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Hemocompatibility of biogenic phosphorus nano-
agromaterials at environmentally relevant and
supra-environmental concentrations for
occupational exposuret

Ayushi Priyam,@ab Luis O. B. Afonso,” Aaron G. Schultz, @ Amit Kumar Dinda®
and Pushplata Prasad Singh*@®

Phosphorus (P)-based nanomaterials (NMs), such as those derived from rock phosphate (RP) and
hydroxyapatite (HAP), have the potential to be used as nanofertilisers to supplement depleting P levels in
agricultural soils. Before applying to agricultural areas, complete profiling is essential to assess the
potential risk to human health from occupational exposure, particularly for the predicted environmentally
relevant concentration (ERC) magnitudes. A systematic investigation on blood contact properties such as
percent hemolysis, platelet aggregation, blood coagulation time, and interactions with serum plasma
protein was performed in this ex vivo study using National Institute of Health (NIH) guidelines. For ERCs
(0-50 pg mL™Y and supra-environmental concentrations (SECs, 50-1000 pg mL™Y), the effects of
biologically synthesised nanohydroxyapatite (hHAP) and nanophosphorus (nP) were compared to those
of chemically synthesised and commercially available nHAPs and bulk RP. Our results show that biogenic
nHAP and nP did not have any significant effect on hemolysis, platelet aggregation or coagulation
processes at ERCs and SECs whereas the bulk RP had significant hemotoxic effects. Protein
quantification analysis revealed that proteins from blood serum adsorb onto NMs, forming
a biomolecular corona. Our results highlight the hemocompatible behaviour of biologically synthesized
P-based NMs at predicted ERCs, which are most likely to be occupational exposures. These findings may

provide a fundamental understanding of the overall risks presented by P-based nanofertilisers.

Phosphorus-based nanomaterials (NMs) are being explored for their use as fertilisers to improve agricultural productivity. However, there is limited information
on the interactions between such nanofertilisers and human blood. Also, there is a key knowledge gap about the subsequent impact of such interactions on the

biotransformation and human safety of nanofertilisers. This work reports that the biosynthesised P-based NMs were more hemocompatible than the bulk
analogues that are traditionally used in agriculture. This study demonstrates the interaction between P-based NMs and blood components and provides
important evidence for their human risk assessment.

1 Introduction

which result in increased efficacy. Phosphorus (P) deficiency
occurs in agricultural soils all over the world as a result of
limited natural availability and mismanagement in current

Nanomaterials (NMs) are now widely used in a variety of fields,
including consumer goods, science, engineering, medicine, and
agriculture, owing to their higher surface area-to-volume ratios,
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agricultural practices.”> Bulk P fertilisers derived from rock
phosphate (RP), diammonium phosphate (DAP), or tricalcium
phosphate (TCP) are commonly used to meet agricultural
demands.? Bulk P fertilisers have limitations due to poor plant
uptake and run-off into water bodies, resulting in terrestrial and
aquatic contamination.® As a result, P-based NMs are intended
for agricultural use.* At the research scale, apatite-based NMs,
more commonly known as nanohydroxyapatite (nHAP), are
being investigated for use as nanofertilisers.>” Nano-
phosphorus (nP), a nanoscale derivative of RP with improved
uptake efficiency and efficacy, has also been proposed as a P-
supplementing fertiliser.””®

Environ. Sci.: Adv, 2023, 2, 313-324 | 313


http://crossmark.crossref.org/dialog/?doi=10.1039/d2va00237j&domain=pdf&date_stamp=2023-02-03
http://orcid.org/0000-0001-5432-8392
http://orcid.org/0000-0002-7333-7646
https://doi.org/10.1039/d2va00237j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00237j
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA002002

Open Access Article. Published on 20 December 2022. Downloaded on 11/1/2025 4:53:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

