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Haemostatic agents must play a key role in managing severe bleeding conditions during trauma or
battlefield. Using natural ligands and bioactive metals, we can design materials that can enhance innate
haemostatic capability. This study entails the synthesis of amino acid-based MOF using L-aspartic acid as
an organic ligand and calcium as a metal node, where the parametric optimization is made using a Box-
Behnken experimental design. Out of the total experimental runs obtained, the one with the highest
reaction yield was evaluated. It was observed that despite low porosity and surface area, the impact of
the synthesised Ca-MOF on the haemostatic property was very high. A haemolysis ratio <1.55%, which
induces erythrocyte absorption and aggregation, activated the intrinsic coagulation pathway and
accelerated blood coagulation as assessed using TEG. The evaluated Ca-MOF shows the shortest
clotting time (39 + 0.2 s) and lowest blood loss (0.14 + 0.2 g) in the rat-tail amputation model
compared to the control and commercially available haemostatic drug tranexamic acid. With the
enhanced coagulation capacity and associated biocompatibility, the developed calcium-aspartate bio-
MOF could act as a safe and effective haemostatic agent and provide a unique concept for using
synthetic porous materials for the management of excessive bleeding.

Introduction

Metal-organic frameworks are a potential class of crystalline
hybrid materials with unique features such as large pore
volume and high surface area that are useful in various
applications."”” Most metal-organic frameworks (MOFs) have
distinct scaffolding architectures with big pores.>* These dis-
tinguishing characteristics make this hybrid material a viable
choice as a drug carrier.* MOFs are frequently compared to the
porous structure of sponges on a nanoscale.” These pores can
encapsulate other molecules, such as active medicinal com-
pounds or enzymes.® Furthermore, the ligand molecules con-
necting the metal ions provide open binding sites. This indicates
that we can attach additional molecules to the scaffolding
structure of MOFs, which gives us the flexibility to use MOFs
for different applications.®™® To the best of our knowledge, MOFs
have been examined for medical purposes, but none have been
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extensively commercialised. This is not surprising as extensive
clinical testing methods are required because MOFs have only
been extensively evaluated since their identification in the late
1990s.%° To synthesise biocompatible MOFs, it is important that
both the inorganic metal and organic linker exhibit low toxicity.
High-valent earth-abundant metal ions (e.g., A**, Fe**, Ti**, or
Zr*") exhibit long-term stability in their complexes because they
are considered harmless to the human body and have become a
preferable choice for inorganic nodes in MOFs.””® These MOFs
have high charge densities to form stronger coordination bonds
and enhance the stability of MOFs.'® Similarly, many of the
alkali or alkaline earth metal-based MOFs are also biocompati-
ble; however, their MOFs are very scarce as the bonding inter-
action of metal-ligand is ionic owing to electronegativity
differences, which results in difficulty in controlling coordina-
tion geometry and steric considerations.'" Calcium is among the
most abundant elements on the earth’s crust, which is nontoxic
in nature, very cheap and known to have biological importance,
and this unique feature of calcium favours the synthesis of
calcium-based MOFs for various biomedical applications."*
a-Amino acids can be used as organic linkers because they
are naturally occurring biocompatible compounds and are
also suitable to form coordination with various metal ions via
a range of chemical conditions."* However, pure a-amino

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acids based on divalent transition metals and main group
metals or rare earth metals are rarely reported,’> and others
with three-dimensionality (3D) and accessible porosity are
much scarcer. This could be attributed to the influence of the
common chelating coordination fashion of s-amino acids.'®
Out of the known 20 standard r-o-amino acids, aspartic acid
is the smallest one assigned with two carboxylate groups
with a separation distance, which is appropriate for energeti-
cally favourable robust bridging/linkage of inorganic nodes.
Some of the crystal structures of metal-aspartate MOFs,
which have been reported thus far, show limited hydrolytic
stability.'*>!

In this study, we synthesised a bio-MOF of calcium-aspartate
and investigated its capability to manage severe bleeding.
To the best of our knowledge, process optimisation data for
Ca-MOF synthesis using experimental design statistical techni-
ques have not been reported in the literature. The synthesis was
performed under optimised conditions suggested by the Box-
Benhken design (BBD), followed by the experimental run of the
reaction, which shows the highest percentage of reaction yield.
The reaction product was physio-chemically characterised
using analytical techniques to establish the nature of the
Ca-MOF synthesised in terms of size, surface area, porosity
and structure. In addition to this, the blood compatibility,
interaction with different clotting proteins and their ex vivo
haemostatic performance in static and dynamic conditions were
also evaluated. The in vivo haemostatic performance owing to its
potential use in managing excessive bleeding was evaluated
using tail amputation models in Sprague-Dawley (SD) rats.

Experimental
Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich and were used
without any further purification unless and until mentioned.
Calcium chloride dihydrate (CaCl,-2H,0 AR 99.99%), L-aspartic
acid (C,H,NO,4 AR 99.99%), human serum albumin (purity >
98%), gamma globulin (purity > 98%), fibrinogen (purity >
98%), plasminogen (purity > 98%), tris-HCl (purity > 99%),
methanol (CH;OH AR 99.8%) deionized water and Vacutainers
(Levram Lifescience, Silvassa, India).

