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Phosphorus (P)-based nanomaterials (NMs) are being explored as nanofertilisers due to higher uptake in

plants, enhanced nutrient use efficiency, and minimal leaching. However, their colloidal behaviour in

biologically relevant media and corresponding in vitro nano-bio interactions have been understudied

topics for the evaluation of their potential cytotoxicity. Using HEK293, in this study, we investigated the

interactions and any associated cytotoxicity of four different nanohydroxyapatites (nHAPs: (i) biogenic

platelet-shaped, chemically synthesized (ii) nanorods, (iii) spherical, (iv) nanoneedles) and

nanophosphorus (spherical biogenic nP derived from rock phosphate). The NM's interaction with cell

culture media was studied by dynamic light scattering, transmission electron microscopy, and elemental

and protein corona characterisation. The investigation on acute effects such as mitochondrial and

lysosomal activities, membrane disintegrity, ROS generation, and cell viability was performed by

following NIH guidelines. In addition to the dose-dependent approach, the cytotoxic effects of NM on

changing the initial cell seeding density were also monitored. Our results suggest that physicochemically

different P-based NMs interact differently with cell culture media resulting in NM transformation,

minimal P release, and protein corona formation. Lipoprotein and albumins were the major components

of the hard corona. No LC50 values were attained for any of the cytotoxic endpoints up to 1000 mg

mL−1. Fluorescence and electron microscopy confirmed the uptake of NMs in the cells. This is the first

report on the nano-bio interactions of differently shaped and sized P-based NMs using colloidal

chemistry and two independent approaches-variable NM dose and variable cell densities. The findings

suggest low cytotoxicity and hence the potential suitability of using the biogenic P-based NMs in

agriculture as nanofertilisers.
Environmental signicance

The use of phosphorus (P) – based nanomaterials (NMs) as fertilisers to increase agricultural productivity is being investigated. It is therefore critical to
investigate the colloidal behaviour of P-based nanofertilisers in biological media relevant to human physiology while assessing their cytocompatibility. This
results in dynamic changes in NM behaviour in terms of protein corona acquisition, change in size, and P release. Bridging such changes with detailed
cytological effects of NMs remains an understudied topic particularly for biosynthesised NMs. This study reports the NMs interaction with cell culture media,
cellular uptake, and acute effects of P-based NMs on human cells using multi-end point assays. The study provided evidence of nano-safety that supports the
recommendation of environmentally relevant concentrations and dosages of P-based nanofertilisers.
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1 Introduction

Nanomaterials (NMs) have been explored for their various
applications in medicine and agriculture. Considering the
depleting phosphorus (P) levels in agricultural soils across the
globe, P-based NMs are proposed to be used as nanofertilisers.1

Lab-scale research on P-based NMs has shown promising fer-
tilising effects.2–6 However, before agricultural applications, it is
important to understand risks from the perspective of human
health considering occupation safety and end-user applica-
tions. As compared to conventional fertilisers, these
Environ. Sci.: Adv., 2023, 2, 749–766 | 749

http://crossmark.crossref.org/dialog/?doi=10.1039/d2va00318j&domain=pdf&date_stamp=2023-05-06
http://orcid.org/0000-0001-5432-8392
http://orcid.org/0000-0002-7333-7646
https://doi.org/10.1039/d2va00318j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00318j
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA002005


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ac
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

4/
02

/2
02

6 
11

:4
6:

05
 P

T
G

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanofertilisers are easily taken up by the plants and aid in
enhancing nutrient use efficiency.7 There are several reports on
the benecial effects of P-based nanofertilisers on the overall
quality and yield of agricultural crops.6,8,9 These nanofertilisers
are reported to be either applied via soil6,8,10 or foliar doses.11,12

In either application mode, farmers and eld workers will be
primarily exposed to the nanofertilisers. This direct exposure
may happen with the concentration ranges (10–1000 mg mL−1)
that are used for different crops.6,8,10–12

P-based NMs such as nanohydroxyapatites (nHAPs) have
been evaluated multiple times to show in vitro biocompatibility,
especially in osteogenic and related cell lines.13 This had rele-
vance when nHAPs were to be explored for biomedical purposes
such as bone graing and tissue engineering. For such appli-
cations, majorly surface-functionalized nHAP and its compos-
ites with other materials such as chitosan,14 caprolactone,15

carbon nanotube,16 gelatin,17 and elements like europium,18

yttrium19 and strontium19 were used. Further, for nHAPs
without any co-substitutions or modications, there are some
reports showing the toxicity of nHAP to BEAS-2B (lung cell
line),20 RAW264.7 (mouse macrophage),21 catsh B (3B11) and T
(28s 3) immune cells,22 L929 (murine broblasts),23 and primary
rat osteoblasts.13 There are other reports that have shown size
and morphology-dependent inammatory responses and inhi-
bition in macrophages.24–26 This prior background information
suggests that investigation on cytocompatibility of nHAPs is
largely dependent on their properties and type of cells.
Although bulk HAP is a bone material and hence biocompat-
ible, at the nanoscale the physicochemical properties can
change signicantly. Thus, nanoscale HAP will be different
from bulk HAP, which may inuence its biological behaviour.

Previously, research on cytocompatibility was focussed on
chemically synthesized nHAPs. Such synthesis routes use
chemicals that are potent toxicants or irritants and release
hazardous effluents.27 It is now gradually been established that
green or biosynthesized NMs have lesser synthesis-associated
toxicity due to the elimination of harsh chemicals.28,29

