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a b s t r a c t

The release of platinum group elements, including platinum nanoparticles (PtNPs), has been increasing
over recent decades. However, few studies have investigated the fate, behavior and effects of PtNPs in
environmental media. Here, we report a protocol for the synthesis of five different sizes (8.5 ± 1.2,
10.3 ± 1.3, 20.0 ± 4.8, 40.5 ± 4.1, and 70.8 ± 4.2 nm) of monodispersed citrate- and polyvinylpyrrolidone
(PVP)-coated PtNPs, together with a characterization of their behaviors using a multi method approach
in relevant biological and toxicological media. In general, PtNPs sizes measured using dynamic light scat-
tering, field flow fractionation, single-particle inductively-coupled plasma-mass spectroscopy, transmis-
sion electron microscopy and atomic force microscopy, were all in good agreement when PtNP sizes were
larger than the size detection limits of each analytical technique. Slight differences in sizes measured
were attributable to differences in analytical techniques, measuring principles, NP shape and NP perme-
ability. The thickness of the PVP layer increased (from 4.4 to 11.35 nm) with increases in NP size. The crit-
ical coagulation concentration of cit-PtNPs was independent of NP size, possibly due to differences in
PtNPs surface charges as a function of NP size. PtNPs did not undergo significant dissolution in any media
tested. PtNPs did not aggregate significantly in Dulbecco’s modified Eagle’s medium; but they formed
aggregates in moderately hard water and in 30 ppt synthetic seawater, and aggregate size increased with
increases in PtNPs concentration. Overall, this study describes a general model NP system (i.e., PtNPs) of
different controlled NP sizes and coatings that is predictable, stable and useful to investigate the fate,
behavior, uptake, and eco-toxicity of NPs in the environment.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The global production of platinum group elements (PGE) has
grown steadily since 1970, and the global production of platinum
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(Pt) alone increased to 190 tons with an annual demand of 257
tons in 2016 [1]. The main use of Pt is in the catalytic convertors
of cars, trucks, and buses, accounting for approximately 50% of Pt
demand each year. Mandatory installation of catalytic convertors
in motor vehicles reduced the emission of harmful exhaust emis-
sions (e.g. carbon monoxide, nitrogen and sulfur oxides, hydrocar-
bons, aldehydes, and heavy metals etc.) [2,3], but it resulted in an
increased release of PGE (i.e. Pt, Pd, Rh, Ru, Os and Ir) to the envi-
ronment [4], and some studies demonstrated the release of Pt in
the form of nanoparticles (NPs) [5,6]. The concentration of Pt in
environmental samples, such as road dust, soil, surface water, sed-
iments and plants has increased significantly in recent decades [7–
11]. The concentration of Pt in aquatic ecosystems (0.4–10.8 ng-
Pt�L�1) is relatively low compared to their concentration in the
immediate vicinity of roads (50 ng-Pt�g�1 of road dust) [3]. Even
higher Pt concentration (>300 mg�g�1) has been reported in Mexico
city road dust [9]. Additionally, Pt complexes (e.g., cisplatin, carbo-
platin) are used for cancer treatment [12], and platinum nanopar-
ticles (PtNPs) have shown promise in this use [13]. The majority of
drugs containing Pt complexes are excreted in patients’ urine
(about 70%) and enter wastewater systems [4]. Treatment removal
methods for these active compounds are lacking which contributes
to environmental Pt contamination [4,14].

Several studies have reported Pt toxicity to aquatic organisms
including water fleas (Daphnia magna, 3-weeks LC50 = 520 mg�L�1)
[15], freshwater oligochaetes (Variegatus lubriculus, 96-h
LC50 = 0.4–30 mg�L�1) [16], freshwater microalgae (Pseudokirchner-
iella subcapitata, 72-h EC50 = 17 mg�L�1) [17], and marine bacteria
(Photobacterium phosphoreum, EC50 = 25 mg�L�1) [18]. A recent
study also reported reproductive toxicity of PtNPs to zebra fish
after chronic exposure [19].