Quality by design approach

The objective behind using Box-Behnken Design (BBD) with
three levels for each factor is to introduce researchers to a design
space of independent variables prior to designing experimental
runs to save time and effort and to reduce precision errors. This
design space serves as a statistical model for screening or
making initial comparison and identification of the important
synthesis variables (such as temperature, reactant concentration,
and time). Finally, the ANOVA analysis of the design space
optimized the response variable with the aim of attaining the
maximum yield based on the model equation developed with the
most significant factors. By utilizing the results obtained from
model validation with significant differences between actual and
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Fig. 1 Independent factors and their levels used in the Box-Behnken design.

predicted response values, researchers can design their experi-
ments with minimum material loss and save time.

The optimization of process parameters for Ca-MOF synth-
esis was examined through BBD experimental design (3 factors,
3 levels) in response surface methodology by Design-Expert
Version 10.0.>> Metal: ligand ratio, time, and temperature with
their low and high levels (Fig. 1) were modelled as independent
variables using 17 experimental runs, as shown in Table 1, to
predict the performance of the dependent variable, i.e., percen-
tage reaction yield. Herein, 3D response surface plots depict
the influence of predetermined factors on the percentage
reaction yield.

Method of synthesis

Synthesis of Ca-MOF. The reaction conditions for synthesis-
ing calcium-based MOF were optimised using the BBD statis-
tical tool. We carried out the experimental run for reaction
conditions that showed maximum yield. Briefly, t-aspartic acid

Table 1 Design matrix of the Box-Behnken design for Ca-MOF synthesis

Factor 1 Factor 2 Factor 3 Response 1
A: Ca:r-aspartic acid  B: Temp  C:Time  Product Yield
Run  Molar ratio °C Minute %
1 1 120 57.5 59
2 1.05 117.5 57.5 63
3 1.05 115 60 57
4 1.05 115 55 55
5 1 117.5 55 58
6 1.05 120 60 66
7 1.05 120 55 58
8 1.05 117.5 57.5 63
9 1.1 117.5 55 58
10 1.1 115 57.5 54
11 1.1 117.5 60 62
12 1.1 120 57.5 59
13 1 115 57.5 54
14 1 117.5 60 62
15 1.05 117.5 57.5 63
16 1.05 117.5 57.5 63
17 1.05 117.5 57.5 63
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(20 mmol) was taken in a round bottom flask and dissolved in
excess water to give a suspension. Simultaneously, in a separate
flask, CaCl,-2H,0 (15 mmol) was dissolved in water to give a
clear solution. This was followed by gradually adding the metal
salt solution to the aspartate suspension for over half an hour
with continuous stirring to obtain a clear solution (total volume
of 25 ml). This solution was then transferred to the autoclave for
hydrothermal heating (120 °C, 60 min). The reaction mixture was
cooled to room temperature, centrifuged, washed with water
three times to remove unreacted reactants, and then vacuum
dried at 60 °C.>>**

Analytical characterization

Powder XRD analysis was used to obtain the crystallography of
the synthesized Ca-MOF (Bruker’s X-ray Diffractometer, D8)
with Cu Ko as the X-ray source, and the scan range was 5°-
100° 20 degrees at a step of 0.01° minute™". The morphology of
the Ca-MOF was examined using SEM in a (TESCAN MAIA 3) at
5.0 kv high voltage using tungsten detectors at an angle of 45°.
AFM studies were performed using a Bruker-JPK Instrument,
Nanowizard III (JPK Instruments AG, Berlin, Germany). Trans-
mission electron microscopy (TEM) images of Ca-MOF were
taken using JEOL JEM-1400 equipped with STEM at an accel-
erating voltage of 300 kV. An atomic absorption spectrometer
(AAS) equipped with a short-arc xenon lamp, a continuous
radiation source, and a double echelle grating monochromator
connected with a charge-coupled device array detector was used
(LAB-India 800, India) to calculate the metal contents. The TGA was
measured to understand the thermal stability and degradation
pattern (TGA 5500, USA). The thermograms were measured in a
continuous N, flow of 50 ml minute™" from 50 °C to 900 °C at a
heating rate of 10 °C minute . An FTIR spectrophotometer was
used to check conjugation (Cary 630, Agilent Technologies, USA).
Samples were prepared using the KBr pellet methods and scanned
at wavelengths ranging from 500 to 4000 cm™ . The specific surface
area, pore volume, and pore diameter were measured using a BET
instrument (Quantachrome NOVA 2200, USA). Prior to the study,
the samples were vacuum dried at 80 °C for 24 hours and degassed
for 6 hours. DLS and Zeta potential (Malvern Zetasizer ZS 90)
measurements were performed to determine the hydrodynamic
diameter and net surface charge of the synthesized Ca-MOF. The
samples were diluted with water before being measured in tripli-
cate at room temperature and in the pH range of 5.0-6.5. The
stability of the samples was also checked under different pH
conditions. The fluorescence emission spectra were recorded using
a Gen5 fluorescence spectrophotometer (BioTek USA).>*

Biocompatibility studies

Evaluation of blood cell integrity. To investigate the altera-
tions in blood cells caused by Ca-MOF, we performed a blood
cell integrity study based on reported literature.?® In brief, 1 mg
of material was incubated for 30 minutes at 37 °C with whole
blood (1 ml) containing 20 pul EDTA as an anticoagulant at
400 rpm. Similarly, an equivalent volume of whole blood was
incubated without any test material that served as the control.
Following incubation, peripheral blood smears were prepared
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and fixed in 100% methanol (CH;0H) for 3 minutes. This was
followed by Giemsa staining diluted in distilled water (1:9) for
20 minutes. After rinsing the dried smears in water, they were
scanned in triplicate using an optical microscope (Olympus
BX51, camera: DP71) (n = 3).