Given the differences in the properties and behaviour of bulk
and nano forms, many international regulatory agencies have
made human and environmental safety assessments mandatory
prior to the commercialization of agriculturally relevant NMs. A
better understanding of the potential risk of NMs necessitates
an assessment of their potential hazard to human and envi-
ronmental receptors at varying exposure concentrations. The
magnitudes of exposure depend on applied NM concentrations,
environmentally relevant concentrations (ERCs) and supra-
environmental concentrations (SECs) accumulated over long
periods of time, following multiple applications and NM
transformation.’®** As a bone material, HAP is considered
biocompatible.”> However, nanoscale conversion frequently
results in the development of novel physicochemical properties
in the parent material, which may alter the NM biocompatible
behaviour."® Further, to develop P-based NMs, strong alkaline
and acidic conditions are used during chemical synthesis.*
Chemical wastes generated during synthesis contribute to
environmental pollution furthermore.'* A general hypothesis
suggests that using a green or biogenic method instead of toxic
chemicals may improve eco-compatibility at NM synthesis
levels,”™*” though a complete safety profiling of the biogenic
NMs is also required before their applications. Occupational
exposure to farmers may occur if nHAP and nP are used as
fertilisers. This direct occupational exposure is hypothesised to
occur at applied NM concentrations; however, a reasonable
chance of indirect exposure after NM application remains at
other ERCs and SECs. Following applications, NMs can interact
with humans in either pristine or environmentally transformed
forms. Environmental transformations of these agriculturally
useful NMs may happen after they interact with factors such as
organic (e.g. humic acid and enzymes secreted by microbes) and
inorganic (various ions, e.g. Fe** and AI**) components in soil,
temperature and UV from the sun."®*® Such factors may result in
eco-corona over the NMs and influence their indirect exposure
to humans.*

Because of their small size, these NMs can enter the circu-
latory system through dermal contact or inhalation in both
direct and indirect exposure. One of the most important factors
to consider for the evaluation of the potential hazard of such
applied NMs is their hemocompatibility profiling. The Nano-
particle Characterization Laboratory (NCL, USA) protocol
cascade and ISO-10993-4 recommend testing for hemolysis,
coagulation, platelets, hematology and the complement system
to understand the potential risk from NM interaction with
blood.*®

When NMs enter the circulatory system, they come into
contact with blood cells as well as plasma proteins, which might
modulate or trigger pathophysiologic processes. The coordi-
nated interaction of endothelium, platelets and coagulation
factors in the vascular compartment ensures the maintenance
of vascular and tissue homeostasis. The presence of P-based
NMs in the vascular environment may affect this homeostasis
dynamic by interacting with endothelial cells, platelets and
coagulation factors. As a result, assessing nHAP and nP NMs in
this context is a critical requirement for their safety profile. The
biocompatibility of nHAP has been studied, with a focus on
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bone tissue*** but there is little information on its interaction
with the vascular compartment.”>* The current state of reports
on the biological effects of nHAP on blood lacks a comprehen-
sive analysis of thorough NM characterization and defining the
biological effects in accordance with physicochemical proper-
ties. As a result, conclusions about the biocompatible size or
shape of P-based NMs vary greatly.”**?¢ So far, effects of
chemically synthesized nHAPs have been reported only for in
vitro hemolysis. Furthermore, including a relevant bulk source
as one of the experimental controls to compare the effects of
NMs is critical but has not been thoroughly investigated. This
will help in drawing comparisons on the hemocompatibility of
NMs in order to supplement their use as fertilisers. As a result,
the blood compatibility of variously shaped P-based NMs must
be thoroughly investigated. The effect of biogenic P-based NMs
on human blood is reported in this study. We conducted
a systematic investigation of hemolysis, platelet aggregation,
coagulation and interaction with plasma protein after treat-
ment with different synthesised and shaped nHAP and nP and
evaluated effects at ERCs and SECs.

2 Materials and methods

All experiments were performed strictly in accordance with
relevant guidelines and regulations by the Nanoparticle Char-
acterization Laboratory, National Cancer Institute, National
Institute of Health, USA. The experiments were ethically
approved by Deakin University, Australia.

2.1. Materials

Potassium ferricyanide, potassium cyanide, potassium dihy-
drogen phosphate, Triton X 100, calcium chloride, Tris base,
SDS, Bradford reagent, collagen and hydroxyapatite nano-
powder (product no. 677418, size < 200 nm, spherical shaped)
were procured from Sigma-Aldrich (USA). Another hydroxyapa-
tite nanopowder (product no. 13616, size < 200 nm, needle
shaped) was procured from Sisco Research Laboratories Pvt.
Ltd. (India). Dulbecco's phosphate buffer saline (DPBS) was
procured from Gibco, Thermofisher Scientific (USA).

