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Nanoscale metal organic frameworks (NMOFs) have been widely reported in biomedical field for their
unique porous structure and tunable multifunctionality. However, when administrated in vivo, the pro-
tein corona will be formed on the surface of NMOFs, significantly affecting their biodistribution, pharma-
cokinetics and drug release. Few studies paid attention to the protein corona formation process and its
influencing factors of NMOFs. As a well-established strategy for altering structure features of NMOFs, the
organic ligand modification may have effect on the protein corona formation process, which is to be in-
vestigated. In this study, the zirconium (Zr)-based UIO66 was chosen as model NMOFs, the organic ligand
of which was modified with amino group (-NH;) or carboxyl group (-COOH) to synthesize UIO66-NH;
and UIO66-2COO0H, respectively. Bovine serum albumin (BSA) was chosen as model protein to investigate
the protein corona formation process of NMOFs. The current results showed that the -COOH modification
remarkably enhanced the BSA adsorption on NMOFs while -NH, slightly decreased the protein binding
affinity. These differences may be ascribed to the two different dominate protein corona formation modes,
i.e., surface coating mode and porous embedded mode. The protein corona formation did not affect the
crystal phase of NMOFs but increased the content of «-helix of BSA. Ultimately, upon protein corona for-
mation, the cellular uptake of NMOFs was significantly affected. We believe our study will provide a new
research paradigm to the design and applications of NMOFs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the booming development of disease pathology and
biomedical materials, great attentions have been paid to
nanomedicines due to their multifunctional properties, precise
drug delivery and improved therapeutical effect [1]. Varieties
of nanoparticles (NPs), including liposomes [2], nanomicelles
[3], solid lipid nanoparticles [4], mesoporous silica nanoparticles
[5] and nanoscale metal-organic frameworks (NMOFs) [6], were
proved to be promising nanoscale drug carriers for multiple
disease therapy. However, accumulating evidences have revealed
that the NPs will encounter complicated and diversified biolog-
ical fluids when administrated, which makes their in vivo fate
remains unknown [7]. Tremendous attention has been paid to the
formation of protein corona, a phenomenon where biomolecules
in biological fluids like proteins inevitably bind to the surface of
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NPs and change the biological identity of the pristine NPs [8].
Compared to bare NPs, the protein corona coated NPs may be
eliminated by the mononuclear phagocytic system more quickly,
affecting the biodistribution and pharmacokinetic profile [9].
Besides, other studies draw different conclusions that the protein
adsorption may decrease the NPs-cell membrane adhesion and
reduces the cell uptake by altering the surface chemistry of NPs,
which may compromise the therapeutical effect of NPs [10,11].
In addition, upon interaction and adsorption on NPs surface, the
secondary structures and physiological functions of proteins may
also be profoundly affected [12], which may induce nanotoxicity
outcomes. Thus, the formation of protein corona and its impacts
are considered as one of the keystones to the gap between in vitro
design and in vivo therapeutic effects of NPs.

Amounting studies have been taken about protein corona for-
mation behaviors of NPs, trying to figure out its fundamental prin-
ciples and provide guides to nanomedicines design [13]. How-
ever, these researches are mainly focused on metal nanoparticles
[14] and organic nanoparticles [15]. As a unique emerging organic—
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inorganic hybrid biomedical nanomaterial, the studies of NMOFs
protein corona are still obscure, including the mechanisms of pro-
tein adsorption on NMOFs and the crucial influencing factors. Thus,
to accelerate the biomedical applications of NMOFs, a comprehen-
sive understanding of the protein corona formation process is re-
quired.

