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ABSTRACT. Therapeutic and diagnostics both initiated the development and rational design of
nanoparticles intended for biomedical applications. Yet, the fate of these nanosystems in vivo is hardly
manageable and generally results in their rapid uptake by the mononuclear phagocyte system, i.e. liver
and spleen. To overcome this essential limitation, efforts have been made to understand the influence of
physico-chemical parameters on the behaviour of nanoparticles in vivo and on their ability to be uptaken
by phagocytic cells. Notably, polyethylene glycol grafting and precise control of its density have not
only been shown to prevent protein adsorption on the surface of nanoparticles, but also to significantly
reduce macrophage uptake in vitro. In this article, we suggest the use of persistent luminescence to study
the influence of another parameter, aminosilane layer thickness, on both in vitro protein adsorption and

in vivo biodistribution of stealth persistent nanophosphors.
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Introduction. The field of innovative nanotechnology steadily raises promising perspectives and
adaptive tools intended for biological research and future medical applications.1 Notably, attentions have
increasingly focused on the rational design of nanoparticles to introduce novel solutions for the efficient
diagnosis2 and treatment of cancer.’ Along with the development of such highly sophisticated
nanocarriers, appeared the absolute necessity to understand their biological behavior in complex
environment.” In particular, widespread preclinical studies in vivo unraveled the difficult task to control
the biodistribution of nanoparticles following intravenous injection in living animals, whose
physiological path through systemic circulation generally leads to a rapid sequestration by macrophages
from the mononuclear phagocyte system (MPS), also referred to as the reticuloendothelial system
(RES).>¢7

Such recognition process is mainly associated with the “biological identity” acquired by a nanoparticle
following the interaction with opsonins from the blood that decorate its surface and finally constitute a
protein “corona”, partly responsible for the biological fate of the particle.**'° Polyethylene glycol (PEG)
grafting was first erected as “clocking” strategy to hinder the formation of this “corona” by creating a
thermodynamic barrier to protein diffusion.'’ Consequently, increasing PEG density or chain length on
the surface of a nanoparticle was shown to significantly slow down the uptake process by macrophages
from the MPS.'">"*' Indeed, PEG grafting is usually required to achieve biocompatibility in
nanoparticulate systems and effectively counter phagocytosis. However, PEG chains typically need to
have a molecular weight higher than 2,000 Da which is generally responsible for a significant increase in
hydrodynamic diameter and a clear tendency to aggregate under high salt conditions. In addition to this
first method based on the use of PEG polymers, or hybrid PEG-copolymer derivatives,'® several other
strategies have already been envisioned to circumvent this problematic RES uptake. Among them,

optimization of shape'® and surface charge'’ of the nanoparticles were not only shown to enhance blood
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circulation time, but also to limit the global sequestration within RES organs. To this end, zwitterionic
coatings were recently introduced as a promising method to suppress the non specific adsorption of
various biomolecules on a wide variety of different nanoparticles, providing an efficient way to
circumvent the MPS system.'® Likewise, the technique of layer-by-layer assembly was used to
successfully stabilize and control the biodistribution of Quantum Dots (QDs) in vivo, leading to
multilayer nanoparticles with long blood elimination half-life as well as low accumulation in the liver."
Yet, the prerogative to finally reach a proper understanding of such elaborated biological phenomenon
as nanoparticles opsonization or biodistribution generally relies in the necessity to work with a reliable
probe that returns accurate information with the best sensitivity.

To this end, we have previously reported the use of persistent luminescence nanoparticles (PLNP) as
highly sensitive optical nanoprobes in vivo to naturally avoid the autofluorescence from biological
tissues.”*” Surface functionalization was shown to enable efficient targeting of these PLNP to malignant

2122 35 well as enhanced blood half-life for in vivo applications.”> However, despite such

cells in vitro,
promising characteristics, persistent luminescence could not be followed more than two hours in living
animals, which impeded long-term applications.”* We have recently overcome this essential limitation
by introducing novel persistent luminescence nanoparticles, with formula ZnGaj 99sCrg 00504, Which
could be activated with low energy photons, in the therapeutic window, through living tissues. 262728