Haemolysis analysis. The (ASTM F-756-00, 2000) standard
was used to calculate percentage haemolysis.>**° The relative
amounts of haemoglobin were released into the solution phase
from the erythrocytes after being subjected to the test materials.
1 mg of Ca-MOF was incubated with 1 ml of fresh human blood,
which was diluted with 7 ml of PBS. The mixture was then
incubated for 15 minutes at 37 °C before being centrifuged for
5 minutes at 800 rpm. The supernatant was collected to evaluate
haemolysis. The UV/Vis Spectrophotometer (PerkinElmer
Lambda365) was used to determine the absorbance at 540 nm.
Negative controls were 1 ml diluted blood in 7 ml normal
phosphate buffer saline, while positive controls were 1 ml blood
in 7 ml DI water.

Absorbance of sample — Negative control

Positive control x 100

1)

Cell viability assay. Two different cell lines, namely 1929
fibroblast cells and human epithelial A549 carcinoma cell lines,
were used to check the relative cellular viability of Ca-MOF.
Both cell lines were cultured in 96-well plates with 200 pL of
media per well and treated with Ca-MOF concentrations ran-
ging from 30-1000 ug ml~'. The media were withdrawn after
treatment, and the cells were rinsed twice with PBS (pH 7.4) at
37 °C before being placed in fresh PBS. The MTT solution was
then added to the cells at a concentration of 1 mg mL ", and
the cells were cultured under usual conditions for 24 and 48 h.
PBS was withdrawn after incubation, and DMSO was added to
dissolve the generated formazan crystals. A micro-plate reader
(Multiskan GO, Thermo Scientific, India) was used to measure the
optical density of formazan solution in DMSO at 540 nm. Cell
viability was measured at each concentration point as the ratio of
the mean optical density of repeated wells to that of the negative
control.>'** The experiment was carried out in triplicate.

In vitro protein interaction studies. Interaction of Ca-MOF
with different proteins found in blood (Human serum albumin,
plasminogen, fibrinogen and gamma globulin).

The interaction of Ca-MOF with different proteins was studied
using the fluorescence quenching method. The fluorescence
emission was measured from 300 to 600 nm at an excitation
wavelength of 280 nm, at 2 nm interval, and slit widths of 10 nm.
Each spectrum was measured in triplicate. To adjust the fluores-
cence background, PBS was utilised as a fluorescence emission
blank. In brief, the fluorescence intensity (F0O) of the native
proteins, namely, HSA, Plasminogen, Fibrinogen and Gamma
Globulin, is first measured. Then, keeping the concentration of
the protein fixed (150 mol L™ *, in PBS pH 7.4), varied concentra-
tions of the Ca-MOF (namely, 50 pg ml ', 125 pg ml %
250 pug ml™*, 500 pg ml~* and 1000 pg ml~") was added to the
protein solution. The mixture was incubated in the wells of
a microtiter plate for 1 h at 298 K. No separation processes

% Haemolysis =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(such as centrifugation or filtration) were utilised in the experi-
ment to avoid shear pressures from altering the structure of the
bio conjugates.®*** All experiments were carried out at room
temperature and in triplicate. The Stern-Volmer equation was
utilised to determine the dominant quenching mechanism.
The equilibrium binding constant (K) in protein-MOF inter-
action studies can be calculated using the fluorescence quench-
ing method:

F,
70 = 1 + K470[MOF] = 1 + Ksy[MOF], )

where F, and F denote the relative fluorescence intensities of the
proteins in the absence and presence of Ca-MOF, respectively;
[MOFs] denotes the concentration of Ca-MOF; K, denotes the
quenching rate constant; Ksy denotes the Stern-Volmer dynamic
quenching constant, which is related to the bimolecular collision
process and 7, denotes the lifetime of a fluorophore in the
absence of quenchers (1072 5).** The association constant (K,)
and the number of binding sites (n) may be determined using
the following equation assuming that the proteins have an
identical and independent binding site:

Fo—F

log{ } = log K, + nlog[MOFg], (3)

Fo—F
where log [OT} was plotted against log [MOFs] (Fig. 9) based

on the experimental results and the number of binding sites for
all proteins.

Ex vivo studies

Assessment of whole blood clotting time (CT). The experi-
ment was performed in accordance with earlier reported litera-
ture;*>*” CT was calculated by taking test materials (500 ug ml ")
in Eppendorf tubes. Collection tubes were placed in a water bath
at 37 °C for 10 minutes before being observed for blood
coagulation. Blood was drawn from a healthy participant with
informed consent according to Helsinki principles. 3.8% of
anticoagulant was used to prevent blood coagulation. The tubes
were filled with 340 pl of whole blood. The sample was then
warmed to 37 °C in a water bath, and 0.2 M CaCl, (20 pl) was
added. The tubes were inverted every second and held in a
position before reverting. CT was defined as the time when no
flow of samples was detected. In all tubes, the CT was calculated
as a function of the time from the start of blood collection to the
end of blood coagulation. All the measurements were performed
in triplicate. The control was measured without the use of test
materials. The Ca-MOF was gently rinsed thrice in PBS to remove
the clot after haemostatic testing, and the Ca-MOF was studied
under scanning electron microscopy.

