HSA does
not significantly influence the stability of ZIF-8 in water. Next,
we studied the morphology of the pGFP@ZIF-8; and the HSA-
treated derivatives by electron microscopy. The SEM and TEM
images of pGFP@ZIF-8; support the synthesis of rhombic
dodecahedral morphology of SOD ZIF-8 (Fig. 3C and D).**
However, HSA treatment resulted in a time-dependent change
in the morphology, with structural deformations evident at the
edges. Consistent with the 2D sheet like morphology of pristine
ZIF-C in Fig. 2, pGFP@ZIF-8:@HSA shows hybrid structures
containing rhomboids and 2D nanosheets.

Next, we employed FT-IR spectroscopy to study the chemical
composition of ZIFs and confirm the presence of characteristic
modes of the peptide backbone of HSA such as the amide I

4766 | Mater. Adv, 2023, 4, 4761-4774

(1600-1750 cm™ ") band within the ZIF architecture (Fig. 4)." A
distinct Zn-N band was observed at 423 cm ™" in pGFP@ZIF-8y,
and the other relevant biocomposites (Fig. 4A).° The band at
692 cm™ ' can be attributed to the out-of-plane bending vibra-
tions of the imidazole ring.”> The peaks at 760 and 996 cm ™"
could be assigned to C-H and C-N bending vibrations,
respectively.”> The peak at 950 cm ' refers to in-plane
bending.>® The intense peak at 1148 cm ™" is from the aromatic
C-N stretching vibrations.>® Moreover, signals between 1300-
1450 cm ' correspond to entire ring stretching.’® The broad
peak at 1580 cm™ ' and medium intense peak at 1340 cm ™" are
attributed to the asymmetric stretching of carbonate.®*®
All these vibrational features, particularly those related to
carbonate, support the formation of ZIF-C on exposure to water.
The source of carbonate in the water-washed biocomposite
could be derived from the CO, dissolved in the deionized
water. Huang et al. studied the material briefly and found no
ZIF-C biocomposite formation in an inert atmosphere with
degassed water.’® It is not uncommon for imidazole-based
ionic liquids to absorb a significant amount of atmospheric
CO,, and in the case of ZIF-based MOFs, the imidazole moiety
may be presumed to absorb CO, and convert it to ZIF-C in
water.”*>® In addition, after HSA treatment, an additional
broad peak around the 1650-1700 cm ™' region is observed,
which is due to the amide groups and confirms the presence of
HSA on the surface of pGFP@ZIF-8w. Similarly, in pGFP@
ZIF-8g, bands corresponding to the ZIF framework are observed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of (A) pGFP@ZIF-8y and (B) pGFP@ZIF-8¢ with their HSA-treated derivatives.

at 422 cm™' (Zn-N stretching), 694 cm™" (imidazole ring),
753 em ™' (C-H bending), 952 em ™' (C-N bending), 1145 cm™*
(aromatic C-N stretching), 1572 em ™' (C-N stretching), and
1300-1500 cm ' (imidazole ring stretching) (Fig. 4B).>> How-
ever, those corresponding to the carbonate species are missing,
supporting the structure of SOD ZIF-8 in ethanol. After treat-
ment with HSA, the carbonate features start to appear in
the spectra, and a broad amide peak around the 1650-
1750 cm~ ' region also emerges signifying the presence of
HSA on the biocomposite surface.

3.3. Fluorescence characteristics of HSA-ZIF-8 interactions

Fluorescence quenching is an indication of the variety of
interactions such as molecular rearrangement, collisional
quenching or ground-state complex formation.”” The Trp-214
residue in HSA is highly sensitive to the changes in its micro-
environment, thereby the intrinsic fluorescence emission of
Trp is a good indicator of HSA interactions with other species.’®
The HSA itself has the maximum emission at 348 nm when
excited at 295 nm. By contrast, pGFP@ZIF-8 particles showed
no fluorescence at this wavelength. As a result, there were no
overlapping fluorescence signals from the ZIF-8 particles
(Fig. S3, ESIt). Fig. 5 and 6 show that HSA Trp fluorescence
quenching increases with increasing concentrations of both