2.2. Nanomaterial samples

Biologically synthesized nHAP (Ca/P ratio as 1.583, size
35.74 nm, platelet shaped) and chemically synthesized nHAP
(Ca/P ratio as 1.79, size 83.92 + 26.85 nm, rod shaped) were
synthesized in-house using previously published methods."”
Both of these NMs have also been thoroughly characterized in
our previous study using transmission electron microscopy,
dynamic light scattering, FTIR and XRD." In brief, the biolog-
ically synthesized nHAP was platelet shaped, with a size of
35.74 nm, Ca/P ratio of 1.583, and a hydrodynamic diameter of
325.8 £+ 37.1 nm and zeta potential of —31.3 &+ 3.5 mV in MilliQ
water (ESI Table 11). In contrast, the chemically synthesized
nHAP was rod shaped, with a size of 83.92 + 26.85 nm, Ca/P
ratio of 1.79, and a hydrodynamic diameter of 756.2 +
28.8 nm and zeta potential of —45.2 £+ 1.7 mV in MilliQ water
(ESI Table 1t). Nanophosphorus (nP) nanoparticles were kindly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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provided by the TERI-Deakin Nanobiotechnology Centre,
Gurugram, India, for this study. The particles of nP were
spherical shaped, with a size of ~5-10 nm, Ca/P ratio of ~3.8,
and hydrodynamic diameter of 798.5 + 23.36 nm and zeta
potential of —11.61 £ 0.015 mV in MilliQ water (ESI, Table 17).
The NMs alongside with bulk controls RP and Ca;PO, were used
at the following concentrations in different assays unless stated
otherwise: 0, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200, 500 and
1000 pg mL ™"

2.3. Human blood samples

Blood samples in this study were collected from healthy
volunteers after taking written informed consent. The study
followed the recommendations made in the declaration of
Helsinki and the blood samples were used in accordance with
the institutional human ethics approval (DUHREC reference no.
2021-095: Deakin University Human Research Ethics
Committee, Australia).

2.4. Hemolysis assay

The hemolysis assay was carried out according to the protocol
from the National Cancer Institute (NCI).>* Briefly, for the
analysis whole blood was required where the level of plasma
free hemoglobin (PFH) concentration was below 1 mg mL™".
Pooled blood obtained from healthy donors was diluted with 1 x
DPBS (Dulbecco's PBS) to adjust total blood hemoglobin (TBH)
concentration to 10 + 2 mg mL ™" (TBHA). 100 uL of 1x DPBS as
negative control, nHAPs and nP solutions (concentrations
mentioned in Section 2.2) in 1x DPBS as test samples and
Triton-X-100 as positive control were added to 96-well plates.
100 pL of TBHd was added to each well and the plate was
incubated at 37 °C for 3 h. The plate was then centrifuged at 800
x g for 15 min. 100 pL supernatant and 100 pL cyanmethemo-
globin (CMH) reagent®*?” were added to a fresh 96-well plate.
The absorbance (OD) at 540 nm was determined by the H1
hybrid microplate reader (Biotek, USA). For each term of the
equation, the OD value was already subtracted by their back-
ground interference. The assay threshold is 20% platelet
aggregation for acceptable blood compatible materials. For the
result acceptance, the % coefficient of variance for each sample
was within 20%. The percentage of hemolysis was calculated
using the equation:

% hemolysis = hemoglobin in sample/TBHd x 100.

2.5. Blood cell aggregation assay

Platelet-rich plasma (PRP) was obtained by pooling fresh
human plasma from at least three donors by centrifugation at
200 x g for 8 min. 25 pL of nHAP and nP solution diluted by 1x
DPBS, 1x DPBS as negative control or 1 mg mL ™' collagen
(Sigma-Aldrich, USA) as positive control were mixed with 100 puL
PRP, respectively. Then, all samples - NMs and bulk (concen-
trations mentioned in Section 2.2) were incubated at 37 °C for
15 min. The cell counting (CC) was performed by using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a hemocytometer. Individual cells were counted to get the final
cell count. The percentage of blood cell aggregation was calcu-
lated using the equation:

% blood cell aggregation = (CCpegative control — CCsample)/
(Ccnegative control) x 100%.

2.6. Blood coagulation time

Blood was collected from healthy voluntary donors with
informed consent, in heparinized vials. 50 uL of NMs and bulk
samples at different concentrations (concentrations mentioned
in Section 2.2) were incubated with 50 uL of blood for 5 minutes
at room temperature. 25 pL of 50 mM calcium chloride was
added to it and mixed gently.”®** Time was noted from the
addition of NMs to the first visible sign of a clot.

2.7. Blood protein binding - corona over nanoparticles

To investigate the formation of plasma protein corona on nHAP
and nP, the presence of adsorbed protein was quantified using
Bradford's method and FTIR. 1 mg mL ™" of nHAPs and nP were
incubated for 3 h at room temperature with plasma in 1
(sample):3 (plasma) ratio by volume. The samples were
centrifuged for 30 min at 15 000 rpm, 4 °C. Pellets were washed
with 1x PBS for three times. The washes were kept for soft
corona analysis. The last pellets were dispersed in 1x PBS for
hard corona analysis. Protein in washes and hard corona was
quantified using Bradford's method®* and samples were
checked for the presence of amide and carboxylic functional
groups using FTIR (Nicolet 6700, Thermo Fisher Scientific,
USA).