Plasma recalcification time (PRT). PRT was measured using
the procedure reported earlier.*®*” Blood was collected from a
healthy donor in an anticoagulant sodium citrate (9: 1) vial. The
obtained samples were centrifuged at 4 °C and 2000 rpm for 10
minutes to obtain platelet poor plasma (PPP). Fresh 300 pl of PPP
were incubated for 3 minutes at 37 °C with 500 pg ml~" of test
material. 30 pl of 0.5 M CaCl, was used to recalcify the plasma.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The fibrin thread development in PPP was carefully observed in
the plasma. PRT was defined as the time taken for the CaCl, to
recalcify after it was added.

Platelet adhesion. Platelet adhesion was measured using the
method reported earlier.>®*” Platelet-rich plasma (PRP) was
collected by centrifuging whole blood treated with 3.8 percent
sodium citrate at 4 °C for 10 minutes at 2000 rpm. The Ca-MOF
was incubated with 650 pl of PRP at 37 °C for 1 h. It was then
rinsed in 0.1 M PBS to remove plasma proteins and nonadhered
platelets, fixed for 1 h with a 2% glutaraldehyde solution,
dehydrated with ethanol, dried at ambient temperature and
stored in desiccators. Scanning electron microscopy was used
to examine platelets adhering to the material.

Thromboelastographic (TEG) studies. To understand the
hemostasis process and where the material impacts, TEG studies
were performed as per an earlier reported protocol.***> Measure-
ment of Ca-MOF concentrations ranged from 50 pg ml™' to
1000 pg ml~" using whole blood as control was performed.
Specific to this study, blood samples were obtained from healthy
volunteers after obtaining consent as per the institutional ethical
committee guidelines (ECR/824/Inst/DL/2016/RR-19) through
venipuncture and collected into separate vacutainers with 3.2%
sodium citrate solution and gently inverted three times. For the
TEG analysis, the citrated whole blood was kept at room tempera-
ture for 30 minutes. The TEG5000 (Steranco Health Care Pvt. Ltd)
system was used to perform thromboelastographic measure-
ments. Using a TEG cup preheated to 37 °C, a Ca-MOF solution
(50 pl) made at varied concentrations in the Tris buffer was loaded
into the cups. Calcium chloride solution (20 pul) and blood (310 ul)
were then added to the same TEG cup, which contained a
0.2 mol L™" solution of calcium chloride. After pipetting the
whole solution in and out once to mix it equally, the measurement
was initiated. The calcium chloride solution was mixed with
citrated human blood and taken as a control. Analysis was carried
out until all the relevant parameters (i.e., R, K, o, MA, and TMA)
were measured. All the measurements were carried out at 37 °C
and in triplicate.

In vivo homeostasis studies. All in vivo studies were carried
out in accordance with the protocol approved by the institutional
animal ethics committee (INM/IAEC/19/01/Ext.1 dated 02-09-21).
All experiments were carried out on male SD rats (8-10) weeks
old. The animals were maintained under typical conditions (12/
12 h light and dark, with access to water and food) until the
process was completed. A rat tail amputation model was used to
assess its haemostatic effectiveness. In brief, healthy male
Sprague-Dawley rats were separated into three groups: control,
treatment and standard (tranexamic acid). Ca-MOF and tranexa-
mic acid at an equivalent concentration of 500 ug ml~* with 1 ml
volume were administered intravenously through the tail vein.
After one minute of intravenous administration of Ca-MOF and
tranexamic acid, an incision was performed 4 cm below the tail
using a sterile blade. At 37 °C, the severed tail was submerged in
sterile saline. After the bleeding stopped, the tail was continued
to submerge in warm saline for 4 minutes to watch for any
subsequent bleeding episodes. The bleeding time and weight of
blood loss were recorded.****™**

Mater. Adv., 2023, 4, 3330-3343 | 3333
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Statistical analysis

All the observations are presented as average + standard
deviations. All experiments were carried out in triplicate, and
data were generated accordingly. In all the studies, the value of
P< 0.05 was statistically significant.

Results and discussion
Quality by design approach

According to the suggested model, which fitted well to the
experimental data, the results obtained are given in the follow-
ing mathematical equation (in coded terms):

Product yield (%) = +62.89 + 0.000 x A + 2.75 x B+2.25 x C +
1.50 x BC — 2.76 x A*> — 3.76 x B> (4)

This equation represents that as the ratio of factor B
(temperature) and C (time) increases, the reaction yields
increase, whereas factor A (molar ratio of Ca:r-aspartic acid)
had lower significance with the interaction between time and
temperature together, and a significant increase in reaction
yield was observed initially up to some extent after which there
was no significant improvement in the product yield. This is
also supported by the 3D surface response and contour plots, as
shown in Fig. 2, which are obtained by varying two significant
factors, while keeping the third factor constant, showing the
geometry of the response as it can be clearly seen that yield
would be strongly increased for high temperature. The adequacy
of the selected quadratic model was investigated by performing
statistical runs, such as analysis of variance (ANOVA), (Table S1,
ESIt) analysis of residuals and coefficient of determination. All
the factors and their interactions are significant (Pvalue < 0.05).
The R* (0.9939), Rogi” (0.9903) and Rprediced” (0.9627) with close
values confirm the adequacy of the proposed model (Table S2,
ESIt). The statistical error analysis was performed using a
normalized standard deviation. The optimized conditions for
maximizing yield are shown in Table 2.