The present article employs this new generation of persistent luminescence nanoparticles to better
understand the way surface functionalization affects the accumulation kinetics within major RES organs
and blood half-life of ZGO nanoparticles. In particular, we focused our attention on the effect of
aminosilane polycondensation and layer formation on the surface of the particle, showing that a
significant increase in the silane layer thickness, prior to PEG grafting and at the expense of
hydrodynamic diameter, is responsible for a far better circulation of the probe associated with a delayed
RES uptake. This result not only raises additional information in the understanding of nanoparticles

biological fate, but also opens alternatives to several biomedical applications that require long-

circulating nanoprobes.
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Results and discussion. Persistent luminescence nanoparticles with formula ZnGa; 995Crg 00504,
referrerd to as ZGO, were synthesized by a two-step method combining a hydrothermal treatment and a
low-temperature sintering in air at 750°C for 5 hours. The diffraction pattern of ZGO powder confirms
the formation of pure zinc gallate from cubic spinel phase (Supplementary Fig. S1.a). The introduction
of trivalent chromium in this spinel lattice is responsible for a bright near infrared (NIR) persistent
luminescence signal centered on 700 nm (Supplementary Fig. S1.b and S1.c), which can be activated
with either UV or orange-red irradiation. These optical properties are in total aggreement with previous

results describing the optical behavior of Cr’” in zinc gallate host”>*’

. Noteworthy regarding in vivo
applications, persistent luminescence decay curves from Fig. S1.b, acquired over 30 minutes, clearly
show the ability to retrieve a significant long-lasting NIR luminescence after a simple activation of the
powder under the orange-red LEDs source. This signal, yet diminished compared to the one acquired
after UV excitation, has already been proven to be largely sufficient to gain access to long-term optical
imaging through living tissues, without any time constraints”. The extraction of monodisperse
nanoparticles suspension, with a size distribution approximately centered on 85 nm (hydrodynamic
diameter), was achieved by selective sedimentation in 5 mM NaOH with a global extraction yield
comprised between 30 and 40%, depending on the grinding force and hydroxylation time (Table 1,
hydrodynamic diameter). The resulting crude nanoparticles, referred to as ZGO-OH, diplayed a slighlty
positive surface charge, very likely attributed to protonated Ga-OH groups decorating the crystals (Table
1, zeta potential). This suspension of ZGO-OH was reacted with 3-aminopropyltriethoxysilane (APTES)
in DMF for 3 or 6 hours, in order to control the aminosilane layer thickness. Both types of amine-
covered nanoparticles were then reacted with the same solution of N-hydroxysuccinimide activated 5
kDa polyethylene glycol in DMF to give birth to stealth ZGO-PEG (DMF/3h) and ZGO-PEG (DMF/6h)
nanoparticles (Scheme 1).

The physico-chemical parameters from Table 1 confirm a significant increase of both nanoparticles

hydrodynamic diameter and global surface charge after aminosilane condensation and formation of

primary amine-terminated nanoparticles, referred to as ZGO-NH,. Noteworthy, due to a critical

4
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aggregation of amine-terminated nanoparticles in aqueous solutions, hydrodynamic diameter
measurements were made in absolute ethanol, leading to stable suspensions of ZGO-NH, nanoparticles.
After a 3 hours reaction with APTES, the hydrodynamic diameter of ZGO-NH, (DMF/3h) nanoparticles
reaches the value of 100 nm, which is about 15 nm above the initial size of ZGO-OH nanoparticles, and
keeps increasing for ZGO-NH, (DMF/6h) nanoparticles to the final value of 130 nm. This net increase
in hydrodynamic diameter after aminosilane coupling is associated with a significant change in the
global surface charge. The initial zeta potential of ZGO-OH nanoparticles switches from 20 mV to 40
mV after the reaction with APTES (Table 1), no matter how long the coupling reaction. Similar trends
have already been observed with silicate-based persistent luminescence nanoparticles whose surface
displayed comparable zeta potential values after aminosilane coupling’, and are generally assumed to be
the result of primary amine functions covering the probe, protonated at neutral pH. The addition of 5
kDa PEG on the nanoparticles ensures efficient masking of the global surface charge that shifts from the
highly positive value of 40 mV to one characteristic of the neutral state, around 0 mV. Besides this
significant change in surface charge, PEG grafting is responsible for a large increase of nanoparticles
hydrodynamic diameter in 5% glucose solution. The ZGO-PEG (DMF/3h) nanoparticles are
approximately 120 nm wide, which corresponds to an increase of 20 nm in comparison to the initial
ZGO-NH, (DMF/3h) nanoparticles (Table 1). The differential between amine and PEG-grafted
nanoparticles is even more pronounced in the case of ZGO-PEG (DMF/6h) nanoparticles whose
hydrodynamic diameter almost reaches the value of 190 nm. When compared to the hydrodynamic
diameter of ZGO-NH, (DMF/6h) nanoparticles, this result, which corresponds to a global increase of 60
nm after PEG grafting, is very certainly associated to a larger amount of PEG attached to the surface of
the nanoparticles.