Methods of biosynthesis have also been applied to develop P-
based NMs.23,30,31

Biocompatibility of such biogenic P-based NMs remains
a research gap. Additionally, little has been explored for
biogenic P-based NMs in terms of phosphorus release and
nano-bio interactions, especially their colloidal behaviour in the
presence of serum-supplemented cell culture media (CCM).
This kind of colloidal study in the biologically relevant media is
of key importance to understanding the physicochemical
mechanism of NM interaction with cells by estimating the
inuence of media components on pristine NMs. It has been
explored previously that the attachment of biomolecules to NM
surfaces changes the physicochemical identity of NMs. This
interferes with the stability of NM and the colloidal dispersion
state. A few researchers have shown interactions of bovine
serum albumin with nHAPs,32,33 yet their interactions with
serum proteins and CCM are not investigated much34 and there
is a gap. Further, for thorough nano-bio interactions, evidence
on the behaviour of P-based NMs with increasing/decreasing
cell densities is lacking.
750 | Environ. Sci.: Adv., 2023, 2, 749–766
In our previous studies, we have reported the biological
synthesis, characterisation, and toxicity of nHAP and nP in C.
elegans and zebrash.30,35–37 In the present study, the aim was to
evaluate the in vitro nano-bio interactions using a set of
complementary techniques to characterize phosphorus release
from NMs and protein corona formation, uptake of biologically
synthesized P-based NMs, and their effects on HEK293. It is
known that once the NMs reach systemic circulation, they are
cleared from the body by kidneys,38 making it critical to evaluate
NM-induced renal toxicity. For Ca–P-based NMs, the release of
Ca can form Randall plaques on renal epithelial cells that may
further result in kidney stones.39,40 The study also involves
a comparison of biologically synthesized NMs with chemically
synthesized analogues. All these P-based NMs differ in size and
shape, thus biological impacts of NMs with different physico-
chemical properties are highlighted. This is the rst report
where a thorough investigation of colloidal interactions of
biogenic nHAPs and nP has been done to understand their
behaviour in a dose-dependent manner as well as with variable
cell densities. In addition, using different techniques, the
results are the rst standalone observations of the effects,
uptake, and localisation of nP in human cells.
2 Methods
2.1 Materials

P-based nanomaterials: biologically synthesized nano-
hydroxyapatite (nHAP_B) and nanophosphorus (nP) were used
as previously synthesized in our lab.35,41 Chemically synthesized
nanohydroxyapatite, (nHAP_C) (previously synthesized in our
lab),41 rock phosphate (RP) (bulk material used to synthesize
nanophosphorus), and commercially available controls from
Sigma Aldrich (nHAP_Sigma, USA) and SRL (nHAP_SRL, India)
were used as standards for comparison in all physicochemical
characterization.41 Fetal Bovine Serum (FBS) was purchased
from Gibco (Massachusetts, USA). Cell culture media with 10%
FBS was prepared using DMEM provided by Lonza (Basel,
Switzerland). Heat-inactivated FBS (HiMedia) was added to the
media aer lter sterilization. The proteins were used without
further purication. Autoclaved, sterile water (Millipore, Milli-Q
water with a conductivity of 18.2 MU cm) was used wherever
required.
2.2 Physicochemical characterisation of P-based NMs and P
release from nHAP_B and nP

The investigated NMs were characterized in detail by a combi-
nation of physicochemical techniques. NM stock suspensions
(1 mg mL−1) prepared in in vitro cell culture media were soni-
cated for 30 minutes using a bath sonicator (25 kHz) before the
preparation of test solutions. The test solutions (suspensions)
were vortexed for 30 s before initiating characterization exper-
iments. The hydrodynamic diameter and zeta (z) potential of
NMs (1 mg mL−1) in in vitro media were assessed using Zeta-
sizer Nano ZS (Malvern Instruments, UK) equipped with
a 633 nm laser. The NMs were also characterized for their
interactions with serum proteins and colloidal behaviour using
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00318j


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ac
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

4/
02

/2
02

6 
11

:4
6:

05
 P

T
G

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
UV-vis (Shimadzu, Japan), FTIR (Nicolet 6700, Thermosher
Scientic, USA), and dynamic light scattering aer dispersal in
cell culturemedia containing 10% fetal bovine serum (FBS). The
shape and size of NMs in in vitro cell culture media were
determined using transmission electron microscopy analysis
(200 kV, Tecnai G2 30-U twin microscope, FEI, USA).

The release of P from the biogenic nHAP and nP was calcu-
lated by using the previously published dialysis method.42 The
dialysis membranes (14k MWCO and pore size = 3.9 nm) were
washed and activated. The NMs suspensions (1 mg mL−1) were
prepared in DI water and serum-supplemented cell culture
media (CCM) and were added to the activated dialysis
membrane. These dialysis bags were added to the containers
with DI water and incubated at 37 °C and 5%CO2. Samples were
then taken at 0, 2, 4, 6, 8, and 24 h tomeasure the P-release from
the NMs by measuring the P contents using ame photometry.
The initial content of P was 23.22% and 0.89% in nHAP and nP,
respectively.

2.3 Protein corona study on nHAPs and nP in serum-
supplemented media

Here a comparative analysis of P-based NMs–protein interac-
tions with the application of cell culture media supplemented
with FBS was performed to investigate the formation of the hard
and so protein corona. Briey, the NMs at 1 mg mL−1 were
incubated with 500 mL cell culture media + 10% FBS for 1 h at
37 °C under constant agitation. These were then separated from
the supernatant by centrifugation at 15 000 rcf for 30 min. The
NMs were washed with 1× PBS in three centrifugation steps at
15 000 rcf for 30 min. The pellet obtained aer copious washing
was analysed for protein attachment as the hard corona. The
washes were kept for so corona assessment. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
a protein quantication assay using Bradford's reagent,43 and
fast protein liquid chromatography (FPLC, GE AKTA, Germany)
were used to analyse the protein corona.

2.4 Cell culture

Commercially available HEK293 was procured from National
Centre for Cell Science, Pune, India. The cells were cultured
with DMEM + 10% FBS, supplemented with 1% glutamine, and
1% penicillin–streptomycin. The cells were incubated at 37 °C
and 5% CO2. The culture medium was changed every 3–4 days
until the cells reached conuence. The adherent cells were then
detached with a solution of 0.05% trypsin and 0.53 mM EDTA
and the cells were then passaged.

2.5 Cellular metabolic activity assessment using MTT and
neutral red uptake assays

A total of 1 × 104 cells were seeded in 96 well plates before the
exposure to nHAP and nP. At a conuent stage of 70–80%, the
cells were exposed to increasing concentrations (1.56, 3.12, 6.25,
12.5, 25, 50, 100, 200, 500, and 1000 mg mL−1) of nHAP_B,
nHAP_C, nHAP_Sigma, nHAP_SRL, nP, and RP. The time of
exposure was kept at 24 h to study the acute effects of NMs. The
MTT assay was carried out according to the protocol described
© 2023 The Author(s). Published by the Royal Society of Chemistry
by NCL, NIH, USA,44 and a neutral red uptake assay was per-
formed as described by Borenfreund and Puerner.45 All the
samples, along with positive (0.1% (v/v) Triton X), negative (no
treatment, only cells), and media controls (no treatment, no
cells) were run in triplicates. Absorbances were measured at
570 nm and 540 nm for MTT and neutral red assays, respec-
tively, with a reference wavelength of 680 nm.