2.8. Statistical analysis

Statistical analysis was performed using Graphpad Prism (v8.4).
All values were expressed as mean =+ standard deviation (S.D.) of
samples (n = 3) in a representative experiment. For each of the
NMs (nHAPs and nP), we characterized dose-effect relation-
ships with human blood. The data was checked for normal
distribution using Shapiro-Wilk test and the normal distribu-
tion of residuals was checked on QQ plots. The effects on
hemolysis, blood cell aggregation and plasma coagulation time
were subjected to ANOVA to check if the variance was signifi-
cant. This would not explicitly tell where the significant differ-
ences lie and were, thus, then followed by a Tukey post hoc
multiple comparison test, to identify the treatment groups with
a significant difference in mean values. A p-value less than 0.05
was considered as statistically significant.

3 Results

3.1. Blood contact properties of nHAPs and nP in terms of
hemolysis, blood cell aggregation and blood coagulation time

For different test materials including the nHAPs, nP, bulk
sources RP and CazPO,, negative and positive controls, the
values of % hemolysis (Fig. 1), % blood cell aggregation (Fig. 2)

Environ. Sci.. Adv, 2023, 2, 313-324 | 315
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Fig.1 Hemolysis after treatment with (a) environmentally relevant concentrations (1.5625, 3.125, 6.25, 12.5, 25 and 50 ug mL™%) and (b) higher
applied concentrations (100, 200, 500 and 1000 ug mL™?) of biologically synthesized nHAP (nHAP_B), chemically synthesized nHAP (nHAP_C),
Sigma-Aldrich nHAP (nHAP_Sigma), SRL nHAP (nHAP_SRL), nanophosphorus (nP), rock phosphate bulk control (RP), and calcium phosphate bulk
control (CasPO,). Controls: 0.1% (v/v) Triton X 100 as a positive control (+C) and 1x DPBS as negative control (—C). Values reported as mean +
S.D. [Different letters denote statistically significant differences between the test samples (p < 0.05)].

and blood coagulation time (Fig. 3) are presented in Table 1 at
highest tested ERC (50 ug mL ") and SEC (1000 ug mL ™). It was
found that the P-based NMs did not cause any toxicity with
reference to the key blood contact parameters with LCs, ex-
pected to be beyond the highest tested SEC in each case. To

316 | Environ. Sci.: Adv., 2023, 2, 313-324

further understand if the type of these P-based NMs (shape and
synthesis) influences their behavior with blood cells and the
consequent effects, statistical analyses were conducted. Each
NM was compared with every other NM for % hemolysis (ESI
Table 21), % blood cell aggregation (ESI Table 31) and blood

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 % blood cell aggregation after treatment with (a) environmentally

and (b) higher applied concentrations (100, 200, 500 and 1000 pg mL™

relevant concentrations (1.5625, 3.125, 6.25, 12.5, 25 and 50 ug mL™)

Y) of biologically synthesized nHAP (nHAP_B), chemically synthesized

nHAP (nHAP_C), Sigma-Aldrich nHAP (nHAP_Sigma), SRL nHAP (nHAP_SRL), nanophosphorus (nP), rock phosphate bulk control (RP), and
calcium phosphate bulk control (CazPQ,). Controls: 1 mg.mL~* collagen as a positive control (+C) and 1x DPBS as negative control (—C). Values

reported as mean + S.D.

coagulation time (ESI Table 47) using a two-way ANOVA fol-
lowed by Tukey post hoc test for p < 0.05.

nHAP_B and nHAP_Sigma were found to be significantly
more hemocompatible as compared to nHAP_C (rod-shaped)
and nHAP_SRL (needle-shaped) (ESI Fig. 1f). nP (dots) was
significantly more hemocompatible in comparison to its bulk
source RP (ESI Fig. 11). RP was found to be highly hemolytic at
all the tested concentrations. Statistically significant (p < 0.05)
differences in overall hemolytic trend were found between
platelet, rod, spherical shaped and dots of P-based NMs. Shape-
dependent differences in NM uptake into a cell could have eli-
cited different pathways to draw out the observed pattern of
hemolysis.