Additional information about the qualitative change associated with each functionalization step was
reachable through Fourier Transform Infrared (FTIR) spectroscopy. Supplementary Fig. S2.a and S2.b
show the FTIR spectra of each kind of nanoparticles. First, nonfunctionalized ZGO nanoparticles

display two strong absorption bands around 570 cm™ and 400 cm™, two weak bands at 1594 cm™ and
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1000 cm™ and a broad and weak band around 3350 cm™.. On the functionalized ZGO-NH; nanoparticles,
the N-H stretching (3350 cm™) and bending (1580 cm™) are superimposed with two bands of ZGO, no
matter which reaction time in DMF. The band at 2900 cm™ can be identified as the C-H stretching and
can be found on every functionalized nanoparticles. The bands at 1120 cm™ and 1040 cm™ were
assigned to the Si-O stretching and are characteristic of the link between the nanoparticles and the
aminosilane coating. When looking at the PEG-coated nanoparticles, the band at 1650 cm™ was
assigned to the C=0 stretching vibration of the amide function and the bands at 1100 cm™ and 1030 cm’
' to the C-O stretching of the PEG chain overlapping the Si-O stretching vibration. Altogether, these
FTIR results are in total agreement with previous works from literature that report the functionalization
of different nanoparticles and surfaces with either aminosilane®® or PEG moieties.”’

The optical characterization of ZGO nanoparticles with different surface states is shown in
Supplementary Fig. S2.c-f. Interestingly, the data from persistent luminescence decay curves and
persistence luminescence spectra show similar optical properties for each kind of ZGO nanoparticles, no
matter which excitation source (red LEDs or UV light). This result suggests a poor influence of surface
functionalization on persistent luminescence signal from these ZGO crystals. Noteworthy regarding the
physico-chemical parameters reported above in the manuscript, all the hydrodynamic diameter values
are associated with a polydispersity index largely below 0.1 which is highly in favor of monodisperse
samples (Table 1). In addition, transmission electron microscopy (Supplementary Fig. S3.a-e) confirmed
that the grafting of either aminosilane or PEG chain has no significant influence on the global
morphology of the resulting ZGO nanoparticles. Unfortunately, -classical physico-chemical
characterization based on dynamic light scattering like hydrodynamic diameter and zeta potential
measurements does not give any quantitative information in relation to the amount of aminosilane or
PEG chains grafted after each functionalization step.

Quantitative evaluation of the amount of silane moieties and PEG chains was achieved by having
recourse to thermogravimetric analysis (TGA). Given the high thermal stability of zinc gallate structure,

progressive heating of our samples could lead to the effective decomposition of the organic layer,
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grafted on the surface of the nanoparticles, without affecting the spinel core. The weight loss curves
from Fig. 1 allow a clear differenciation of each funtionalization step. First, increasing the reaction time
of ZGO-OH nanoparticles with APTES from 3 to 6 hours leads to a higher amount of aminosilane on
the surface, attested by a significant increase in weight loss percentage evolving from 1.5 %, for ZGO-
NH, (DMF/3h) nanoparticles, to the doubled value of 3 % in the case of ZGO-NH, (DMF/6h). Despite
the same reaction conditions during PEG grafting, increasing the amount of aminosilane is responsible
for a concomitant growth in the number of PEG chain. In the case of ZGO-PEG (DMF/3h)
nanoparticles, the weight loss percentage stabilizes at 3.5 %, which represents less than half the value
reached with ZGO-PEG (DMF/6h) nanoparticles of almost 8 % of total weight loss. Starting from the
molecular weight of each grafted species, we were able to quantify the concentration of aminosilane and
PEG moieties per mass unit of nanoparticles. Results from Table 2 indicate that a longer reaction time in
APTES solution leads to a larger amount of aminosilane on the surface of ZGO-NH, nanoparticles. The
concentration of silane increases from 60 nmol/mg, for ZGO-NH, (DMF/3h) nanoparticles, to 182
nmol/mg for ZGO-NH, (DMF/6h) nanoparticles. When the silane concentration is increased by a factor
3, the amount of PEG chain increases from 4 nmol/mg, for stealth nanoparticles synthesized from ZGO-
NH, (DMF/3h), to almost 9 nmol/mg for ZGO-PEG (DMF/6h) nanoparticles (Table 2). Interestingly,
the growth of a thick aminosilane layer highly contributes to the significant increase in PEG chain
concentration, without affecting the grafting conditions, i.e without using higher concentration of PEG
reagent or higher temperatures during the reaction.