2.6 Cell membrane integrity assessment using LDH and
trypan blue assays

The effects of NMs on cell membrane integrity were estimated
using lactate dehydrogenase release and trypan blue dye
inclusion assays. The cells were seeded and exposed to NMs as
described in the section above. The LDH assay was carried out
according to the protocol described by NCL, NIH, USA44 and the
trypan blue dye inclusion assay was performed as described by
Uliasz and Hewett.46 All the samples, positive (0.1% (v/v) Triton
X), negative (no treatment, only cells), and media controls (no
treatment, no cells) were run in triplicate. Absorbances were
measured at 490 nm and 590 nm for LDH and trypan assays,
respectively, with a reference wavelength of 680 nm.

2.7 Effect of NMs interaction on HEK293 with decreasing
cell seeding density – an assessment by MTT for cellular
metabolic activity

To analyze the nano-bio interactions w.r.t. variable cell densi-
ties, three different initial cell densities were chosen. A total of 1
× 104, 1 × 103, and 1 × 102 cells were seeded in separate 96 well
plates before the exposure to nHAP and nP. The evaluation of
mitochondrial activity was performed in a similar manner as
stated above in Section 2.4.

2.8 Intracellular oxidative stress assessment using
DCFH_DA enzymatic assays

Oxidative stress due to exposure to NMs was determined using
the DCFH_DA assay. The analysis was performed by following
the protocol described by NCL, NIH, USA.47,48 For the DCFH_DA
assay, briey, the cells were seeded at a density of 1 × 105 cells
per well and cultured for 24 h at 37 °C in a 12-well plate. Aer
incubation, the media was discarded, and the cells were treated
with different concentrations of NMs (50 and 500 mg mL−1) for
24 h. Post-exposure, the media was discarded and 20 mM of
DCFDA solution was added to the wells with fresh media. The
test plate was taken at 3 h post DCFDA addition and read at ex.
485 nm and em. 530 nm. The fold change in ROS activity was
reported with respect to the negative control (untreated cells)
and 300 mM of H2O2 was taken as the positive control.

2.9 Uptake of uorescent-tagged nanohydroxyapatite
particles

FITC-tagged nHAP_B was used to see the time-dependent
uptake of particles under a uorescence microscope. The cells
were seeded in a 35 mm culture dish at a seeding density of 0.3
× 106 cells. Aer 75–80% conuence these were exposed to 100
mg mL−1 of FITC-tagged nHAP_B. At different time points (2, 4,
Environ. Sci.: Adv., 2023, 2, 749–766 | 751
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6, 8, and 24 h), the exposure solution (media + NMs) was aspi-
rated completely, and the cells were gently washed three times
with 1× DPBS. Cells were xed and aer xation imaged
immediately under a uorescence microscope (EVOS M5000
imaging system, ThermoFisher Scientic, USA) at ex. 488 nm
and em. 516 nm. Untreated cells were also viewed under
a uorescence microscope to rule out autouorescence.
2.10 TEM visualization of cells exposed to biogenic P-based
NMs

For tracking cellular uptake and localization, TEM analysis was
performed aer cells were exposed to 100 mg mL−1 of biogenic
nHAP_B and nP. The cells were washed twice with 1× DPBS and
detached. The cells were gently centrifuged at 800 rcf and
washed with 1× DPBS. Cells were pre- and post-xed with 2.5%
glutaraldehyde solution for 30 minutes and 1% osmium
tetroxide for 2 h, respectively. Post xation, the samples were
sequentially dehydrated using alcohol gradient and acetone.
Aer dehydration, the samples were cast in blocks and inl-
trated with epoxy resin. Samples blocks were sectioned using
microtomy. Thin sections of 60–100 nm were placed on carbon-
coated copper grids. Samples were stained, and aer that, the
resin sample block was trimmed and thin-sectioned at a thick-
ness of 60–100 nm, followed by the collection on carbon-coated
copper grids. The grids were stained primarily with 1% uranyl
acetate and 2% lead citrate was used as a secondary stain. TEM
(Tecnai G2 F20 S-TWIN, US) coupled with energy-dispersive X-
ray analysis (EDX) was used to capture images and to evaluate
the presence of particles inside the cells.
2.11 Acridine orange/ethidium bromide dual staining for
cell viability

Cells seeded on a coverslip at a density of 1 × 105 cells per well
were cultured for 24 h at 37 °C in a 12-well plate. Aer incu-
bation, the media was discarded, and the cells were treated with
different concentrations of NMs (100 and 1000 mg mL−1) for
24 h. Untreated cells were taken as a negative control and the
treatment with 300 mM of H2O2 was taken as a positive control.
Cells were washed twice with 1× DPBS, xed, and stained using
dual uorescent staining solution (1 : 1 mixture of 100 mg mL−1

of each acridine orange and ethidium bromide) for 5 min.
Excess stain was removed by washing the cells with 1× DPBS.
Cells were observed under a uorescence microscope with an
automated cell counter (Cytation 5, Biotek, Agilent Technolo-
gies, USA). A total of 3715 cells as determined by the automated
cell counter were analysed in each case.
2.12 Statistical analyses

For each of the NM (nHAPs and nP), we characterized dose-
effect relationships. All statistical analyses were performed
using GraphPad Prism soware, Version 9 (GraphPad Soware
Inc., San Diego, CA, USA). Prior to statistical analysis, the
normal distribution of residuals was checked with the Shapiro–
Wilk test and QQ plots. Results were subjected to analysis of
variance for signicance followed by Dunnett post hoc multiple
752 | Environ. Sci.: Adv., 2023, 2, 749–766
comparison tests, to identify the treatment groups with signif-
icant differences in mean values.
3 Results
3.1 Physicochemical characterization of P-based NMs in cell
culture media