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

There was no significant acceleration of platelet aggregation
in the case of treatments with different nHAPs and nP at envi-
ronmentally relevant concentrations, ie. up to 50 pg mL ™"
(Fig. 2a). The overall effect on aggregation due to the shape and
synthesis route was assessed statistically (ESI Fig. 2t). It was
found that blood cell aggregation was not significantly affected
by different shapes and differently synthesized nHAPs.

There was a slight increase in blood coagulation time when
the blood cells were exposed to different concentrations of
nHAPs and nP. However, both at the highest tested ERC and
SEC, the values were found in the range for physiological acti-
vated partial thromboplastin time (APTT is between 25.1 and
36.5 5).>'* Also, a follow-up from ANOVA using Tukey's post hoc

Environ. Sci.: Adv., 2023, 2, 313-324 | 317
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Fig. 3 Blood coagulation time after treatment with (a) environmentally relevant concentrations (1.5625, 3.125, 6.25, 12.5, 25 and 50 pg mL™) and
(b) higher applied concentrations (100, 200, 500 and 1000 pg mL™Y) of biologically synthesized nHAP (nHAP_B), chemically synthesized nHAP
(nHAP_C), Sigma-Aldrich nHAP (nHAP_Sigma), SRL nHAP (nHAP_SRL), nanophosphorus (nP), rock phosphate bulk control (RP), and calcium
phosphate bulk control (CazPQO,). Controls: 50 mM CaCl, as a positive control (+C) and 1x DPBS as negative control (—C). Values reported as
mean =+ S.D. [Different letters denote statistically significant differences between the test samples (p < 0.05)].

analysis revealed that the overall effect of different concentra-
tions of nHAP_B on blood coagulation time was significantly
different from nHAP_C, nHAP_Sigma, nHAP_SRL, nP and the
bulk sources (ESI Fig. 31).

3.2. Protein corona over nanoparticles

The results from Bradford's assay (Fig. 4) show that only a small
concentration of protein forms a hard corona on the surface of

318 | Environ. Sci: Adv,, 2023, 2, 313-324

NPs and most of the proteins form a soft corona and get washed
off. Essentially in a hard corona, by quantification it was found
that the protein concentrations were 0.28 + 0.05, 0.24 £ 0.01,
0.35 #+0.10, 0.23 #+ 0.01 and 0.32 + 0.11 mg mL ™", respectively,
for nHAP_B (platelet-shaped), nHAP_C (rod-shaped), nHAP_-
Sigma (spherical), nHAP_SRL (needle-shaped) and nP (dots).
From Fig. 4, it could be observed that for hard corona proteins,
there was a slight increase in protein concentrations for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1 Values for hemolysis, blood cell aggregation and blood coagulation time for different test materials at the highest tested ERC and SEC.

Data presented as mean =+ standard deviation (n = 3)

% hemolysis

% blood cell aggregation

Blood coagulation time [s]

ERC (50 uyg mL™Y) SEC (1000 pg mL™)

ERC (50 pg mL™)

SEC (1000 ug mL™") ERC (50 ug mL™') SEC (1000 pg mL ")

Negative control 0.21 £ 0.001% 0 10.9 + 0.16
Positive control  99.18 £ 0.08% 77.87 £ 0.55% 55 £ 0.21
nHAP_B 4.13 £ 0.1% 4.5 £ 0.26% 0.15 + 0.44% 0.15 + 0.56% 18.4 +0.14 20.6 + 0.28
nHAP_C 5.38 = 0.43% 5.9 + 0.46% 0.20 £+ 0.28% 0.20 £ 0.66% 19.05 + 0.12 21.19 £ 0.41
nHAP_Sigma 2.43 + 0.07% 6.9 + 0.11% 0.18 + 0.31% 0.19 + 0.40% 17.6 + 0.11 26.26 £+ 0.10
nHAP_SRL 6.88 = 0.25% 9.7 + 0.49% 0.20 £+ 0.23% 0.17 £+ 0.26% 19.8 £ 0.11 20.73 £ 0.14
nP 3.09 + 0.07% 8.8 + 0.42% 0.18 + 0.38% 0.29 + 1.46% 21.7 + 0.07 21.4 + 0.36
RP 29.98 £+ 0.82% 69.99 + 0.21% 2.87 £ 0.76% 1.89 £ 0.85% 36 + 0.22 40.88 £+ 0.08
CazPO, 5.24 + 0.76% 6.29 + 0.11% 0.15 + 0.43% 0.20 + 0.38% 14.97 £ 0.44 20.29 £+ 0.30
"T_' 2.0
-
E
o)
E 15 *
c I 1
]
©
S
£ 1.0
[+/]
Q
c
8
c 0.5
[
°
x
0.0-
N >
X\ X\ X F
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Fig. 4 Protein quantification of corona on biologically synthesized nHAP (nHAP_B), chemically synthesized nHAP (nHAP_C), Sigma-Aldrich
nHAP (nHAP_Sigma), SRL nHAP (nHAP_SRL) and nanophosphorus (nP) due to interaction with blood serum plasma. W1, W2, W3 and HC denote
proteins in wash 1, wash 2, wash 3 and hard corona, respectively. Significance denoted as: * for p < 0.05 between the first wash of nHAP_SRL and