Combining the results from physico-chemical techniques and TGA measurements gave access to an
evaluation of the density of aminosilane and PEG chains per surface unit on a single nanoparticle. The
calculation leans upon the hydrodynamic diameter of nanoparticles from the previous functionalization
step and the approximation that each crystal is an exact sphere. As an example, the density of
aminosilane grafted on a ZGO-OH nanoparticle after a 3 hours reaction with APTES was evaluated
from the accessible surface on a ZGO-OH nanoparticle. The ATG-based aminosilane concentration,

devided by the number of particles comprised in one mg of powder, gave the concentration of
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aminosilane moieties per nanoparticle. This concentration normalized in relation to the total accessible
surface on a ZGO-OH nanoparticle finally led to the density of aminosilanes per surface unit. The same
protocol was adapted for the calculation of PEG density. When we compare the density of aminosilane
grafted after 3 and 6 hours reaction in APTES, we notice a three times increase in the number of silane
moieties increasing from 3 silane moieties/nm> on ZGO-NH, (DMF/3h) to more than 9 silane
moieties/nm” on ZGO-NH, (DMF/6h), which is in total agreement with the concentration reported in
Table 2. Surprisingly, the results from PEG density calculation follow a very different trend. The
number of PEG moieties poorly increases from 0.15 to 0.19 PEG moieties/nm* for ZGO-PEG (DMF/3h)
and ZGO-PEG (DMF/6h), respectively. Such 25 % increase in PEG density should be compared to the
225 % increase in PEG concentration, meaning that the global amount of PEG moieties per surface unit
on the nanoparticle is almost left unchanged between ZGO-PEG (DMF/3h) and ZGO-PEG (DMF/6h).
Pursuing the idea and recent observation that such difference in stealth nanoparticles surface states and
physico-chemical characteristics could control the adsorption of serum proteins onto the surface of
persistent luminescence nanoparticles and drastically change the “biological identity” of a crystal in
vivo'?, we investigated the ability of these different nanoparticles to interact with serum protein in vitro.
Each type of nanoparticles, chosen between ZGO-OH, ZGO-PEG (DMF/3h) and ZGO-PEG (DMF/6h),
was first incubated for two hours at 37°C with 50% v/v mouse serum diluted in normal saline solution.
After several washing steps, the amount and cartography of adsorbed proteins were then determined by
combining the Bradford assay to a polyacrylamide gel electrophoresis. Results from the Bradford assay
in Fig. 2.a show that PEG grafting is associated with a large decrease in the amount of adsorbed
proteins. The global amount of protein per mg of nanoparticles was determined to be of 260 pg on
ZGO-PEG (DMF/3h), which is relatively low in comparison to the 335 pg adsorbed per mg of ZGO-OH
nanoparticles. This value keeps decreasing and reaches the minimum of 252 pg per mg for ZGO-PEG
(DMF/6h) nanoparticles. This result, obtained from Bradford assay, was confirmed by running a
polyacrylamide gel with the same samples (Fig. 2.b). We clearly notice a similar trend from the rapid