NMOFs were kind of hybrid inorganic-organic materials with
periodic structure and porous interior, which was self-assembled
by the coordination bond between the metal center and the bridg-
ing organic ligand [16]. Recently, the biomedical potentials of
NMOFs were found and applied. Equipped with tunable channels,
the NMOFs with porous structures allowed them to efficiently load
active agents like small molecular drugs, biomacromolecules, pho-
tosensitizers and so on [17,18]. In addition, by regulating the metal
centers or organic ligand compositions, the NMOFs could be mod-
ified to be smart and multifunctional drug delivery systems [19].
Hence, the applications of NMOFs in the biomedical field are in
ascendancy and have broad prospects.

The few published studies focus on NMOFs protein corona
only elucidate the effect of NMOFs morphology on model pro-
tein adsorption [20], the nanotoxicity of plasma incubating NMOFs
[21] and colloid stability of NMOFs with protein corona [22]. The
impacts of organic ligand, one of the key compositions of NMOFs,
on protein corona formation are still a ‘black box’. The modifica-
tion of organic ligands is a commonly employed strategy to alter
NMOFs properties, regulating its functions to realize superior drug
delivery functions. Modified with active groups like amino group
(-NHy) or carboxyl group (-COOH), the organic ligand can fur-
ther be conjugated with trigger-responsive bonds or therapeutical
agents, improving the application potentials [18]. For example, Gao
et al. prepared UI0O66-NH, to conjunct molecular beacons to en-
hance endogenous RNA imaging [23]. Fan et al. prepared the im-
munoadjuvant functionalized MIL101 NMOFs through -NH, mod-
ification to improve photo-immunotherapy [24]. Kahn et al. em-
ployed amino terephthalic acid (with -COOH modification) as or-
ganic ligand to build Zn-based MOFs for DNA functionalization
[25]. Hence, a systematic study should be performed to fully un-
derstand the detailed mechanism and potential impact of protein
corona formation of NMOFs with organic ligand modifications.

Thus, in the proposed paper, a single protein model of NMOFs
corona study was carried out. Bovine serum albumin (BSA) was
chosen as model protein for its abundant in vivo content, high sta-
bility and excellent intrinsic spectroscopic properties [12]. As the
widely studied model NMOFs, UiO66 NMOFs are built up from
inorganic zirconium (Zr)-containing octahedra [ZrgO4(OH)4] con-
nected by twelve terephthalic acid (BDC) organic ligands to form a
microporous structure [26]. Due to its high aqueous stability, easy
surface modification and excellent biocompatibility, UI066 NMOFs
were reported as drug carriers for cancer therapy [27-29]. More
importantly, the unique BDC ligand of UIO66 allows it appropri-
ate to modification, favoring our proposed research. Through in-
vestigating the BSA adsorption on UI066, UIO66-NH, and UIO66-
2COO0H, the different interaction affinities and protein corona for-
mation modes were revealed and discussed.

The NMOFs were carefully dispersed in HEPES buffer so-
lution, the size distribution and zeta potential of which
were accurately measured. As shown in Fig. 1A, the
UIO66 NMOFs were nanoscale and have a narrow size
distribution. After organic ligand modification with -NH,
or -COOH, the NMOFs remain nanoscale in diameter and ho-
mogeneous distribution, suggesting a negligible impact on NMOFs
size. The zeta potential of NMOFs was determined at the same
time (Fig. 1B). The negative surface potentials were exhibited in all
NMOFs groups. With -NH, modification, the zeta potential values
of NMOFs were slightly increased, while the opposite behavior was
shown with —2COOH modification. Then, FTIR spectra of NMOFs
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were collected to confirm the chemical structure of NMOFs (Fig.
1C). The characteristic peaks of UI066-2COOH at 1710 cm~! can be
attributed to the C=0 stretching vibration of free carboxyl groups,
which verifies the success in carboxylation of UI066. Furthermore,
the C-N stretching of UIO66-NH, could be reflected by peaks at
1260 cm~!, proving the NH, modification of organic ligand [20].
Next, PXRD and TEM were employed to confirm the crystal phase
and morphology of NMOFs. UIO66 presented characteristic peaks
at 20 of 7.10°, 8.20°, 11.72°, 13.80°, 25.42°, while Bragg peaks of
UIO66-NH, (7.10°, 8.18°, 11.70°, 13.80°, 25.40°) and UIO66-2COOH
(7.56°, 11.72°, 13.98°, 26.28°) were also clearly shown, indicating
the matched crystalline patterns of the corresponding NMOFs
(Figs. 1D-F) [30]. The TEM images further indicated the nanoscale
of NMOFs (Fig. 1D-F, insertion). These results collaboratively
proved the successful synthesis of NMOFs.