Reaction Yield (%)

C: Time (min)

17 118 119 120

B: Temp (deg C)

Fig. 2
metal : ligand molar ratio.
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Table 2 Predicted and observed values for the optimized Ca-MOF

Factor Optimized level

Ca:r-aspartic acid 1.05 (ratio)

Temperature 118 (°C)

Time 58 (minutes)

Response Expected Observed Residual
Reaction yield 64.6091 65.67 1.0609

Physicochemical analysis of the prepared metal organic
framework

The XRD spectra of the as-synthesized Ca-MOF, native r-aspartic
acid, and metal salt (CaCl,-2H,0) are shown in Fig. 3. The
prominent peaks for Ca-MOF were observed at 20 values of
23.73° 35.95° and 48.63° corresponding to (111), (211) and
(222) planes, respectively. The diffraction d-spacing is in good
agreement with the d-spacing calculated using the SAED pattern
of TEM images at 0.37 nm and 0.187 nm, which corresponds to
the (111) and (222) planes of Ca-MOF, respectively, with an
average grain size of 40 nm. Moreover, the peak broadening
observed in the XRD pattern for the CaCl,-2H,0 from 0-25° may
be owing to the lattice strain and dislocated unit cell as the
dihydrate form of calcium chloride, especially at room tempera-
ture, undergoes rapid hydration even after prior activation. The
SEM images show a plate-like morphology for the Ca-MOF. The
plate-like morphology of the Ca-MOF has a 3D configuration, as
shown in the SEM (Fig. 3(b) and (c)). Further in the AFM images
(Fig. 3(d)-(h)), it was observed that the sample show crystals
grown over a thin film-like structure. The crystals demonstrate
a multi-layered structure, showing a height of approximately 15—
20 nm, as shown in the height profile.

The TEM image (Fig. 4(a)) shows MOF particles of approxi-
mately 200 nm diameter that agree well with the DLS, which
shows a size of approximately the same size 210 nm (Fig. 4(e)).
TEM EDS mapping shows the presence of Ca, C, O and N
(Fig. 4(c) (inset)), and the corresponding EDS spectra are shown

60

60 120

117

116
55 115

C: Time (min) B: Temp (deg C)

(a) Contour plot (b) 3D surface plot of product yield as a function of temperature, time and their mutual interaction over product yield at fixed
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Fig. 3 (a) PXRD pattern of Ca-MOF, L-aspartic acid, CaCl,-2H,0 (b) and (c),
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Height profile

3D Topography & Profile

SEM images of Ca-MOF at different magnifications of 5 um and 20 um. AFM

Images of Ca-MOF (d) topography (e) amplitude (f) phase (g) 3D topography & profile (h) Height Profile.

in Fig. 4(c). The presence of Ca was also confirmed by atomic
absorption spectroscopy (AAS), which was estimated at about
6.241 (Wt%) as interpreted from AAS data.

The thermal stability of the as-synthesized Ca-MOF after
sample activation was characterized using a thermogravimetric
instrument (Fig. 5(a)). According to TGA results, removal of free
water molecules from the surfaces of MOF occurs in the

temperature range of 220-267 °C, and second mass loss of up
to 34% in the temperature range of 267-393 °C results from the
evaporation of adsorbed water molecules and partial decom-
position of organic ligand. Beyond this temperature, the MOF
structure collapses.

The FT-IR spectrum of the synthesized Ca-MOF is presented
in Fig. 5(b). The peaks at 3308 cm ™ *, 1152 cm™ ' and 1047 cm ™"
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suggest the existence of O-H stretching via hydrogen bonding
with water and CaO, whereas the bending mode of the undisso-
ciated water molecule is detected at 1694 cm™*.2”*® The peaks at
1519 cm ™' correspond to asymmetric O-C-O stretch, while the
peaks at 1422 cm™ ' and 1310 cm ™' correspond to symmetric O-
C-O stretch.””*® The sharp peaks depicted in Fig. 5(b) at
1694 cm ' and 1422 cm™ " correspond to an O-C-O stretch with
a bidentate bridge caused by an ionic carbonyl bond. Similarly,
peaks at 657 cm ' and 899 cm ' imply the existence of Ca-O
stretching as a component of the calcium oxo cluster*”*°

Fig. 6 displays the nitrogen adsorption isotherm of the Ca-
MOF. The adsorption and desorption curves display a typical
intermediate mode between the type-III and V isotherms
according to IUPAC, which indicates non-porous.® The textural
properties of the as-synthesized MOFs are presented in Table 3.
A BET surface area of 7.486 m> g~ was observed for Ca-MOF.
The pore volume and pore diameter were 0.028 cm® g~ and
60 nm, respectively.