Currently little is known about the environmental behaviors of
PtNPs such as aggregation and dissolution in environmental media.
Understanding the nature of exposure and the physicochemical
transformations of PtNPs during (eco)toxicology exposures is
essential to interpret and quantify dose-response relationships.
These transformations, which are likely to occur in (eco)toxicolog-
ical media during acute to chronic exposure periods, have been
investigated extensively for other NPs (e.g., AgNPs, AuNPs, CeO2-
NPs etc.) [20–22] but not for PtNPs. According to previous studies
(with other NPs), aggregation and/or dissolution can significantly
alter NP behavior (e.g., dosimetry, bioavailability, uptake, toxicity)
and fate (e.g., pharmacokinetics and biodistribution) [23–25].
Therefore, the purpose of this study was to improve understanding
of PtNPs environmental behaviors by (1) developing reproducible
protocols for controlled synthesis of monodispersed PtNPs of five
different sizes and two coatings (citrate and polyvinylpyrrolidone;
PVP); (2) evaluating aggregation kinetics of PtNPs in the presence
of monovalent (i.e., NaNO3) and divalent electrolyte (i.e., Ca
(NO3)2); and (3) measuring the colloidal stability (e.g., aggregation
and dissolution) of cit- and PVP-coated PtNPs in three different
media relevant to biological systems but differing in ionic
strengths and compositions.

2. Methodology

2.1. Particle synthesis

Citrate- and polyvinylpyrrolidone-coated PtNPs (cit-PtNPs and
PVP-PtNPs) of five different core sizes ranging from 5 to 75 nm
(labelled as PtNPs A, B, C, D, and E) were synthesized by modifying
the PtNPs synthesis protocol developed by Bigall et al. [29] as
described below. Monodispersed PtNPs were synthesized to avoid
confounding results due to NP polydispersity [26]. Citrate and PVP
surface coatings were used as model surface coatings because they
are well-characterized, widely used in published studies, and they
impart two mechanisms of NP stabilization (e.g., electrostatic sta-
bilization and steric stabilization, respectively) [27,28].

PtNPs A. Spherical cit-PtNP seed suspensions (8.7 nm diameter)
were synthesized according to previously published synthesis pro-
tocols [29,30]. Briefly, 36 mL of 5 mM chloroplatinic acid hydrate
(H2PtCl6, �99.9% pure, supplied by Sigma-Aldrich, St. Louis, USA)
was added to 464 mL ultra-high pure water (UHPW, 18.2 MX�cm)
at the boiling point in a 1000 mL Erlenmeyer flask. 50 lL of 1 M
sodium hydroxide (NaOH, supplied by Sigma-Aldrich, St. Louis,
USA) was then added to the solution to enhance production of
monodispersed small PtNPs (<10 nm) [31]. After 1 min, 11 mL of
1% sodium citrate solution were added dropwise. After 30 s,
5.5 mL of a solution containing 0.08% sodium borohydride (NaBH4,
>98% pure, supplied by Alfa Aesar, Ward Hill, USA) and 1% sodium
citrate (Na3C6H5O7, supplied by VWR International, West Chester,
USA) were added quickly to the boiling solution. After 10 min of
boiling, the product was left to cool to room temperature. All reac-
tions took place under vigorous stirring (i.e., 700 rpm).

PtNPs B. 10 mL PtNP A suspension were diluted in 290 mL
UHPW, to which 450 mL of 0.4 M H2PtCl6 were added under con-
stant stirring (700 rpm). 5 mL of 1% sodium citrate and 1.25% L-
ascorbic acid (aqueous) were added dropwise (1 drop per 3 s) to
the PtNP and H2PtCl6 mixture. The temperature was slowly raised
(�10 �C per minute) to boiling under vigorous stirring (i.e.,
700 rpm) and then poised at the boiling point (100 �C) for
30 min. The resulting suspension was left to cool to room
temperature.

PtNPs C, D, and E. Larger PtNPs (PtNPs C, D, and E) were synthe-
sized by diluting different volumes (40, 10, and 2.5 mL) of the
PtNPs B in 260, 290, and 298 mL UHPW, respectively. 450 mL of
0.4 M H2PtCl6 solution were added to the diluted suspensions
under vigorous stirring (700 rpm). 5 mL solution containing 1%
sodium citrate and 1.25% L-ascorbic acid were then added drop-
wise. The temperature was raised slowly to boiling, as above,
under vigorous stirring for 30 min and left to cool to room
temperature.