The interaction between NMOFs and BSA was firstly confirmed
by in situ fluorescence quenching assay, a typical method to evalu-
ate the nanoparticle-protein interaction [12,31]. With excitation at
280 nm, BSA exhibited intrinsic fluorescence due to its two trypto-
phan (Trp) residues (Trp-212 and Trp-134), the quenching of which
after treatment with NMOFs could be ascribed to the interaction
between them (Fig. 2A and Fig. S1 in Supporting information) [32].
The adsorption of BSA on NMOFs surfaces may be driven by the
proposed interaction, leading to protein corona formation. Thus,
the zeta potential of NMOFs with BSA incubation was measured to
investigate the BSA adsorption. As shown in Fig. 2B, as the addition
of BSA with higher concentration, the surface potential of NMOFs
markedly decreased, gradually closing to zeta potential of free BSA,
indicating the increasing BSA adsorption amount on NMOFs sur-
face.

To further demonstrate the protein corona of NMOFs, the XPS
spectra were employed to analyze the interaction type and sur-
face element composition. No change of the elements chemical
shift before and after adsorption was exhibited, suggesting that the
protein corona formation process was a non-chemical adsorption
with no chemical bonds involved (Fig. 2C). Besides, the surface el-
ement composition of NMOFs were quantitively analyzed (Fig. S2
in Supporting information). According to the abovementioned re-
sults, the protein corona consisting of BSA could be formed on
NMOFs surface. After protein corona formation, the contents of N
element increased while that of Zr element decreased on the sur-
face of NMOFs. Since N and Zr indicated the presence of BSA and
NMOFs, the change of element content meant that the surface of
NMOFs was coated by BSA. In addition, according to the variation
difference of N and Zr content of NMOFs, it seemed that the sur-
face BSA coating capacity followed the rank of UIO66 > UIO66-
NH, > UI066-2COOH. Then, with the removal of free BSA and soft
protein corona, the hard protein corona coated NMOFs were re-
covered to analyze the protein corona formation. Preliminarily, the
Raman spectra of NMOFs were collected to analyze the molecu-
lar structure of protein corona coated NMFs (Fig. S3 in Support-
ing information). No significant differences between NMOFs and
NMOFs +BSA were found in UIO66 and UIO66-NH, groups, sug-
gesting less protein corona formation on NMOFs. However, com-
pared to bare UIO66-2COOH, the characteristic peak of BSA at 2929
cm~! was clearly shown in protein corona coated samples, imply-
ing intense protein adsorption. To further accurately quantify BSA
amount of the hard protein corona, the BCA assay was carried out.
As shown in Fig. 2D, compared to UIO66 group, the relative BSA
amount adsorbed on NMOFs surface was increased by 4.81 times
in UIO66-2COOH group, while it was reduced by 18.79% in UIO66-
NH, group.