The average particle size and zeta potential were measured
using a Zetasizer ZS 90. The size distribution by intensity and
zeta potential distribution for Ca-MOF are shown in Fig. 4(e)
and (d), respectively. The prepared Ca-MOF has an average
particle size of 218.8 nm with a polydispersity index of 0.52. The
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Fig. 6 Adsorption—desorption isotherm of Ca-MOF.
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Table 3 Textural properties of synthesized Ca-MOF through BET analysis
Specific surface area Pore volume Average pore diameter
MOFs (SABET) (mz gil] (VPore) (cm3 gil) (Dpore) (nm)

Ca-MOF 7.486 0.028 60

zeta potential value of the MOF is +8.11 mV, which represents
the net positive charge on the Ca-MOF.

Biocompatibility studies

The possibility of damage and change in morphology (size and
shape) of red blood cells in the presence of test material (Ca-
MOF) was studied via haemolysis studies and cell integrity
studies (using Giemsa staining, respectively). As shown in
Fig. 7, there was no change in the shape of erythrocytes after
incubation with Ca-MOF compared to the control, which was
native blood, suggesting that the prepared Ca-MOF had no
undesirable effect on the blood cells. The release of haemoglo-
bin into plasma due to damage to erythrocyte membranes,>
which is evaluated in haemolysis studies, also showed the
harmless effect of the synthesised MOF.

The assay was performed according to the standard practice
for assessment of haemolytic properties of materials from the
American Society for Testing and Materials (ASTM F756-00,
2000); the standard classifies the materials as non-haemolytic
(0-2)% of haemolysis.*® The negative control in this study was an
isotonic solution (PBS), and distilled water was taken as a
positive control as osmotic stress creates ruptures of red blood
cells, resulting in complete lysis. The percentage of haemolysis
(Table 4) produced by Ca-MOF was observed to be around 1.55%,
which is well within the acceptable limit. Overall, these observa-
tions suggest that the synthesized Ca-MOF has no undesirable
effect and hence can be considered haemo-compatible.

Cell viability assay

The in vitro cytotoxicity of Ca-MOF was checked against fibroblast
cell (L929) and human epithelial (A549) carcinoma cell lines using
a well-established study, i.e., MTT assay. The different concentra-
tions of Ca-MOF in the range of 30-1000 pg ml " significantly
affected the viability of normal cell lines, i.e., L929 and A549 cells, as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 7(c) and (d). After 24 h and 48 h of treatment, the Ca-
MOF was found to be non-cytotoxic to normal cells and tumour cells
at almost all concentrations. This indicates that the as-synthesized
Ca-MOF did not cause significant cell death and had no cytotoxicity.

In vitro protein interaction studies

Fluorescence quenching is a technique for studying the inter-
action of proteins with ligands. Quenching can be either static
or dynamic. Static quenching occurs when the fluorophore and
the material form a nonfluorescent complex through a stable
interaction. This quenching mechanism is typically associated
with strong binding interactions, such as electrostatic interac-
tions or covalent binding, between the fluorophore and the
material. Dynamic quenching occurs when the fluorescence of
the fluorophore is quenched through collisional encounters
with the material in general. Both processes are not mutually
exclusive, but the predominance is observed during the pro-
tein-ligand/material binding studies. In the Ca-MOF-protein-
bioconjugate system, the intensity of the native protein origi-
nates from tryptophan, a tyrosine amino acid that is taken as an
intrinsic fluorophore in the proteins, and the Ca-MOF is
considered a quencher. Based on the different values obtained
through measurements and calculations, it is correlated with
which protein shows the highest binding with the Ca-MOF.
The fluorescence emission spectra show that all the proteins
show emission in the range of 320-335 nm (Fig. S1, ESI{). The
maximum fluorescence intensity in all the proteins is approxi-
mately around 330 £+ 5 nm, indicating that the microenviron-
ment around tryptophan/tyrosine is changing. It is further
observed that by increasing the concentration of Ca-MOF, there
is a decrease in the intensity of the florescence emission peak,
thereby indicating the interaction between the protein and Ca-

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

Table 4 % Haemolysis studies of Ca-MOF

Samples Absorbance at 540% Haemolysis
Water 3.601

PBS 0.406

Ca-MOF 0.462 1.55

MOF. A minor blue shift in the fluorescence intensity peak is
generally observed for all the proteins, which is a reliable
indicator of the protein structure function study.

The obtained fluorescence quenching data were then used for
the Stern Volmer plot. (Fig. 8). The value of the Stern-Volmer
constant, Ksy, was determined from the slope of the Stern-Volmer
plot. As can be seen from the Stern Volmer study, the Kgy (Stern
Volmer quenching constant) value for each of the proteins,
namely HSA, fibrinogen, plasminogen and gamma globulin, is
given in Table 5 using eqn (2).

The trend line, as shown in the Stern-Volmer plot (Fig. 8),
indicates that the Ca-MOF has a high quenching capacity. Because
the K, values are lower than 10° L mol ' s™* compared to those for
static quenching, which is of the order of 10'° L mol ' s, as the
intensity of the fluorescence peak is constantly decreasing with
increasing concentrations of Ca-MOF and the Stern Volmer plots
do not show a linear slope, it seems that the quenching process
here is a combined static and dynamic process.