Purification of PtNPs. All synthesized cit-PtNP suspensions
were washed three times by ultrafiltration to remove excess
reagents. 300 mL cit-PtNP suspension were reduced to 150 mL by
ultrafiltration over 3 kDa regenerated cellulose membrane using
an Amicon� stirred-cell ultrafiltration unit (EMD Millipore Corpo-
ration, MA, USA) under 15 psi pressure (nitrogen). The PtNP sus-
pension was replenished with 150 mL solution of 1% sodium
citrate.

PVP-PtNPs were obtained by a ligand exchange approach using
cit-PtNPs as precursors [20]. Briefly, 300 mL cit-PtNPs of different
sizes (PtNPs A, B, C, D, and E) were converted into PVP-PtNPs by
adding 1, 0.85, 0.48, 0.20, and 0.12 mL of 7.7 mM PVP solution,
respectively, under vigorous stirring (700 rpm) for at least 1 h.
The PVP amount selected was that required to obtain full surface
coverage of PtNPs by PVP molecules and also sufficient to impart
full steric stabilization [28], assuming that PtNPs are spherical
and that 8 PVP molecules/nm2 are required to fully cover a PtNP
surface.

Concentrations of synthesized cit- and PVP-PtNPs were mea-
sured using a NexION 350D inductively coupled plasma-mass
spectrometer (ICP-MS). 1 mL aliquots of each PtNP suspension
were digested using 1 mL freshly-prepared aqua regia at room
temperature for 24 h. Aqua regia was prepared by mixing 1 mL
hydrochloric acid (trace metal grade, 35–38%, Fisher scientific,
MA, USA) and 3 mL nitric acid (trace metal grade, 68–70%, Fisher
scientific, MA, USA) in acid cleaned glassware. The digested PtNP
solutions were diluted at least 3000 folds prior to analysis by
ICP-MS, and all samples were measured in triplicate.
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2.2. Particle characterizations

The z-average diffusion coefficient and electrophoretic mobility
(EPM) of the synthesized PtNPs were measured by dynamic light
scattering (DLS) and laser Doppler electrophoresis using a Zetasizer
Nano-ZS instrument (Malvern Instruments Ltd., MA, USA). All mea-
surements were performed at 25 �C after a 2-min temperature
equilibration. The z-average hydrodynamic diameter (dDLS) was
calculated from the diffusion coefficient using Stokes-Einstein
equation. The zeta potential (f) was calculated from the elec-
trophoretic mobility using Smoluchowski’s assumption [32]. The
dDLS and f were reported as the mean and standard deviation of
five and ten replicates, respectively.

Samples for transmission electron microscopy (TEM) analysis
were prepared by depositing a drop of the washed PVP-PtNP sus-
pensions on a copper grid (300 mesh) coated with a thin film of
continuous carbon (Agar Scientific, Stansted, Essex, UK) at room
temperature. After 20 min, the grids were washed thoroughly with
UHPW to avoid salt crystallization and NP aggregation artefacts
[21]. The grids were then left to dry overnight under ambient con-
ditions in a covered petri dish to avoid atmospheric particle depo-
sition. Samples were analyzed in a LaB6 Jeol 2100 TEM (Joel USA
Inc., MA, USA), operated at 200 keV and equipped with a Jeol EX-
230 Silicon Drift Detector (SDD; manufactured by Joel USA Inc.,
MA, USA) with a 60 cm2 window of acquisition for Energy Disper-
sive X-ray Spectroscopy (EDS) analysis of elements. Micrographs
were acquired at different magnifications, ranging from 500X to
400,000X, to gather information about the average size, morphol-
ogy, and degree of aggregation (if any) of nanoparticles on the grid.
At least 150 NPs were analyzed from each sample to construct a
representative particle-size distribution using the Gatan Digital
Micrograph software package (GMS 3) [33].