(A)

PGFP@ZIF-8; and pGFP@ZIF-8y. A greater extent of quenching
was observed at 60 minutes compared to 30 minutes of treat-
ment. Moreover, the pGFP@ZIF-8; showed higher quenching
of Trp fluorescence compared to pGFP@ZIF-8yy. One of the key
factors influencing the efficiency of quenching is the proximity
of the quencher to the chromophore.>® Outcomes of the
spectrofluorometric study indicate that HSA binds to the ZIF
particles at or near its Trp residue, which sits in sub-domain ITA
of the HSA molecule. Although both bio-composites have
similar surface chemistries, they have different crystal topolo-
gies (Fig. 2A and 3A). The pGFP@ZIF-8y particles have plate-
like morphology that offers a non-uniform mode of interaction
with HSA. As a result, the pGFP@ZIF-8y biocomposites are
likely to have fewer interactions, thus exhibiting lower quench-
ing. The water-washed ZIF led to the development of a different
crystal phase (ZIF-C) than the typical sodalite phase (Fig. 2 and
3), and this might play a significant role in its interaction
with HSA.

3.4. Mechanism of fluorescence quenching

Fluorescence quenching indicates a variety of interactions such
as molecular rearrangement, dynamic/collisional quenching or
ground-state complex formation.>” Most often, the interaction
between a fluorophore and a quencher molecule follows either

(B)
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Fig. 5 Fluorescence emission spectra depict the interactions of HSA with increasing concentrations of pGFP@ZIF-8¢ after (A) 30 and (B) 60 min.
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Fig. 6 Fluorescence emission spectra depict the interactions of HSA with increasing concentrations of pGFP@ZIF-8,y after (A) 30 and (B) 60 min.

a dynamic/collisional or static/complex quenching mechanism.
Dynamic quenching happens when the excited electron of a
fluorophore is deactivated and remains close to the quencher.
On the other hand, the formation of a non-fluorescent ground
state complex between the quencher and the fluorophore
results in static quenching.®>®! These two types of interactions
can be differentiated by studying the interactions as a function
of temperature. A positive correlation between increasing tem-
perature and molecular diffusion is observed in the dynamic
quenching mechanism, whereas a negative correlation is
observed for static quenching.®

Fluorescence emission spectra of HSA with increasing con-
centrations of ZIF particles were obtained at temperatures
ranging from 20-60 °C. The Stern-Volmer eqn (1) was applied
to determine the quenching constant and the quenching
mechanism between HSA and ZIF particles.™

FolF = 1 + Ky[Q] 1)

where F, and F denote the fluorescence intensities in the
absence and the presence of ZIF particles, respectively, [Q] is
the concentration of ZIF particles, and Ky is the Stern-Volmer
quenching constant.®®

The Stern-Volmer quenching plots for the pGFP@ZIF-8 are
shown in Fig. 7, and the corresponding Stern-Volmer quench-
ing constants are displayed in Tables S1 and S2 (ESIT), respec-
tively for pGFP@ZIF-8; and pGFP@ZIF-8yw. A constant decrease
in Kgy values was observed from 30 to 60 °C for pGFP@ZIF-8;
(Table S1, ESIt). This declining trend of Ky values with
increasing temperature indicates a reduction in the binding
capacity, which suggests predominantly static binding. The
number of binding sites (n) and the binding constant (K)
between pGFP@ZIF-8 particles and HSA were also calculated
to understand the quenching process using eqn (2)

log[(Fo — F)/F] = logK + nlog[Q] 2
where F, and F denote the fluorescence intensities in the
absence and the presence of the quencher (pGFP@ZIF-8),
respectively; K refers to the binding constant, n is the number
of binding sites, and [Q] is the concentration of the pGFP@
ZIF-8.%°