nP.

spherical shaped nHAP_Sigma and dots of nP. The statistically
significant differences between W1, W2, W3 and HC in the case
of all the NMs are presented in ESI Table 2.} Also, a qualitative
FTIR analysis of hard corona for these nanoparticles (ESI
Fig. 47) showed the presence of peaks for amide C=O stretch,
carboxylic acid OH stretch and amide N-H stretch, respectively,
at 1650, 2360-2370 and 3270-3380 cm ™ '. The presence of these
peaks suggests that the P-based NMs may develop protein
capping in the form of the hard corona that contains the pres-
ence of peptide bonds, which remains intact after rigorous
washings.

4 Discussion

Environmental risks of NMs are assessed by characterizing their
exposure levels and corresponding biological effects in terres-
trial and aquatic environments. Due to the lack of information
from direct measurements, ERCs and SECs are estimated from

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

exposure modelling. Their potential effect on biological species
is measured under controlled experimental conditions using
a range of applied NM concentrations. The gap between in vitro
experiments and real conditions may influence the environ-
mental relevance of current risk assessments and exposure
models, including test conditions, bioavailable concentrations,
mode of action, NM production volumes, transformations,
trophic transfers and model validation. Identifying the realistic
environmentally relevant concentrations of NMs is difficult due
to such analytical barriers.** Thus, NMs are used in laboratory
conditions often at concentrations higher than the expected NM
concentrations in the environment.* Identification of ERCs for
NM is critical to study its overall fate and risk. A more general
approach to evaluate NM compatibility has been to study the
toxic endpoints after exposures that are far more than those
relevant to realistic environmental scenarios to have an overall
dose-dependent safety analysis.
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Holden and colleagues (2014),% tabulated the modelled NM
ERC magnitudes for two environmental compartments — water
(surface or wastewater) and solid media (biosolids, soil and
sediments). This typically ranged between 0.001 and 1 ppm in
the case of water compartments and 0.001-1000 ppm in the
case of solid media compartments for various metallic and
carbonaceous NMs. The same research group evaluated the
average (mode) NM ERCs as 5.1, 55.1, 550.1 and 5500.1 ppm in
aquatic organisms, microorganisms, soil/sediment/wastewater
and terrestrial plants, respectively. According to another study
by Zhao and colleagues (2020)*” on metallic (TiO,, Ag, CuO) and
carbonaceous (carbon nanotubes) NMs, the predicted ERCs
were low and varied depending upon the presence and transfer
of NMs in the water (~0 to 2 x 10° ppb), sediments (~0 to 200
ppm) and soil (2 to 4 magnitude lower than concentrations in
sediments).” From the trends suggested above, it may be
considered that concentrations between 50 and 100 ppm may
be considered as ERC thresholds depending on aquatic sedi-
ments or terrestrial systems respectively. Even though P as an
element is not foreign to our cells, yet the different nanoforms
of P may undergo unique interactions with blood proteins and
biological membranes, which may or may not be safe for cells.
Based on the variation in shape-dependent effects of P-based
NMs within in vitro human osteoblast (MC3T3) and osteosar-
coma (MG63) cells,*®*® in vivo among invertebrates,* fish and
higher vertebrates,’®*' we planned to assess the potential
adverse effects on blood contact behavior at ERCs for differently
shaped and synthesized P-based NMs.