The TEM micrographs (Fig. 1A) show the particles along with
the media components such as proteins. The EDX results
suggest that the Ca/P ratio was changed from 1.58, 1.79, 1.55,
1.62, and 3.69 to 1.6, 1.57, 1.52, 1.53, and 1.07 for nHAP_B,
nHAP_C, nHAP_Sigma, nHAP_SRL, and nP, respectively. The
primary sizes of NMs at a concentration of 1 mg mL−1 in CCM
from TEM were 37.86 ± 8.8 nm for nHAP_B; L: 87.69 ± 14.5 nm
and W: 25.97 ± 5.7 nm for nHAP_C; 43.12 ± 13.02 nm for
nHAP_Sigma; L: 84.04 ± 16.76 nm and W: 18.42 ± 3.76 nm for
nHAP_SRL; 18.41 ± 9.69 nm for nP. The histograms for the
primary sizes obtained from TEM are presented in ESI Fig. 1.†
As reported previously,30 the hydrodynamic sizes of the pristine
NMs in de-ionised water were 325 ± 37.1 nm, 756.2 ± 28.8 nm,
874.3 ± 51.5 nm, 892.8 ± 21.1 nm, and 798.5 ± 23.4 nm,
respectively, for nHAP_B, nHAP_C, nHAP_Sigma, nHAP_SRL,
and nP. Upon interaction with 10% serum-supplemented CCM
(Fig. 1B), the sizes were changed to 899.7 ± 77.27 nm, 842.4 ±

86.84 nm, 411.5± 6.56 nm, 530.4± 31.57 nm, 989.9± 52.11 nm
for nHAP_B, nHAP_C, nHAP_Sigma, nHAP_SRL, and nP,
respectively. In contrast, when the NMs were dispersed only in
the CCM without serum, the hydrodynamic sizes were found to
be 959.5 ± 115.47 nm, 1122.8 ± 373.05 nm, 441.4 ± 92.09 nm,
794.83 ± 231 nm, and 1201.5 ± 256.34 nm for nHAP_B,
nHAP_C, nHAP_Sigma, nHAP_SRL, and nP, respectively.
Correspondingly, the zeta potential values were also changed.

It is hypothesized that once these NMs disperse within the
CCM, they will interact with the cells either via colloidal
dispersion or by sedimentation in the cell culture vessel. For
each of the NM tested, a theoretical analysis of the
concentration-dependent particle numbers corresponding to
either colloidal dispersion or sedimentation was carried out
and is presented in ESI Tables 1–3.† It can be observed that for
P-based NMs, the number of particles interacting with cells via
colloidal dispersion is more than by sedimentation at any tested
concentration from 1.5–1000 mg mL−1.

Further, on examining the release kinetics of P (Fig. 1C) from
biologically synthesized NMs dispersed in serum-supplemented
cell culture media at 1000 mg mL−1, it was found that for
nHAP_B, the maximum release was 0.093 ± 0.035% at 24 h and
for nP, it was 6.38 ± 1.24% at 24 h.
3.2 Evaluation of protein corona formation on P-based NMs

The protein content in the corona was determined in different
washes (W) and in hard corona (HC) by Bradford's method.
Aer 4 washes (W1, W2, W3, andW4), the protein content in HC
was found in the order of nHAP_Sigma > nP > nHAP_B >
nHAP_C (Fig. 2(I)). The SDS-PAGE results show distinct bands
of HC for NM samples (Fig. 2(II)) and the quantied band
intensities (Fig. 2(III)) corroborated with the protein
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) TEM micrographs and EDX spectra for (a) nHAP_B, (b)
nHAP_C, (c) nHAP_Sigma, (d) nHAP_SRL and (e) nP. (B) DLS intensity
vs. size distribution for (a) nHAP_B, (b) nHAP_C, (c) nHAP_Sigma, (d)
nHAP_SRL and (e) nP [HDD: hydrodynamic diameter, PdI: poly-
dispersity index and ZP: zeta potential]. (C) Phosphorus release from
NMs (nHAP, nP – 1000 mg mL−1) dispersed in cell culture media (CCM)
and control (cell culture media only) with respect to time. (a) shows

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration trend observed by Bradford's method. Complete
protein proles are shown by FPLC graphs for the HC samples
(Fig. 2(IV)). Peaks for lipoprotein, IgG, IgA, BSA, and b-lacto-
globulin were found in 10% FBS. Of these, lipoprotein was
present in HC of all the NMs, IgG was present in HC of nHAP_B,
IgA was present in HC of nHAP_Sigma, BSA, and b-lactoglobulin
was present in HC of nHAP_B, nHAP_Sigma, and nP.
3.3 Effect of NMs on cellular metabolic activities

A dose-dependent decrease in cellular mitochondrial activity
was seen for all NMs (Fig. 3A). The corresponding linear
regression graphs and equations are presented in ESI Fig. 2A.†
Nearly 20% decrease in mitochondrial activity was observed for
different treatments for the environmentally relevant concen-
tration of 100 mg mL−1. The minimum cellular mitochondrial
activities were noted at the highest tested concentration of 1000
mgmL−1. A neutral red uptake assay was performed to assess the
lysosomal activity on exposure to NMs and a signicant (p <
0.001) dose-dependent decrease was seen (Fig. 3B) with
a minimum activity at the highest tested concentration of 1000
mg mL−1. The linear regression graphs and equations for the
neutral red uptake assay are presented in ESI Fig. 2B.† Similar to
the mitochondrial activity, the lysosomal activity was also
decreased by ∼20% on exposure to an environmentally relevant
concentration of 100 mg mL−1. The rod-shaped nHAP_C caused
a maximum decrease in cellular metabolic activities followed by
the needle-shaped nHAP_SRL, platelet-shaped nHAP_B, and
spherical nHAP_Sigma. For both assays, none of the NMs had
LC50 at any tested concentrations. On the other hand, for bulk
RP, LC50 was attained at much lower tested concentrations.
3.4 Effect of NMs on cellular membrane integrity