A decrease in n with a temperature rise indicates a reduction
of binding sites of pGFP@ZIF-8; on HSA. This suggests the
instability of the pGFP@ZIF-8g-HSA complex at higher tem-
peratures. The binding sites ‘n’ in the HSA also decreases with

(A) (B)
2.0 2.01 —=20°C
—e30°C
40°C
t 15 t 15 ——50°C
R 7 R | —+—60°C
1.04 1.0
0 50 100 150 200 0 50 100 150 200

Concentration, Q (uM)

Concentration, Q (uM)

Fig. 7 Stern—Volmer plots for (A) pGFP@ZIF-8:@HSA and (B) pGFP@ZIF-8,@HSA at different temperatures (20-60 °C).
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temperature (Table S1, ESIT). This feature might suggest that
the pGFP@ZIF-8z@HSA complex is unstable.®®®*% On the
other hand, the Kgy for pGFP@ZIF-8y showed no consistent
trend based on temperature (Table S2, ESIT). The ZIF-C crystal
topology of pGFP@ZIF-8y, has a relatively higher density than
ZIF-8, but a high thermal stability similar to ZIF-8.*® However,
the aggregated plate-like form of pGFP@ZIF-8yw possibly offers
an uneven surface to uniformly bind with protein moieties
which results in inconsistency in interacting with HSA at
different temperatures. The instability of this interaction is
further evident from the number of binding sites (), which
shows less than one binding site is involved in the interaction
(Table S2, ESIT). We note that to retain the crystalline and
morphological properties of ZIF in a liquid state, water was
chosen as a solvent in these studies instead of a buffer.
Phosphate ions of the commonly used buffer like PBS tend to
degrade ZIF by forming Zn-phosphate precipitate even under
physiological conditions.®®

3.5. Binding constant and thermodynamic parameters

The double logarithmic regression curves of log[(F, — F)/F]
versus log[Q] were plotted for the pGFP@ZIF-8 (Fig. S4, ESIt).
The intercept of this graph gives K, the binding constant. These
binding constants are shown in Tables S1 and S2 (ESIt) for
PGFP@ZIF-8; and pGFP@ZIF-8y biocomposites, respectively.
The K value for pGFP@ZIF-8; showed a gradual decrease
with the increase in temperature, indicating that the binding
capacity decreases as the temperature rises.

The van’t Hoff plot (Fig. S5A, ESIt) for pGFP@ZIF-8 showed
a linear trend, therefore the thermodynamic parameters were
calculated using the following equations.

InK = AH°/RT + AS°/R (3)
AG® = AH® — TAS® (4)

where K is the binding constant at the corresponding tempera-
ture (7) in Kelvin, AH® and AS° correspond to the changes in
enthalpy and entropy, respectively, AG° represents the Gibbs
free energy and R is the gas constant (8.314 ] K 'mol ).

For pGFP@ZIF-8; (Table S1, ESIf), AH° > 0 at lower
temperatures indicates an endothermic reaction between pGFP
and ZIF-8g, which becomes exothermic at higher temperatures
(AH® < 0). The AS° < 0, suggests that through the interactions
between HSA and ZIF-8g, the system becomes more ordered.
In this system, AH° > 0 and AS° < 0 indicating electrostatic
forces up to 40 °C, above which both these parameters become
<0, indicating that van der Waals forces are responsible for the
interaction between HSA and pGFP@ZIF-8; at higher tempera-
tures. Positive AG° indicates that these interactions are non-
spontaneous across the studied temperature range (Table S1,
ESIt). For the pGFP@ZIF-8y, biocomposite, the van’t Hoff plot
showed polynomial regression at lower temperatures and linear
regression at the higher temperature (Fig. S5B, ESIt)."® Since
the trend is polynomial from 20-40 °C, polynomial equations
were utilized to calculate the thermodynamic parameters.®® The
dependence of In K on 1/7T can be reduced to the quadratic form

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with three parameters (¢, @1, and o), which is represented in a
polynomial equation as follows.