observation of lanes distribution and intensity on the gel. In comparison to the control lane,
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corresponding to 50% v/v mouse serum diluted in normal saline solution, we observe a progressive
fainting of the 5 major bands between 39 and 64 kDa upon the addition of PEG on the surface of the
nanoparticles. This trend was further analyzed with ImageJ software in order to precisely follow the
evolution of the proteins cartography on the surface of ZGO nanoparticles. The analysis of lane profiles
seems to indicate that PEG grafting is responsible for the elimination of the lightest proteins, attested by
the complete disappearance of bands 4 and 5 in the two last lanes (Supplementary Fig. S4). Such result
is in total agreement with the work of Chan et al. studying the adsorption of serum proteins on the
surface of PEGylated gold nanoparticles'”. Regarding both PEGylated nanoparticles, the more
aminosilane moieties and the larger the nanoparticles, the fewer proteins adsorbed on their surface.
Indeed, contrary to the cartography defined on ZGO-PEG (DMF/3h) nanoparticles, the third band does
not appear in the lane associated to ZGO-PEG (DMF/6h) nanoparticles. These series of results from
physico-chemical characterization as well as protein adsorption on both crude and PEGylated persistent
luminescence nanoparticles strongly suggest that a significant increase of aminosilane density, along
with a large augmentation of the hydrodynamic diameter, can successfully prevent the adsorption of
proteins on the surface of stealth ZGO nanocrystals. Given the minor evolution of PEG density when
comparing ZGO-PEG (DMF/3h) to ZGO-PEG (DMF/6h) nanoparticles, this general trend is most likely
the result of progressive blockage of protein binding sites on the surface of the nanoparticles caused by
the dense aminosilane corona surrounding the crystal core.

To fully understand the physiological implications of such adsorption patterns, we finally compared the
behavior of these three different types of nanoparticles in vivo. Prior to systemic administration, each
type of nanoparticles was first activated under UV light to allow real-time and dynamic detection of
persistent luminescence signal right after the administration. Biodistribution of the probes was then
continuously monitored for 30 minutes, and assessed after 1, 3 and 6 hours after LEDs activation.
Persistent luminescence images, presented in Fig. 3.a, reveal a very different biodistribution pattern
from one nanoparticles type to another. Crude ZGO-OH nanoparticles are almost instantly trapped

within major organs of the mononuclear phagocyte system, which is assessed by a clear concentration of
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the luminescence signal in liver and spleen. The main circulation routes remain completely
extinguished, from the lower to the upper limb, and the images demonstrate no significant evolution of
the biodistribution over the whole acquisition period. The biodistribution dynamics, recorded for the
first 30 minutes and expressed as a percentage of the total luminescence signal retrieved within a region
of interest (ROI) drawn around the major organs of the reticuloendothelial system (RES), are presented
in Fig. 3.b. According to the semi quantitation from Fig. 3b, the accumulation process of ZGO-OH
within liver and spleen is very fast and ends after 5 minutes, by which approximately 80 % of the
nanoparticles remain trapped in the mononuclear phagocyte system. The same measurements after 1, 3,
and 6 hours, displayed in Fig. 3.c, confirm this value, without any evolution of the biodistribution
pattern. The results are largely different for both ZGO-PEG (DMF/3h) and ZGO-PEG (DMF/6h)
nanoparticles. First, the images in Fig. 3.a indicate that stealth nanoparticles are predominantly able to
remain in the main blood circulation, up to 3 hours for ZGO-PEG (DMF/3h) and up to 6 hours for ZGO-
PEG (DMF/6h). We notice that PEG grafting allows a much better distribution of the probes within the
animal body, bringing light to the upper and lower limbs circulation routes. When we compare the
biodistribution of the two PEGylated crystals, we observe a longer circulation of the ZGO-PEG
(DMF/6h) nanoparticles for which liver accumulation only appears 6 hours after the injection. In the
case of ZGO-PEG (DMF/3h) nanoparticles, liver retention seems to be quicker and slowly evolves from
30 minutes to 3 hours, after which it becomes predominant. The semi-quantitation from persistent
luminescence images (Fig. 3.b and c) confirms a slow and progressive accumulation of the stealth
nanoparticles wihtin major RES organs. The 24 hours ex vivo biodistribution assessed the final utpake of
all types of nanoparticles in both liver and spleen (Supplementary Fig. S5). The blood half-life of each
type can be evaluated from the biodistribution data in Fig. 3 and evolves from 2-3 minutes, for crude
nanoparticles, to 3 hours for ZGO-PEG (DMF/3h) nanoparticles and almost 6 hours for ZGO-PEG
(DMF/6h) nanoparticles. Along with the results from physico-chemical characterization and protein
adsorption, these biodistribution data demonstrate the important role of functionalization in defining the