The presence of NM in the bloodstream could interfere with
the homeostatic balance within the vascular compartment,
which is normally maintained by an interplay between endo-
thelium, platelets and the coagulation cascade.*»** HAP and
calcium phosphate NMs are widely used in various medical****
and agricultural*®*’ applications. Despite the wide range of
established and potential applications, there is a scarcity of data
on their vascular compatibility. This work was set up to evaluate
the dose effects of P-based NMs: nHAP and nP, focusing on the
relevance of shape and synthesis routes to establish the blood
biosafety profile. The effect of multiple variants of nHAPs and
nP on hemocompatibility in comparison to bulk was addressed
for platelet shaped and biosynthesized nHAP_B, biosynthesised
dots of nP, rod-shaped and chemically synthesized nHAP_C,
commercial nHAP particles - spherical shaped (nHAP_Sigma)
and needle shaped (nHAP_SRL). Blood compatibility of nHAP
and nP particles was evaluated for hemolysis, blood cell
aggregation, and coagulation, in a broad concentration range
involving both ERCs (~1-50 pg mL~') and higher applied
concentrations (>50-1000 pg mL %)

Our results suggested that unlike other metallic NMs such as
Ag,***® Zn***° and Cu,*** P-based nanoformulations were more
hemocompatible than their bulk source. Previous reports sug-
gested that needle-shaped nHAP tested at 10 mg mL ™" in mice
erythrocytes® > and rod-like nHAP assayed in human erythro-
cytes,” up to 4 mg mL™" were hemocompatible. However, in
this study neither platelet and spherical biogenic nHAP and nP
nor spherical, rod and needle-shaped chemically synthesized
nHAPs affected erythrocyte integrity up to 1000 pg mL ", as the
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percentage of hemolysis, measured by the release of hemo-
globin, was comparable to the negative control. Thus, the
results from this study suggest that for various intended
applications biogenic P-based NMs will be safe in terms of
occupational exposure.

Additionally, on assays performed in platelet rich plasma
(PRP), all the nHAPs and nP had little effect on the platelets’
function. Platelets are very sensitive to changes in the blood
microenvironment being activated by a number of different
stimuli, such as physiological molecules (e.g. thrombin,
collagen, immunoglobulins), microorganisms, drugs and
particulate compounds.>® Platelet activation is associated with
changes in morphology, development of pseudopodia, activa-
tion of cell membrane markers and release of signaling mole-
cules and pro-coagulant compounds, together leading to
platelet aggregation.”® nHAPs and nP induced insignificant
blood cell aggregation up to 1 mg mL ™. These results are in
coherence with a previous study performed in rod-like nHAP.>*

The effect of these P-based NMs on the coagulation time was
also analyzed. In our study, we found that nHAPs and nP were
not thrombotic and under all the tested conditions there was no
significant delay in clotting time as compared to the negative
control. This suggests that different nanoforms of HAPs and P
do not elevate the intrinsic and extrinsic mechanisms upon
interaction with blood. Blood coagulation is evaluated by both
intrinsic and extrinsic mechanisms. Coagulation time can be
evaluated by activated partial thromboplastin time (APTT). It
has been known that the normal physiological range for APTT is
between 25.1 and 36.5 s.>*** The blood clotting is initiated by an
enzyme which converts fibrinogen to fibrin monomers called
thrombin. In the normal clotting process, fibrins are trans-
formed into fibrin threads which are the basic clot mesh. Blood
coagulation is a sequence of proteolytic reactions that may get
activated within the plasma by surface-mediated events
(intrinsic pathway) and upon vascular/endothelial injury and
the contact of blood with the sub-endothelial tissues (extrinsic
pathway). Both pathways may lead to the formation of thrombin
that converts soluble fibrinogen into an insoluble fibrin
network that stabilizes the platelet aggregates to form a blood
clot (thrombus). In vivo, these proteolytic reactions occur mostly
on anionic phospholipid membrane surfaces, from activated
platelets or endothelial cells, and require calcium as
a cofactor.*

Besides the effect of individual NMs and bulk controls on
different assays, the overall effect of the shape and synthesis
route was also analyzed statistically. It was found that the shape
had a key role to decide the consolidated effects on hemolysis
and blood coagulation time, whereas, it may not have a signifi-
cant (p > 0.9998) role in blood cell aggregation. Significant (p <
0.0001) differences were found amongst platelet, rod, needle,
spherical and dot types of NMs for hemolytic potential. For
blood coagulation time, the spherical and dot type NMs were
not significantly different (p > 0.9998); however, they had
significant (p < 0.0001) differences with respect to platelet, rod
and needle types of NMs. When compared for synthesis routes,
it was found that the behavior of biogenic NMs was more
compatible with human blood as compared to chemical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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analogues with an overall effect as significant (p < 0.0001).
Different synthesis routes could have resulted in different
physicochemical properties of the same material. These prop-
erties attenuate the biological adverse effects. In this case, the
overall effects of NMs on blood could be attributed to various
complex interactions between the blood cells, biomolecules and
the NMs, which are again dependent on the NM type. Between
the bulk RP and the P-based NMs, the nanoformulations were
more hemocompatible with an overall effect as significant (p <
0.0001) for hemolysis and blood coagulation.