To determine the values for the binding parameters (K, and n)
for Ca-MOF and all the protein interactions, the double logarithmic
equation was used (eqn (3)). The obtained fluorescence quenching
data was fitted into it. The double logarithmic plot between log (F,
— F)/Fversus log[Q] is shown in (Fig. 9).>° The values of K, and n for
the different proteins (Table 5) were obtained from the intercept
and slope of the linear plot, respectively. As shown in Table 5, the
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association constant is highest for the plasminogen with the high-
est number of binding sites (8.0 + 0.1 x 10° L mol " and 1.1116 +
0.05, respectively). Although we can say that there is interaction of
the Ca-MOF with all the other proteins, the most prominent
interaction is with Plasminogen.

Ex vivo studies

Haemostatic performance of Ca-MOF. To understand
the effect on hemostasis, the clotting time of Ca-MOF was

View Article Online

Paper

measured, as depicted in Fig. 10. The observed clotting time
of 5 s for Ca-MOF was significantly lower compared to clotting
time in the control, i.e., 240 s, (Fig. 10(a)), indicating the role of
Ca-MOF in the process. After clot formation, it was observed
that the Ca-MOF appeared to be aggregated with a much larger
dimension of 2 pm, which could be due to swelling and platelet
aggregation. As shown in Fig. 10(b), some platelets seem to
adhere to the surface of Ca-MOF. Additionally, the plasma
recalcification time (PRT) test was performed by taking the
synthesized Ca-MOF with platelet poor plasma (PPP) to evaluate
the material effect on the intrinsic coagulation factors. It is well
known that the longer the PRT, the better the anticoagulant
property. As compared to the major influence observed on the
clotting time, the reduction in the PRT was much less owing to
Ca-MOF (approx. 90% of control values, p < 0.01) as shown
in Fig. 11(a). These results were supported by examining the
SEM micrographs of platelet adhesion to Ca-MOF (Fig. 11(b)).
The platelets were observed to assume a polygonal morphology
on the MOF surfaces compared to the normal discoid shape,
indicating their spreading on the matrix and leading to the
activation of platelet plug formation.

To evaluate the effect of Ca-MOF on clotting, a TEG analysis was
performed. The clotting ability of the test sample, i.e. Ca-MOF at
various concentrations, was measured in whole blood. The R and K
values due to Ca-MOF were lower than those of whole blood, as
illustrated in Table 6, whereas « and MA were significantly higher.
The synthesised Ca-MOF was found to considerably shorten
the time between the start of coagulation and the synthesis of
fibrinogen with improved polymerization, clot stability, and overall
clot strength. The blood spiked with Ca-MOF solutions in a
tris buffer (pH 7.4) at final concentrations ranging from 250 to
1000 pug ml~* revealed shorter R and K. (Fig. 12). The concentration
of 500 pg ml™" of the Ca-MOF showed the most pronounced
changes in all the parameters (namely, R, K, o, MA, and G)
compared to the control (native citrated blood). At higher concen-
trations of Ca-MOF, the R and K values, which are expected to be
lower, increased and the MA value, which was expected to be
higher, decreased.

This might indicate the reverse behaviour of the Ca-MOF
setting in. This is possible as it is known that when there is an
excess of calcium ions in the blood, the ions can bind to and
inactivate the clotting proteins, thus preventing the formation
of blood clots. Therefore, increasing the concentration of
calcium ions in the blood can have an anticoagulant effect by
interfering with the normal clotting process. This might make
the material useful for a different set of medical conditions,
which involve preventing blood clots in patients at high risk of
thromboembolism.

Table 5 Binding characteristics of Ca-MOF: protein interaction, as studied in PBS, with pH 74

Temp. (K) Name of protein K x 10° (L mol ™) Kq x 10° (L mol ™" s7") K, x 10° (L mol™) n

298 HSA 80.0 + 0.1 8.08 + 0.1 5.0 £ 0.05 0.61861 + 0.1
Fibrinogen 73.0 = 0.05 7.31 £ 0.05 2.0 £ 0.1 0.28053 + 0.1
Plasminogen 73.0 + 0.05 7.4+ 0.05 8.0 £ 0.1 1.1116 + 0.05
Gamma globulin 55.0 + 0.1 5.51 + 0.05 4.0 £+ 0.05 0.47047 £+ 0.05
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(a) Whole blood clotting time of Ca-MOF. (b) SEM image of Ca-MOF in contact with human whole blood. Note: *** indicates significance.

(a) Plasma recalcification time of Ca-MOF. (b) Plasma adhesion on the surface of Ca-MOF. Note: *** indicates significance.

Table 6 The coagulation performance of Ca-MOF by thromboelastography

Sample Conen (ug ml™") R (Minute) K (Minute) o (Degree) MA (mm) G (kd sc™)

Ca-MOF Control 8.3 £ 0.05 6.9 £ 0.05 30.3 £ 0.1 35.4 + 0.05 2.7 £0.1
1000 6.3 = 0.1 5.2 + 0.05 38.0 £ 0.1 36.9 £ 0.1 2.9 + 0.05
500 5.2 £ 0.05 3.5+ 0.1 47.8 + 0.1 43.3 + 0.1 3.8 + 0.05
250 5.8+ 0.1 4.2 £ 0.05 43.4 £ 0.2 39.6 £ 0.05 3.3+0.1

Note: all the values presented in this table are in the form of mean + SD.