InK = aq + oy /T + (0p/T)? (5)

However, from 40-60 °C the trend is linear, and the formula as
discussed above in eqn (3) was used. Using the regression
parameters of eqn (5), the thermodynamic parameters were
calculated using the following equations.

AH® = —R(0y + 20,/T) (6)
AS°® = R(otg — (00o/T)? )

The AH and AS values are less than 0 up to 40 °C which
indicating van der Waals forces are involved in the interaction
between HSA and pGFP@ZIF-8y, (Table S2, ESIt). Above 40 °C
the AH becomes positive which indicates the involvement of
electrostatic forces.'”> From this study it can be concluded that
the pGFP@ZIF-8y, interaction with HSA is less spontaneous
than those between HSA and pGFP@ZIF-8g.

3.6. Effect of ZIF-8 on the secondary structure of HSA

CD spectroscopy provides evidence of the conformational
change in HSA secondary structure on interaction with ZIF-8.
It is a fast and sensitive method to identify the secondary
structure, confirmation, and stability of proteins in a solution
state.’” Two prominent negative bands of HSA are typically
observed at 208 and 222 nm respectively due to the n-n* and n-
n* transitions of o-helix peptide bonds.'> The pGFP@ZIF-8
treated HSA retained all the spectral features of HSA, such as
the double minima at 222 and 208 nm and the maximum at
190 nm (Fig. 8). However, in the presence of pGFP@ZIF-8, a
decrease in the CD signal was observed. This refers to the
change in the o-helical content of serum protein. The changes
in o-helical content were calculated from mean residue ellipti-
city (MRE) values at 208 nm position using eqn (8) and (9).

Observed CD(mdeg)
10x Cp xnxl

MRE;yp = (8)

—MREyps — 4000

a-helix (%) = 33000 — 4000

x 100 9)
wherein, MRE,; is the observed MRE value at 208 nm; Cj, is the
mole fraction of protein; n is the number of amino acid
residues; [ is the light path of the sample cell (in cm); 4000 is
the MRE of the B-form and random coil conformation, and
33000 is the MRE value of a pure o-helix.®®

According to this analysis, the pristine o-helix content of
HSA (61.8%) is consistent with the reported value.®® The a-helix
content in HSA declined to 49% and 43.3%, respectively for 30
min and 60 min treatment with pGFP@ZIF-8; (Fig. 8A). This
indicates that the a-helix content of HSA after being incubated
with ethanol-washed pGFP@ZIF-8g decreased with the incuba-
tion time.”® Additionally, a similar trend was also observed in
water-washed biocomposites. However, the pGFP@ZIF-8yy, par-
ticles showed higher o helix content in HSA after being incu-
bated for 30 min (59%) and 60 min (53.3%) (Fig. 8B). This
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Fig. 8 The CD spectra of (A) pGFP@ZIF-8¢ and (B) pGFP@ZIF-8,y after being incubated with HSA (4 uM) at 30 and 60 min of treatment.

demonstrates higher unfolding of the secondary structure and
more conformational changes of the protein in the presence of
ethanol-washed pGFP@ZIF-8; compared to water-washed
PGFP@ZIF-8yy.

3.7. Protection of nucleic acid

The pristine and HSA-treated pGFP@ZIF-8 were treated with
DNase I (to cleave pGFP) and then analysed by agarose gel
electrophoresis in 1x TAE buffer. Fig. 9 shows the gel image of
DNase-treated bio-composites. A clear nucleic acid band
appeared in the untreated pGFP (lane 1). However, DNase
treatment cleaved the pGFP completely and no band appeared
(lane 2). The DNA bands reappeared again in the pGFP@-8 and

o« Rl o
SFEFe&S
a2 L L L R
FEFELHE S & &
T QX & § T QT q
ONONONONONCNONO)
DNase |

Fig. 9 Protection of pGFP by ethanol and water washed ZIF after being
treated with HSA. Here, all the particles were treated with DNase | and run
in 1% agarose gel.
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HSA-treated pGFP@ZIF-8 bio-composites (lanes 3-8). The
intensity of nucleic acid bands was quantified by densitometry
to determine the content of pGFP after the DNase treatment
(Fig. 9). Image] analysis showed minor differences in pGFP
content in pristine and HSA-treated derivatives (Fig. S6, ESIT)
which supports the idea that the protein corona formation
around ZIFs does not interfere with their nucleic acid protec-
tion ability.