We also evaluated the preliminary interaction of plasma
proteins with nHAPs and nP and the formation of hard corona.
The plasma constitutes approximately 55% of the total blood.
Plasma contains about 90 percent water, with 10 percent being
made up of ions, proteins, dissolved gases, nutrient molecules,
and wastes. The proteins in plasma include the antibody
proteins, coagulation factors and the proteins albumin and
fibrinogen which maintain serum osmotic pressure. As checked
from FTIR and Bradford assay, the preliminary protein analysis
confirmed the presence of proteins on all the nHAPs and nP in
this study. It was found that most of the protein was removed by
washing and only a small number of proteins remained as hard
corona (HC) on the surface of all NMs. The NMs of nHAP_Sigma
(spherical) and nP (small dots) had more concentration of
protein on the hard corona. This might suggest that the shape
of P-based NMs may influence the quantity of protein adsorbed
on their surface for hard corona formation. However, further
investigation is required to conclude the observation made
here. From FTIR, the amide and carboxylic stretch peaks
confirmed bound proteins to NMs. Since the essential hemo-
compatibility was obtained for all the P-based NMs used in the
study, we limited our study from further dwelling into detailed
proteome analysis to predict biological responses. However,
theoretically, corona proteins are responsible for coagulation,
hemostasis, platelet or complement activation and immune
responses. It has been demonstrated by Huang et al. (2016)*
that corona proteins contained both promoting and counter-
acting effects for these biological responses. This study sug-
gested that majorly, kininogen-1, apolipoprotein, fibrinogen
alpha chain and vitronectin seem to be abundant on hard
corona for negatively charged NMs. In the case of adsorption by
apolipoproteins and opsonins, there is preferential uptake of
NMs by endothelial cells.*® It has been previously established
that the presence of apolipoproteins modulates the immune
response by facilitating the anti-inflammatory properties and
inhibition of platelet aggregation via r-arginine nitric oxide
pathway.””*® Additionally, the small molecular weight proteins
(10-30 kDa) on NM may impart antithrombotic functions to
NMs.* We, therefore, hypothesized that small molecular weight
proteins may comprise the HC, which may not alter the
hemocompatibility of these P-based NMs on interaction with
whole blood. Since the particles are negatively charged, it may
also be suggested that proteins with an isoelectric point (pI)
greater than 7 could have participated in the formation of
HC.**** Many factors may affect corona composition, which
includes sizes, modifications, and cores of NMs as well as
molecular weight, pI, abundance, protein interactions and even

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

View Article Online

Environmental Science: Advances

structure properties of plasma proteins.®** It is important to
characterize the corona proteins to comment on the preferen-
tial binding of different proteins.

Our results emphasized that hematological profiling by
studying the blood contact properties of NMs both at ERCs and
higher applied dosages may be crucial for the prediction of the
effects of P-based NMs on various bioreceptors. These effects
are further modulated by the addition of biomolecules such as
proteins when the NMs interact in a biological environment.
Typically, on interaction with blood, serum proteins get adsor-
bed to the NM surface forming a hard corona. Though we
quantified serum proteins, the exact biomolecule responsible
for the behaviour of these surface modified NMs remained yet
to be determined. Therefore, this work opens a wide scope to
study the mechanism of corona formation and protein selec-
tivity. Altogether, this study provides a systematic overview of
the hemocompatibility of biogenic and chemically synthesized
P-based NMs with variations in shapes and sizes.

5 Conclusions

In the present study, we investigated the potential hemo-
compatibility of nHAP and nP. A range of concentrations from 1
to 1000 ug mL " were tested, and it was found that biogenic
nHAP and nP did not induce hemolysis in human heparinized
erythrocytes at environmentally relevant concentrations (<50 pg
mL ™). The hemolytic indices of these NMs were comparable
with the negative control. The NMs did not show any obvious
effect on RBC, WBC or platelet aggregation at different tested
concentrations. The coagulation process was also studied where
different concentrations of the NMs did not interfere with the
clotting time of whole blood. Tests with plasma protein inter-
action suggested that when interacting with whole blood,
protein corona formed over nHAPs, and nP did not interfere
with normal blood functions. From the preliminary investiga-
tion on blood compatibility, it may be concluded that the
biogenic P-based NMs did not introduce any deleterious effect
on human whole blood at environmentally relevant
concentrations.
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