The membrane integrity was evaluated at a range of concen-
trations from 1.5 to 1000 mgmL−1. A dose-dependent increase in
LDH leakage (Fig. 4A) was seen for all NMs. The maximum
values were noted at the highest tested concentration of 1000 mg
mL−1. The percentage of LDH leakage was <20% in all cases of
exposure. The corresponding linear regression graphs and
equations are presented in ESI Fig. 3A.† Trypan blue dye
inclusion assay was performed to assess the membrane dis-
integrity on exposure to NMs and a dose-dependent increase
was seen (Fig. 4B). On comparing with 0.1% triton-positive
control (100% membrane dis-integrity), it was found that the
highest exposure concentration of 1000 mg mL−1 resulted in
maximum %membrane dis-integrity. The membrane dis-
integrity was <20% for all tested concentrations of NMs except
at the highest concentrations for rod-shaped nHAP_C and nP.
For both assays, none of the NMs had LC50 at any tested
concentrations. The linear regression graphs and equations for
the trypan blue assay are presented in ESI Fig. 3B.†
total P content in samples drawn for nHAP_B, nP, and CCM at different
time points and (b) shows % P release derived from total P-content for
nHAP_B and nP at different time points.
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Fig. 2 (I) Protein concentration as determined by the Bradfordmethod –W1, W2, W3, andW4 denote subsequent washes, and HC denotes hard
corona. (II) SDS page gel image for hard corona over NMs. (III) Relative band intensity w.r.t. 10% FBS from SDS PAGE. (IV) Different FPLC profiles
for NMs with a hard corona in comparison with FBS.
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Fig. 3 Percentage cellular metabolic activity using (A) MTT assay for mitochondrial activity in case of (i) nHAP_B, (ii) nHAP_C, (iii) nHAP_Sigma,
(iv) nHAP_SRL, (v) nP and (vi) RP. (B) Neutral red assay for lysosomal activity in case of (vii) nHAP_B, (viii) nHAP_C, (ix) nHAP_Sigma, (x) nHAP_SRL,
(xi) nP and (xii) RP. * show statistical significance at p < 0.005 when different test concentrations are compared with the untreated control using
one-way ANOVA followed by the Tukey post-hoc test.
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3.5 Effects of NMs exposure on cellular activity for different
initial seeding densities

Initial cell seeding densities of 104, 103, and 102 were used for
testing the concentration range from 1.5 to 1000 mg mL−1. For
nHAP_B, nHAP_C, and nP, minimum mitochondrial activity
was seen in the case of 103 cells and the highest was in the case
of 102 cells (Fig. 5). Similar observations were made for
© 2023 The Author(s). Published by the Royal Society of Chemistry
nHAP_Sigma and nHAP_SRL with some overlaps between the
activity of 102 and 104 cells. However, in neither case, LC50 was
seen for any of the NMs at any of concentrations. The minimum
% metabolic activity, in any case, was found at the highest
tested dose of 1000 mg mL−1. These values were statistically
signicant (p < 0.001) as compared to the untreated control
cells.
Environ. Sci.: Adv., 2023, 2, 749–766 | 755
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Fig. 4 (A) Percentagemembrane dis-integrity using the LDH assay for (i) nHAP_B, (ii) nHAP_C, (iii) nHAP_Sigma, (iv) nHAP_SRL, (v) nP, and (vi) RP.
(B) Percentagemembrane dis-integrity using trypan blue assay for (vii) nHAP_B, (viii) nHAP_C, (ix) nHAP_Sigma, (x) nHAP_SRL, (xi) nP, and (xii) RP.
* show statistical significance at p < 0.005 when different test concentrations are compared with the untreated control using one-way ANOVA
followed by the Tukey post-hoc test.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ac
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

4/
02

/2
02

6 
11

:4
6:

05
 P

T
G

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.6 ROS generation monitored on exposure to NMs

Intracellular ROS levels were monitored aer the cells were
exposed to 50 and 500 mg mL−1 of NMs from 2′,7′-dichloro-
uorescein diacetate (DCFH-DA) oxidation. It was found that
aer 3 h of monitoring, results were signicant for 500 mg mL−1
756 | Environ. Sci.: Adv., 2023, 2, 749–766
of NMs, as compared to the untreated control. The fold changes
w.r.t. untreated control were 1.5 for nHAPs and 1.9 for nP at 500
mg mL−1 and at 3 h estimation (Fig. 6). These fold changes were
signicant (p < 0.001) for nP from evaluation for both 50 and
500 mg mL−1. Exposure to both concentrations of RP has
signicant (p < 0.001) DCF levels. This suggests that on getting
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Percentage cell viability for variable seeding density (104, 103, and 102 cells) using MTT for (a) nHAP_B, (b) nHAP_C, (c) nHAP_Sigma, (d)
nHAP_SRL and (e) nP. Significances denoted by: (i) * for p < 0.05 when the different treatments were compared with the untreated control, (ii) (a,
b, and c) for p < 0.05 when effects of a particular concentration on different cell densities are compared in each case with NM treatment.
Different letters show a significant difference. Statistical comparisons were performed using one-way ANOVA followed by the Tukey post-hoc
test.
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converted to nanoform from RP to nP, the oxidative stress due
to the exposure decreases.
3.7 Time-dependent uptake of FITC-tagged nHAP_B

Exposures to FITC_nHAP (100 mg mL−1) in HEK293 were ana-
lysed in a time-dependent manner, and the data are shown in
Fig. 7. Fig. 7(i) shows the control untreated cells. Fig. 7(ii)–(vii)
show the time-dependent uptake at 2 h, 4 h, 6 h, 8 h, and 24 h. It
can be suggested that the apparent uptake of P-based NMs
starts aer 4 h of treatment.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.8 TEM analysis of cellular uptake and localization

TEM analysis was performed for the untreated control cells
(Fig. 8(i)) and for cells aer exposure to nHAP_B and nP (100 mg
mL−1) by processing samples immediately aer NMs exposure
(Fig. 8(iii) and (iv)) and aer 24 h of exposure (Fig. 8(ii) and
(v)–(xii)). No signicant cellular internalization of NMs was seen
for samples processed immediately aer the exposure. NM
internalization was seen in the case of both nHAP_B and nP
aer 24 h of exposure, contrary to the untreated control. NMs
were seen interacting with prominent cell organelles such as
Environ. Sci.: Adv., 2023, 2, 749–766 | 757
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Fig. 6 ROS generation estimated by DCF at 3 h of DCFH-DA moni-
toring after 24 h of HEK293 treatment with 50 and 500 mg mL−1 of
nHAPs, nP, and RP, as compared with untreated cells as negative
control and H2O2 (300 mM) as the positive control. Significance is
denoted by * for p < 0.05.
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cytoplasm, nucleus, mitochondria, endoplasmic reticulum,
endosomes, lysosomes, and themembranes of different cellular
organelles. nHAP_B aggregates were seen in the nucleus of the
cell, while particles were also present in subcellular organelles.
nP was more in the aggregated form inside the cells as
compared to nHAP_B. Fig. 8(xiii) and (xiv) show EDX for
nHAP_B and nP, respectively. indicating the presence of P and
Ca.
3.9 Live/dead cell assessment using acridine orange/
ethidium bromide dual staining