According to the abovementioned results, the protein corona
consisting of BSA could be formed on NMOFs surface. However,
it is confusing that the surface BSA coating capacity follows the
rank of UIO66 > UIO66-NH, > UI066-2COOH while the BSA bind-
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Fig. 1. Characterization of NMOFs: Size distribution (A) and surface zeta potential (B) of NMOFs. (C) The FTIR spectra of NMOFs. The PXRD spectra and TEM images of U066
(D), UIO66-NH, (E) and UIO66-2COO0H (F). Scale bar =200 nm. Data are expressed as mean & SD, n=3.
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Fig. 2. BSA adsorption on NMOFs: Fluorescence intensity decrement of BSA as incubation with NMOFs (A); The zeta potential of NMOFs as addition of BSA of different
concentrations (B); XPS spectra of NMOFs before and after incubation with BSA (C); Hard protein corona amount determined by BCA assay (D); Data are expressed as mean
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ing amounts follow the different rank of UI0O66-2COOH > UIO66
> UIO66-NH,. To further figure out this difference, the interac-
tions between BSA and NMOFs were analyzed accurately by mi-
croscale thermophoresis (MST) assay [33]. As shown in Figs. 3A-
C and Fig. S4 (Supporting information), the dissociation constant
(Kq) of BSA with UIO66 was determined to be 32.64 nmo/L, which
corresponded to binding constant Ky, of 3.06 x 107 L/mol. With the
organic ligand modification of -NHj,, the Ky of BSA increased to
be 54.316 nmol/L while K, reduced to 1.84 x 107 L/mol, suggest-
ing about 39.87% reduction of binding affinity between NMOFs
and BSA, which might be ascribed to the weaker electrostatic
interaction induced by the larger zeta potential. However, the
binding affinity K;, remarkably increased from 3.06 x 107 L/mol to
2.27 x 10" L/mol with organic ligand modification of -COOH, indi-
cating the 7418 times increment of BSA adsorption ability. Thus,
the highest BSA binding affinity of UI066-2COOH can be concluded
while the UIO66-NH, exhibits the weakest BSA adsorption ability,
which is in line with the BSA adsorption amount measurements.
To rationalize the contradiction between NMOFs-BSA binding
affinity and surface BSA coating capacity, we speculated that dif-
ferent protein corona formation modes dominated in modified
NMOFs. Combined with the representative porous morphological
characteristic of NMOFs, the surface coating mode (weak affinity)
and porous embedded mode (strong affinity) were presented in
our study. When surface coating mode play the major role, the BSA
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were mainly adsorbed on the frameworks rather than the pores,
exhibiting weak binding affinity, significantly changing the surface
elements compositions. However, when porous embedded mode
dominates in the protein adsorption process, the BSA were mostly
hidden inside the pores, exhibiting strong binding affinity, thus ex-
erting less influence on surface elements composition of NMOFs.
According to our hypothesis, it can be inferred that the porous
embedded mode dominates in UIO66-2COOH group while surface
coating mode rules in UIO66 and UIO66-NH, groups (Fig. 3D).

To confirm our speculation, the surface area of NMOFs was de-
termined to clarify the porous difference after protein corona for-
mation (Fig. 3E). Interestingly, with protein corona formation, the
negligible surface area difference was found in UIO66 and UIO66-
NH, groups, while the surface area of UI066-2COOH was signifi-
cantly reduced. The reduced surface area may represent that the
distributed pores on UI066-2COOH were largely occupied by pro-
teins, indicating the embedded mode of BSA dominates in the
UIO66-2CO0H group. However, in the other two groups, the triv-
ial change of surface area could be ascribed to the surface coat-
ing mode of BSA in protein corona formation process. This differ-
ence could also be evidenced by spectrum properties of BSA. As
the adsorption peaks at 280nm referring to the aromatic amino
acids (Trp, Tyr, and Phe), UV-vis spectra of protein were widely
employed to analyze the real-time status changes [32]. As illus-
trated in Fig. S5 (Supporting information) and Fig. 3F, as time went
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by, the Abs of BSA at 280nm was gradually increasing in UIO66
and UIO66-NH, groups while decreasing in UIO66-2COOH group.
The hyperchromic shift for BSA might be correlated to the partial
exposure of photon adsorbing amino acid residues, indicating the
conformational change of BSA upon interaction with UIO66 and
UIO66-NH, in a surface coating mode [14]. In contrast, the em-
bedded BSA in the porous structure of UI066-2COOH might result
in the wrapping and hiding of these amino acid residues, which in
turn led to the reduced Abs values. In addition, the porous struc-
tures of UIO66-2COOH may protect the BSA hidden in, endowing
the less fluorescence quenching rate of proteins (Fig. 2A). In sum-
mary, the different protein corona formation modes were proved
in NMOFs, where UIO66 and UIO66-NH, groups displayed surface
coating mode and UIO66-2CO0OH obeyed porous embedded mode.