In vivo studies

A well-established rat-tail amputation model was used to evalu-
ate the in vivo hemostatic effect of Ca-MOF. The comparison of
the properties was done with the clinically used hemostatic drug,
tranexamic acid.”" The shortest clotting time was achieved by Ca-
MOF, i.e. (39 + SD s), followed by tranexamic acid (89 £ SD s)
compared to (300 + SD s) s for the control (Fig. 13(a) and (b)).
The weights of blood loss found due to Ca-MOF, tranexamic acid

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

and control were (0.14 £+ SD g), (0.38 & SD g) and (1.06 + SD g),
respectively. This in vivo study proved that Ca-MOF has a better
ability to bring about rapid hemostasis.

Co-relative analysis

The aim of this study was to prepare a bio-MOF where the
individual components, ie., the metal and the linker, are
biocompatible, and to investigate the effect they may have on

Mater. Adv., 2023, 4, 3330-3343 | 3339
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the hemostatic property. Thus, calcium and aspartic acid were
taken both of which have their known individual roles in the
biological system.** Calcium is also well known for its role in
the coagulation system, but very few MOFs of calcium have
been explored for this application owing to their difficult
synthesis and lower yields. Using the box Behnken method,
we zeroed down on the conditions that could give the highest
yield. However, under these conditions, porosity, and surface
area are not high. The Ca-MOF forms plate-like structures that
have a 3D morphology and influence the hemostatic property.

A correlative analysis of the interaction of Ca-MOF with the
blood is presented here using the TEG study, which provides
very useful information about global hemostasis, from the
beginning of coagulation through clot formation to the ending
with fibrinolysis. The effect seems concentration dependent as

* %k *
s (—)\—\

30
= 250
* % K
E 100

) .

’ Control Ca-MOFs Tranexamic Acid

Fig. 13
(tranexamic acid). Note: *** indicates significance.
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the best results are observed at a concentration of 500 pg ml ™"
The initial results show that the clotting time of the control is
240 s while that of the Ca-MOF is 5 s. This was a highly
significant difference that we wanted to check before reporting.
As we evaluated the coagulation cascade (Fig. 14), we started
plotting the parameters across the intrinsic and extrinsic path-
ways involved in interacting with Ca-MOF. The effect starts with
the reaction time [R], which is reduced by approximately 37%,
from 8.3 in the control to 5.2 when treated with Ca-MOF,
thereby implying the interaction with coagulation factors VII
and VIIa. The coagulation time [K] rate of clot strengthening,
which is associated with the activity of the intrinsic clotting
factors, fibrinogen and platelets, decreases compared to the
control. However, the maximum amplitude [MA], which indicates
the maximum strength of the clot, increases by 18%, which is a

Ca-MOF
Time: 39 = SD

(a) Haemostatic time of Ca-MOF, (b) tail bleeding image of control, (c) tail bleeding image of Ca-MOF, (d) tail bleeding image of standard

© 2023 The Author(s). Published by the Royal Society of Chemistry
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direct function of the maximum dynamic properties of fibrin and
platelet number and functions. The rate of clot polymerization,
i.e. o angle, which is a main function of platelets, fibrinogen, and
plasma components residing on the platelet surface, increases by
36% compared to the control. The G value may also identify the
relative contributions of clotting factors, such as fibrinogen and
platelets, to the overall coagulation process, which also increases
Ca-MOF. 1t is also seen in protein binding studies that the
interaction of the Ca-MOF is more with plasminogen. Simulta-
neously, this could possibly be the reason for the Ca-MOF
showing anticoagulant behaviour at higher (1000 pg ml™") con-
centrations. When an injury occurs and blood clotting is initiated,
plasminogen is activated to plasmin, which is an enzyme
responsible for fibrinolysis, and the breakdown of blood clots.
It can bind to fibrin and prevent excessive clotting by inhibiting
the formation of additional clots. This makes the material very
novel because it seems to have both a coagulating capacity at a
lower concentration and anticoagulant property at a higher
concentration. However, further extensive studies on these
aspects will be required to confirm the same. The evaluated
Ca-MOF showed the shortest clotting time (39 + 02 s) and lowest
blood loss (0.14 + 0.2 g) in the rat-tail amputation model
compared to the control and commercially available haemostatic
drug tranexamic acid. Thus, we can see that the best results for
this MOF are obtained at a concentration of 500 pg ml* at
which it acts as a potential bio-MOF-based haemostat.

Conclusion

In this study, Ca-MOF was designed for the management of
severe bleeding during military and civilian trauma. The as-
synthesized Ca-MOF under optimized conditions effectively
absorbs fluid and activates the adsorption and aggregation of
red blood cells, as observed in the SEM image. In addition, the

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

calcium core of the Ca-MOF activated the intrinsic pathway of
the coagulation cascade, which leads to promoting blood clot-
ting and achieving haemorrhage control in vitro and in vivo.
More importantly, Ca-MOF showed superior biocompatibility as
observed during the haemolysis and cell integrity studies. We
believe that this finding showcases the haemostatic potential of
Ca-MOF for the first time and provides an alternative treatment
option for haemorrhage control using this bio-MOF.
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