biological identity of the nanoparticles. Noteworthy, increasing the hydrodynamic diameter of stealth
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persistent luminescence nanoparticles by growing a thick aminosilane layer seems to prevent serum
protein adsorption in vitro and finally leads to a longer circulation of the probes in vivo, with blood half-
lifes that almost reach 6 hours after the injection of nanoparticles 190 nm-wide. Altogether, the results
from this study suggest a concomitant effect of the aminosilane and PEG moieties in the ability of the
nanoparticles to prevent protein adsorption in vitro as well as liver retention in vivo. Noteworthy, the
number of PEG moieties/nm? appears to be relatively similar between ZGO-PEG (DMF/3h) and ZGO-
PEG (DMF/6h) nanoparticles, which would very likely account for the same PEG configuration.
Unfortunately, the aminosilane coupling reaction in DMF was rather hard to control and longer reaction
times were associated with the progressive formation of macroscopic silane aggregates that resulted in a
complete loss of colloidal stability (data not shown).

Conclusion. We used persistent luminescence to better understand the influence of surface state and
physico-chemical properties on the interaction of nanoparticles with serum proteins in vitro and their
biological fate in vivo. Results demonstrate that surface charge and chemistry constitute the two major
parameters ruling proteins adsorption on the nanoparticles. Indeed, masking charges and increasing the
aminosilane density were both shown to prevent the interaction of proteins with the surface of
nanoparticles. This biological identity of the crystal, defined by the amount and type of serum proteins
adsorbed on its surface, was proven to govern the biodistribution of persistent luminescence
nanoparticles in vivo. Most noteworthy, we were able to prove that, at the expense of a large increase of
the nanoparticles hydrodynamic diameter, the larger the aminosilane thickness on the surface of the
core, the longer the circulation of the probes in vivo. This result not only constitutes the first report of
190 nm-wide stealth persistent luminescence nanoparticles with a blood half-life as high as 6 hours in
vivo, but should also open exciting perspectives regarding the use of such nanotechnology for multiple

diagnostics applications in vivo such as tumor targeting.
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Figure 1. Weight loss curves obtained from thermogravimetric analysis of ZGO nanoparticles after each
functionalization step. a, Functionalization route from aminosilanization in DMF for 3h. b,

Functionalization route from aminosilanization in DMF for 6h.
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Figure 2. Interaction of ZGO nanoparticles with mouse serum proteins depending on surface coverage.
a, Bradford assay after a 2 hours incubation of nanoparticles with mouse serum proteins. b,
Polyacrylamide gel electrophoresis of proteins adsorbed on the surface of persistent luminescence

nanoparticles.
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Figure 3. In vivo biodistribution of ZGO-PEG nanoparticles (n = 3). a, Persistent luminescence images
of ZGO-PEG biodistribution. b, Accumulation kinetics of ZGO-PEG nanoparticles within RES ROI the

first 30 minutes. ¢, Evolution of persistent luminescence signal within RES ROI after 1, 3 and 6 hours.
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Scheme 1. Representation of ZGO functionalization routes.
TABLES.
Hydrodynamic diameter (nm) PDI Zeta potential (mV)
ZGO-OH 84,52 + 1,24 0.078 £ 0.018 22,2+1,32
ZGO-NH, (DMF/3h) 99.02 £ 0.50 0.064 = 0.008 39+249
ZGO-NH, (DMF/6h) 133,10 £ 1,28 0.085 £ 0.035 40,7 £ 2,35
ZGO-PEG (DMF/3h) 122.90 + 0.91 0.072 £ 0.014 2.04 +2.35
ZGO-PEG (DMF/6h) 188,10 £ 0,95 0.058 + 0.02 -0,37 £ 0,58

Table 1. Physico-chemical characterization of ZGO nanoparticles after each functionalization step.

Silane concentration (nmol/mg)

PEG concentration (nmol/mg)

ZGO-NH, (DMF/3h)

60,87 + 1,89
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ZGO-NH, (DMF/6h) 182,55 + 2,41 -
ZGO-PEG (DMF/3h) - 3,92 + 0,06
ZGO-PEG (DMF/6h) - 8,89 + 0,06

Page 16 of 21

Table 2. Quantization of aminosilane and PEG density on ZGO nanoparticles from thermogravimetric

analysis. Results are expressed as molar concentration per milligram of ZGO nanoparticles.
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