To fully understand the reason for these two protein corona
formation modes, the N, adsorption isotherms were measured
to elucidate the porous structures (Figs. 3G-I). It was shown
that UIO66 and UIO66-NH; exhibited I-type adsorption isotherms,
while UIO66-2CO0H exhibited IV-type adsorption isotherms. The
different adsorption of N, at low P/P? indicated the micropores
structure (<2nm) of UIO66 and UIO66-NH, and the mesoporous
structure (2-50nm) of UIO66-2COOH [20]. As the scale of a sin-
gle BSA was about 6nm [34], the mesoporous structures other
than the microporous structures are more susceptible to being em-
bedded by BSA. Thus, after protein corona formation, the adsorp-
tion isotherms of UI066-2COOH decreased significantly, evidenc-
ing the protein embedment inducing porosity reduction. Quan-
titative results also confirmed that a 14.51% reduction of pore
volume in UIO66-2COOH group, compared to 4.63% (UIO66) and
2.74% (UIO66-NH,) in the other two groups, respectively. As in-
dicated by the current results, the U066 and UIO66-NH, exhibit
surface coating mode in protein corona formation process, where
-NH, modification reduced the BSA adsorption capacity due to the
weaker electrostatic interaction. However, the mesoporous struc-
ture of UI066-2COO0H leads to the unique porous embedded pro-
tein corona formation mode, causing the stronger BSA binding
affinity, forming an intense hard protein corona, probably bringing
a different impact.

It was widely reported that the protein corona formation on
NPs may induce structural changes of NPs and conformational dif-
ferences of proteins [35,36]. Thus, the crystal phase of NMOFs and
secondary structures of BSA was investigated. The PXRD spectra of
NMOFs were collected and shown in Figs. S6A-C (Supporting infor-
mation). Compared to bare NMOFs, no visible change could be ob-
served in protein corona coated NMOFs, indicating no considerable
effect of protein adsorption on the crystal phase of NMOFs. How-
ever, the CD spectra showed that the secondary structure of BSA
was slightly changed after interaction with NMOFs (Figs. S6D and
E in Supporting information). The CD values at 208 nm, which re-
flected the content of «-helix in proteins, were gradually decreased
with the increment of NMOFs concentrations in all groups, imply-
ing the improvement of «-helix content in BSA secondary struc-
tures. Compared to the other two groups, the degree of BSA con-
formational change in UIO66-2COOH group was much smaller, fur-
ther verifying the protection effect of porous embedded mode (Fig.
S7 in Supporting information). These results collectively elaborated
the o-helix content increment of BSA in NMOFs protein corona,
which might be ascribed to the unfolding of polypeptide chains.