To investigate cell viability and apoptosis, dual staining using
acridine orange and ethidium bromide was completed and 3715
cells in each case were auto-analysed using an automated cell
counter (built-in function of Cytation 5, Biotek, Agilent Tech-
nologies, USA). In the untreated control, 100% of the HEK 293
cells appeared healthy (Fig. 9A(i) and B). Exposure of the cells to
the positive control, H2O2, resulted in an increased number of
apoptotic (61 ± 1.73%) and necrotic cells (32.33 ± 2.52%;
Fig. 9A(ii) and B). Further, as shown in Fig. 9A(iii)–(viii) and B,
healthy cells were observed for nHAPs. The exposure of cells to
nP also caused an increase in apoptotic cells (36 ± 2%)
compared to the control (Fig. 9A(vii) and B). Exposure of the
cells to the bulk control, RP, was also observed to cause an
increase in both apoptotic (69 ± 1%) and necrotic cells (21.67 ±

3.51%). All these values were statistically signicant (p < 0.01)
w.r.t. to untreated control cells.
4 Discussion

The P-based NMs are proposed for agricultural applications as
P-supplementing nanofertilisers. For occupational health and
758 | Environ. Sci.: Adv., 2023, 2, 749–766
safety in response to the nanofertiliser exposure, it is critical to
assess the potentially toxic effects of NMs on humans using the
human cell lines or other model systems at their predicted
application concentrations as fertilisers (up to 25 mg mL−1)49,50

and higher concentrations (25–1000 mg mL−1). Farmers and
eld workers are most likely to be exposed to nanofertilisers
when applying it either via the soil or foliar spray in a direct
exposure concentration range of 10–1000 mg mL−1.6,8,10–12

Dermal, inhalation, and ocular routes may be the primary ways
of NM internalisation in the human body.51 Aer internal-
isation, renal clearance of the NMs that have reached the
systemic circulation is an expected and possible elimination
route from the human body.38 For this reason, kidneys may be
one of the most important secondary target organs, and NM-
induced renal toxicity should be evaluated. Further, excess Ca
from HAP crystallites on the surface of renal epithelial cells is
known to induce the formation of Randall plaques and even
kidney stones.39,40 Due to the diversity of P-based NMs, espe-
cially their physicochemical properties that inuence their
characteristics and behaviour, many nano-bio interactions are
yet to be investigated. Therefore, further studies are required to
provide a comprehensive and critical evaluation of the toxicity
of NMs in the renal system. In addition to providing insights
into the effects of P-based NMs on nephrotoxicity, HEK293 cells,
being epithelial cells, can also be used to assess the toxicity of P-
based NMs on epithelial cells. Previously, the effects of P-based
NMs, especially nHAP have been tested on mammalian cell
lines and some results have shown toxicity20–23 and
inammatory22–26 responses of rod- and needle-shaped nHAPs.
Recently, a study on rod-shaped mesoporous silica-coated
nHAP reported that the NM was toxic to MC3T3-E1 cells on
doses above 10 mg mL−1.52 However, a thorough investigation of
the physicochemical modications and protein corona forma-
tion remains a gap to understand the cytological behaviour of
differently shaped P-based NMs.

In this study, we investigated the in vitro nano-bio interac-
tions of multiple variants of nHAPs and nP, which differed in
physicochemical properties and origin as described previ-
ously.35,41 Four differently shaped nHAPs namely, nHAP_B
(platelet-shaped), nHAP_C (rod-shaped), nHAP_Sigma (spher-
ical), and nHAP_SRL (needle-shaped), were used in this study.
Another P-based NM used in this study, nP (dots) was derived
from rock phosphate. A systematic and thorough impact of
these NMs was carried out in HEK293. In the serum-
supplemented CCM, the hydrodynamic behaviour, physico-
chemical properties, P release, and protein absorption on the
NM surface were investigated. Cell viability, cellular mito-
chondrial and lysosomal activity, membrane disintegrity,
oxidative stress, uptake, and localization of these NMs in the
cell and cellular organelles were studied. The effects of these
NMs were also tested on the cellular metabolic activity at
varying seeding densities.

The addition of the P-based NMs to serum-supplemented
media resulted in increased hydrodynamic diameters for all
nHAPs. The Z-average size of nHAP_C was the highest followed
by nHAP_SRL, nHAP_B, and nHAP_Sigma. It is worth noting
here that nHAP_C and nHAP_SRL are rods- and needle-shaped,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Representative microscopic images for HEK293 for (i) untreated control. Exposure to FITC_nHAP_B at (ii) 2 h, (iii) 4 h, (iv) 6 h, (v) 8 h, and
(vii) 24 h (scale: 100 mm).
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respectively, and thus have higher sizes than nHAP_Sigma
(spherical) or nHAP_B (platelet-shaped). From their TEM
images, it was apparent that the media formed a lm
© 2023 The Author(s). Published by the Royal Society of Chemistry
surrounding the surface of NMs. It can be suggested that the
serum components form a capping over these NMs. The nega-
tive zeta potential values for all the NMs were decreased upon
Environ. Sci.: Adv., 2023, 2, 749–766 | 759
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Fig. 8 Representative TEM micrographs for HEK293 for (i) untreated control (scale: 0.2 mm), (ii) internalized nHAP_B inside the cells (scale: 50
nm), (iii and iv) images for samples processed just after the addition of nHAP_B and nP, respectively (scale: 0.5 mm), (v–viii) images for cells treated
with nHAP_B (scale: 0.2 mm for (v) to (vii), 0.1 mm for (viii)), (ix–xii) images for cells treated with nP (scale: 0.2 mm for (ix) to (xi), 0.1 mm for (xii)). (xiii)
EDX for cells treated with nHAP_B and (xiv) EDX for cells treated with nP. Red circles show the prominent presence of NMs.
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interaction with FBS. This could be due to the absorption of
positively charged amine groups on the surface of NMs. A
similar observation was made by Casals et al. (2010) for Au
NMs.53 Similar observations were also made for nP, where the
hydrodynamic diameter increased aer dispersal in the serum-
760 | Environ. Sci.: Adv., 2023, 2, 749–766
supplemented media. It was also discussed recently by Zhao
et al. (2021) that serum protein can be deposited more on
particles with smaller diameters.54 This agrees with the TEM
prole obtained for nP where the pristine diameter was∼10 nm
(ref. 55) and upon interaction with serum-supplemented media,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Microscopic images (scale: 200 mm) for AO/EtBr staining in case of (i) untreated control, (ii) 300 mM of H2O2, 100 mg mL−1 of (iii)
nHAP_B, (iv) nHAP_C, (v) nHAP_Sigma, (vi) nHAP_SRL, (vii) nP, and (viii) RP. (B) Quantitative data for AO/EB indicating % of healthy, apoptotic, and
necrotic cells (* denote significance for p < 0.01 w.r.t. to the untreated control cells).
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a large visible matrix was observed with small-embedded
particles of nP (∼18 nm).