3.8. The nucleic acid release profile

The % of pGFP released in the solution was quantified by PI-
mediated fluorescence assay. Fig. 10 shows the time-dependent
release of pGFP from pGFP@ZIF-8; and pGFP@ZIF-8y and
their HSA-treated derivatives. In both cases, a steady release of
PGFP was found at physiological conditions (pH 7.4). This is
because ZIFs are stable at neutral pH.” However, a fast release
of the loaded nucleic acid was observed under acidic conditions
(pH 5.5). It is known that the stability of MOFs depends upon
the pH, and they can destabilise in highly protonated
solutions.”" At acidic pH, the free protons in the solution cleave
the Zn-N coordination bonds and break the framework
architecture.”>”® About 60% of the pGFP was observed to be
released within 30 minutes of exposure to acidic conditions.
Though the nucleic acid released trend in HSA treated ethanol
washed ZIF-8 was similar, 60 min incubated pGFP@ZIF-8;@
HSA showed maximum release (~ 87.7%) (Fig. 10A). In pGFP@
ZIFy, a higher release was observed in both 30 and 60 minute
incubated HSA-treated bio-composites (Fig. 10B). The
untreated pGFP@ZIF-8y, released 67% pGFP within 30 min
and 92% at 5 h. However, both the HSA-treated pGFP@ZIF-8y,
released ~97% pGFP within 5 h.

During treatment, the HSA was absorbed on the surface of
the ZIFs as confirmed by absorption and fluorescence spectro-
scopy studied (discussed above). This interaction resulted in
structural deformity and more release of loaded nucleic
acid after treatment. The crystal phase and morphology of
ZIFs played a role in releasing the loaded nucleic acid under
acidic conditions. As SOD pGFP@ZIF-8; possesses strong

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Release of pGFP from (A) pGFP@ZIF-8;@HSA and (B) pGFP@ZIF-8w@HSA at physiological (pH 7.4) and acidic (pH 5.5) at different time points

compared to untreated bio-composite (n = 3).

hydrophobicity and is insoluble in water, it takes more time to
release the loaded nucleic acid compared to pGFP@ZIF-8y,.”*
Also phosphate ions in the PBS allow the release of Zn ions
from the framework and release the cargo in a time-dependent
manner.®’

4. Conclusions

The biological fate of a biomolecule carrier can be altered by
the formation of a protein corona. From our work, it can be
concluded that the crystal phase of the ZIF plays an important
role in interacting with HSA which is the most abundant
component in human serum. We have demonstrated the impact
of different washing solvents on nucleic acid-encapsulated ZIF
crystals and their impact on protein corona formation. The
results indicate that the porous SOD topology exerts a stronger
quenching effect on the inherent fluorescence of HSA compared
to the non-porous carbonated ZIF-C phase. A study of the
secondary structure of HSA upon its interaction with ZIFs
suggests that the ZIF-C phase causes less conformational distor-
tion of serum proteins than the standard sodalite phase. Both
these observations from independent experiments are consistent
with the observed thermodynamic parameters of interaction,
which reveal that the ZIF-C phase interacts less with HSA than
the sodalite ZIF-8 phase. It was also confirmed that these
interactions do not alter the DNA protection capability of the
Zn-based MOFs. These are some very interesting preliminary
observations, which we believe, will lay the foundation for
extensive studies to thoroughly understand the mechanisms of
biomolecular interactions between biomolecule-loaded MOFs of
different crystal structures and complex biological fluids.
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