In order to investigate the effect of protein corona formation
on cellular uptake, the intracellular NMOFs species were detected
by CLSM. As NMOFs were widely employed in biomedical materi-
als for tumor therapy [18], the human non-small cell lung cancer
cell A549 was chosen as a model cell line. Firstly, the cell toxicity
of NMOFs was determined and the results were shown in Fig. S8
(Supporting information). It could be indicated that all the NMOFs
group exhibit over 80% cell viability even at a high concentration of
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1 mg/mL, demonstrating the great safety of these NMOFs. Then, the
NMOFs were subjected to A549 cells culture medium containing
different amounts of FBS, the multiple protein complexes includ-
ing BSA. After removal of free NMOFs, the cell nuclei were stained
with DAPI (blue) and the NMOFs were labeled with calcein (green)
to observe the intracellular NMOFs. As shown in Fig. 4, with the
increment of FBS content, the green signal of UIO66 and UIO66-
NH, significantly decreased in A549 cells, indicating the protein
corona induced cellular uptake reduction. The relative mean fluo-
rescence intensity (MFI) of NMOFs decreased to about 33.46% and
17.51%, respectively. This phenomenon might be due to the surface
hydrophilicity enhancement of NMOFs with BSA coating, which is
consistent with other previous reports [10,37]. However, in UIO66-
2COO0H group, no significant A549 cell uptake difference was ob-
served with 10% FBS addition, and the uptake reduction was only
shown in 20% FBS group. Compared to the other two groups, about
54.09% MFI of NMOFs were recorded, suggesting the relatively mi-
nor impact of protein corona on cellular uptake of UI066-2COOH.
Presumably, the proteins in FBS may firstly occupy the pores fol-
lowing the porous embedded mode, which did not exert enough
effect on UI066-2COOH NMOFs surface chemistry to reduce the
cellular uptake level. Nevertheless, with larger amounts of proteins
were added, the surface coating mode may also participate in the
protein corona process, influencing the surface hydrophilicity of
NMOFs, thus attenuating the cellular internalization. Hence, it can
be deduced that the surface coating of protein corona other than
the porous embedded plays a critical role in cellular uptake reduc-
tion of NMOFs. The organic ligand modification of -COOH could be
employed as a promising strategy to reduce the effect of protein
corona formation on cellular uptake.

In this study, we explored the interaction between BSA and
NMOFs to clarify the impact of organic ligand modifications on
protein corona formations. The current results clearly demonstrate
that the organic ligand modification remarkably affects the porous
structures of NMOFs, where UI066-2COOH exhibits mesoporous
structure while UI066 and UIO66-NH, exhibit micropores struc-
ture. The larger pore size allows UIO66-2COOH NMOFs to adsorb
more BSA into its porous structure with the highest binding affin-
ity, and the protein corona formation was mainly governed by
porous embedded mode. Thus, as the protection function of mi-
cropores embedded, the spectrum properties and secondary struc-
tures of BSA could be maintained to a certain extent. The smaller
impact of protein corona on cellular uptake level was also proved.
However, with the modification of -NH,, the BSA adsorption affin-
ity and amount on NMOFs was slightly decreased, which is be-
lieved to be attributed to weaker electrostatic interaction between
them. The protein corona formation on UIO66 and UIO66-NH, was
dominated by surface coating mode, which significantly altered
the BSA properties and structures. Thereto, it is considered that
BSA coating increased the surface hydrophilicity of NMOFs, sub-
sequently reducing the cellular uptake. Besides, the different pro-
tein corona formation modes did not affect the crystal phase of
NMOFs, and no chemical bond was involved in the adsorption pro-
cess. In summary, the protein corona formation process and its ef-
fects were prominently affected by organic ligand modifications.

NMOFs is a promising biomedical platform for drug delivery
and therapeutic applications, which have been widely reported in
many fields [18]. Although the great therapeutical effect of NMOFs
was confirmed in recent publications [16,26], little attention has
been paid to the detailed investigations of their specific fate when
administrated in vivo. Herein, based on our research, the proteins
in biological fluids may inevitably be adsorbed on the NMOFs, ex-
erting a stunningly huge impact on their biological functions. Our
further works would be performed to study the protein corona
formations of NMOFs in complex biological fluids to simulate the
real in vivo environment. The possible proteins competing-inducing
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drug leakage from porous structures should be taken into consid-
eration, and the influence of protein corona on drug accumulation
and metabolism should be emphasized. Our study provides a new
insight to the design and employment of NMOFs in the drug deliv-
ery field.
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