In this study, the investigations on protein corona revealed
that the protein adsorption from the CCM onto the surfaces of
P-based NMs was dependent on their inherent shapes and
physicochemical properties. The proteins on hard corona were
proled in the FPLC analysis. These were then identied by
referring to the peaks reported previously for a similar anal-
ysis.56 The main proteins identied in the hard corona were
lipoprotein, b-lactoglobulin, albumin (BSA), and immunoglob-
ulins (IgG and IgA). The presence of the protein corona on the
NMs could affect the uptake and intracellular trafficking of the
NMs.57,58 It has been shown previously that phagocytosis can be
inuenced by immunoglobulins in alveolar macrophages,59,60

and lipoproteins61 have been shown to affect the intracellular
transport and localisation of the NMs in the rat epithelial cells62

and bone marrow-derived macrophages.63
© 2023 The Author(s). Published by the Royal Society of Chemistry
Several interesting ndings were observed when HEK293
cells were exposed to P-based NMs in a dose-dependent
manner. It was also observed that the P-release from the bio-
logically synthesised NMs was slow and minimal over the
maximum exposure time of 24 h. Thus, the effects on the cells
were dominantly due to interaction with NMs only. Exposure of
HEK293 to nP derived from RP signicantly decreased the
mitochondrial and lysosomal activity, enhanced membrane
disintegrity, and increased ROS and cellular apoptosis.
However, these effects were further increased when the cells
were exposed to the bulk RP at the same doses. The elemental
composition of RP might be the reason for its severe cytotox-
icity. Fagiya and colleagues64 have previously shown that RP is
a heterogeneous mix of different elements: 20–28% P2O5, 43.9%
O, 34.1% Ca, 13.6% P, 3.57% F, 1.43% Fe, 1.26% Si, and 2.14%
other heavy elements such as Pb, Zn, and Al.64 It is however
interesting to observe from this study that the nano-
Environ. Sci.: Adv., 2023, 2, 749–766 | 761
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formulation from RP is comparatively safer than the bulk
material. The cellular effects of nP can also be correlated with
its protein corona. It has been shown by Levak et al. (2017) that
increased serum albumin attachment to the NMs and NM
aggregates reduces the bioavailability of NMs and hence results
in comparatively higher cell viability.65 From the early investi-
gations on protein corona, it was found that biologically
synthesized nP had more protein content, as compared to the
bulk RP and had a prominent BSA peak. Consequently, it was
shown that at the highest concentration tested, it had improved
mitochondrial and lysosomal activity, ROS activity, and cell
viability, as compared to RP. When considering the cytotoxic
effects of nP, oxidative stress may be a key cause. Buzea et al.
have suggested that the toxicity of NMs is primarily because of
the size of the particles and them being smaller than organ-
elles.66 Several studies have already conrmed that NMs may
induce inammation67 or apoptosis by oxidative stress.68,69

Further, similar to ndings in mouse alveolar macrophage cells
(RAW264.1) by Mortensen et al. (2013)70 for SiO2 NMs and Xia
et al. (2006)71 for polystyrene NMs, a plausible explanation about
the nP-mediated ROS generation and toxicity can be linked with
the protein corona. According to these reports, spherical NMs
adsorb amino and carboxylic groups from the protein. The
number of amino groups adsorbed on the surface of NMs
dictates the cellular ROS generation in a direct proportion.

Exposure of the HEK293 cells to each of the nHAPs also
caused signicantly lower mitochondrial and lysosomal activi-
ties at the highest NM doses. Interestingly, while the cellular
mitochondrial and lysosomal activities were decreased in
a dose-dependent manner, the disintegrity of the membrane
and ROS generation were not highly disturbed. Also, as
conrmed by the dual staining with acridine orange/ethidium
bromide for the live-dead cells assessments, the overall cell
viability was not decreased when cells were exposed to nHAPs.
Some of the previous studies have demonstrated that the nHAPs
can cause increased cytoplasmic Ca loading, which is likely the
cause of compromised organelle activities where the increased
cellular Ca trigger and modulate mitochondrial and lysosomal
dysfunctions.72–76 Zhang et al. (2017), have reported that 40 nm
wide rod-shaped nHAP caused cytotoxicity in MC3T3-E1 cells
aer increasing the intracellular Ca levels.72 In another report,
Jin et al. (2017) have shown that rod-shaped nHAPs (50 nm in
width) enter the MC3T3 cells via an energy-dependent macro-
pinocytosis pathway and co-localise mainly in lysosomes and
mitochondria causing sub-lethal toxicity.73 Interestingly, in
more recent studies, rod-shaped nHAP particles were found to
be non-toxic to MC3T3-E1 cells.52,77 Cui et al. (2016) have
provided evidence that nHAP is readily taken up by the human
gastric MCG80-3 cells and dissolves in lysosomal acidic envi-
ronments, which in turn increases Ca ion levels in the cells and
causes an imbalance in the intracellular Ca-dependent
homeostasis.74 Wang et al. have veried that the presence of
nHAP changes the serum electrolyte ion balance in MC3T3 cells
and Sprague Dawley rats, and decreases potassium ion
concentrations, which is negatively correlated with calcium ion
concentration in serum resulting in decreased cellular activi-
ties.75 Sun et al. (2020) have also shown that the endocytotic
762 | Environ. Sci.: Adv., 2023, 2, 749–766
ability of renal epithelial cells for calcium phosphates (nano- or
micro-forms) exhibits size dependence. They provided evidence
that nHAP is endocytosed into cells at a greater rate than
micron-sized calcium phosphate.76 Contrary to their results,
where nHAP was more cytotoxic than the micron-sized HAP
form of calcium phosphate, the results from the current study
show that the behaviour and toxicity of nHAP were similar to the
bulk form of calcium phosphate. This further suggests the
importance of considering the physicochemical properties of
nHAPs to determine their cellular behaviour and in turn, can
indirectly reect the importance of NM synthesis routes on
governing the physicochemical properties of NMs. Overall, in
this study, the cell viability was observed to be higher in the case
of biologically synthesized nHAP_B, as compared to chemically
synthesized nHAP_C. It is also important to highlight the
importance nHAP shape has on cell viability, as platelet-shaped
nHAP_B and spherical nHAP_Sigma had higher cellular
viability, as compared to the rod- and needle-shaped nHAP_C
and nHAP_SRL. Similar to our observations, in a recent study, it
was reported that green synthesised spherical like nHAP was
more cyto-compatible than the rod-shaped nHAP in L929
broblasts.23

An interesting new approach to further investigate the
nano-bio interactions of P-based NMs was to assess the
cellular mitochondrial activity by decreasing the initial cell
seeding density by a factor of 10. It has been previously
hypothesized that NMs can interact with cells either via
colloidal diffusion or via gravitational settling,78–80 and thus, it
becomes curious to test whether cell density inuences such
interactions any further. A new approach to further investigate
the nano-bio interactions of P-based NMs was, therefore,
conducted that assessed the cellular mitochondrial activity of
the cells seeded at different densities and exposed to P-based
NMs. The results obtained from this study indicate that
initial cell density may play a potential role to identify the
biological behaviour of NMs. With a lower cell count (density)
the proportion of NM per cell increases, which may result in
a more profound effect of the NMs on cells. Our results show
that for the minimum cell density used in this experiment, the
comparative mitochondrial activity was higher, as compared
to the effects of the NMs for higher cell density. This suggests
that cell density could be an important factor in the cellular
uptake and toxicity of NMs. Future experiments could be
conducted on this using more complex cell cultures (e.g., cell
spheres) and other bioassays and molecular approaches to
further investigate the effects of cell density and culture
methods on NM toxicity.

The uptake of the biogenic P-based NMs in HEK293 cells was
conrmed using FITC-tagged nHAP_B and uorescence
microscopy, as well as from TEM for both nP and nHAP_B.
Interestingly, nHAP_B was observed to enter the cells in a time-
dependent manner. Further analysis with TEM conrmed the
migration of these NMs into the cytosol and cellular organelles.
The EDX spectra also conrmed the presence of P and Ca from
the area imaged for NMs. Similar internalisation and EDX
patterns were observed by Zhang et al. (2017) for nHAP in
MC3T3-E1 cells.72 The cellular uptake of the metallic NMs has
© 2023 The Author(s). Published by the Royal Society of Chemistry
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also been previously conrmed using TEM. In one of the studies
with Ag NMs, uptake in murine melanoma B16 cells was shown
where the particles localise to intracellular vesicles and late
endosomes, and clathrin-mediated internalisation was sug-
gested.81 In another study on Ag NMs and human hepatocyte
carcinoma HepG2, the authors reported localisation of particles
in endosomes and lysosomes aer being taken up by micro-
pinocytosis and clathrin-mediated endocytosis.82 A study with
Au NMs in RAW267.1 cells has shown the localisation of NMs in
the perinuclear region and vesicles and has reported the inter-
nalisation via clathrin-mediated and dynamin-dependent
endocytosis.83 In another study demonstrating the uptake of
Fe NMs in human ovarian cancer (SKOV-3) and RAW 264.7 cells,
it was shown that the NMs localise in endosomes and lysosomes
suggesting the possible uptake by endocytosis.84 Another study
found the time-dependent uptake of ZnO NMs in human
mesenchymal stem cells aer repetitive treatments and the
localisation into the nucleus and mitochondria.85 Considering
these previous studies, and the results from this study where P-
based NMs were located around the lysosomes and the other
membrane-bound organelles, it can be hypothesized that their
internalisation would have been either via adsorptive or
receptor-mediated endocytosis. However, it will be interesting
to further investigate if the internalisation of P-based NMs in
human cells is through multiple pathways or a single energy-
dependent pathway.

The impacts of exposure to P-based NMs on acute cellular
behaviour are signicant. In a nutshell, for P-based NMs to be
used potentially as nanofertilisers, it is important to know the
specic safe doses for manufacturers and end users to handle
these NMs. These doses are dependent on the physicochemical
properties of nHAPs and nP. Although, some sub-lethal effects
including mitochondrial and lysosomal activities were
observed at the higher NM doses and were more evident aer
exposure to nP and RP compared to nHAPs. For environmen-
tally relevant concentration of 100 mg mL−1, the safer NMs
follow the order as nHAP_B z nHAP_Sigma > nHAP_SRL >
nHAP_C > nP. However, there were no LC50 values obtained in
either of the assays for any of the P-based NMs up to 1000 mg
mL−1. This highest tested concentration is hypothesized to be
signicantly higher than the environmentally relevant
concentration for NM bioactivity, providing further support for
these P-based NMs being further advanced for use as safe
nanofertilisers for agriculture. Findings such as the trans-
formation of NMs from the pristine state, NM colloidal inter-
actions, and the effects on cellular metabolic activities, as
discussed above, affirm that the effects of NMs on mammalian
cells are due to multiple mechanisms and physicochemical
factors. This further supports the aim of our study where the
emphasis is to understand the nano-bio interactions with
varying physicochemical properties of P-based NMs.

5 Conclusions

In this study, in vitro nano-bio interactions of ve physico-
chemically different P-based NMs were evaluated by changes in
size, P content, colloidal interactions, protein corona
© 2023 The Author(s). Published by the Royal Society of Chemistry
estimation, and effects on HEK293 cells. The colloidal interac-
tions and protein hard corona composition were shape-
dependent. Biogenic nHAP and nP were shown to be taken up
by the cells and localise intracellularly in time-dependent
manner. None of the variants of P-based NMs had LC50 up to
1000 mg mL−1 when cell viability, mitochondrial and lysosomal
activity; and membrane disintegrity were evaluated. This high-
est tested concentration is hypothesised to be signicantly
higher than the environmentally relevant concentration for NM
bioactivity, suggesting that the tested P-based NMs can be
considered safe as nano-agromaterials. At the environmentally
relevant dose of 100 mg mL−1 platelet (biogenic) and spherical-
shaped nHAPs are safer as compared to the rod (chemically
synthesised) and needle-shaped NMs. This study aims to
provide experimental data on safer doses for the new generation
of biogenic P-based NMs to be used as nanofertilisers to
supplement P in agricultural soils.
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