Samples for atomic force microscopy (AFM) analysis were pre-
pared by depositing a drop of PVP-PtNPs suspension in the pres-
ence of 2 mM calcium on a freshly cleaved mica substrate for
20 min. That was followed by thorough rinsing with UHPW to
avoid salt crystallization and NP aggregation [34]. The mica sheets
were then left to dry overnight under ambient conditions in a cov-
ered petri dish. AFM analysis was performed on a Cypher ESTM AFM
microscope (Asylum Research, CA, USA). Images were recorded in
ACAirTopography mode using a silicon cantilever (Asylum
Research, CA, USA) with a spring constant of 26 (11–54) N m�1.
The scanning rates were optimized to acquire a stable and clear
image without damaging the AFM tip or detaching the NPs from
the AFM substrate [21], usually 0.25–1 Hz scan rate. At least five
different areas on each substrate were analyzed, yielding a mini-
mum of five images (image size = 5 � 5 mm) from each area and
producing at least 25 images for each substrate. For each sample,
at least 150 height measurements were performed which is suffi-
cient to produce a representative and robust particle size distribu-
tion [35]. This distribution was used to calculate mean core
diameter (dAFM) of each PtNP collection.

Flow-Field flow fractionation (FlFFF) analysis was performed
using a Wyatt Ecilipse� DualTecTM asymmetrical FlFFF instrument
(Wyatt Technology Corporation, CA, USA). A 1-kDa OMEGATM

Polyethersulfone membrane (Pall Corporation, NY, USA) was used
as an accumulation wall. The carrier phase was 10 mM NaNO3

(pH 7). The channel flow and cross flow were maintained at
1 mL min�1. The injection volume was 0.25 mL (particle concentra-
tion 1 mg L�1), and the focus time was 5 min. Four polystyrene
NanosphereTM size standards (22 ± 2, 41 ± 4, 81 ± 3, and
152 ± 5 nm manufactured by Thermo scientific, CA, USA) were
used to calibrate the effective channel thickness for particle size
conversion. All particles were detected with a UV detector at
370 nm. Hydrodynamic diameter (dFlFFF) of PtNPs was calculated
using a calibration curve for size and retention time established
using the polystyrene size standards.

Particle number concentration and number size distribution
were measured by single particle ICP-MS (sp-ICP-MS). All sp-ICP-
MS [36–40] data were acquired with a NexIONTM 350D ICP-MS (Per-
kinElmer Inc., MA, USA) operating in a single particle mode with
the Syngistix Nano Application Module. A standard introduction
system consisting of a Meinhard glass concentric nebulizer, a glass
cyclonic spray chamber, and a 2 mm ID quartz injector was used.
The sample uptake rate was 0.28 mL/min. Data were acquired at
an RF power of 1600 W, a 50 ms dwell time, a 0 ms settling time,
and a 60 s acquisition time. The transport efficiency for PtNPs C,
D, and E were 10.3%, 10.0%, and 11.1%, respectively. NISTTM Au stan-
dard reference material (actual TEM size of 56 nm; reference mate-
rial 8013 manufactured by U.S. National Institute of Standards and
Technology, MD, USA) was used to determine the transport effi-
ciency. A rinse cycle consisting of 1 min with 1% aqua regia, and
1 min with UHPW was performed after each sample run to ensure
cleansing of the sample introduction system between samples. All
PtNPs suspensions (A-E) were measured in triplicate at 5 different
concentrations (e.g., 100, 200, 400, 600, and 800 ng�L�1) with
results reported as the mean ± standard deviation of 3 replicates.
(dsp-ICP-MS). The NIST Au standard reference material was measured
after each set as a QA/QC check.

2.3. Aggregation kinetics

Using DLS, cit-PtNPs A-E aggregation kinetics were measured at
pH 7 in duplicate in different electrolyte concentrations (0–70 mM
NaNO3, and 0–10 mM Ca(NO3)2) by monitoring the growth of NP z-
average hydrodynamic diameters (dDLS) over time immediately
after mixing (within 10 s) with electrolyte (NaNO3, and Ca(NO3)2)
and at repeated intervals of 15 s for 10 min at 25 ± 0.5 �C. The
count rate during DLS measurement increased with time in the
range of 30–200 kcps due to increasing aggregate sizes. The aggre-
gation rate constant (k) is proportional to the dDLS rate of change
(i.e., the slope of the hydrodynamic diameter as a function of time,
Eq. (1)) [41], which was determined by fitting a linear correlation
function to the experimental data collected during early stage
aggregation.

k ¼ 1
oNd0

dr

dt
ð1Þ

where N is the initial NP concentration, d0 is the initial NP diameter,
and o is the optical factor.

The attachment efficiency (a = 1
W) was determined according to

Eq. (2).

a ¼ 1
W

¼ Kslow

Kfast
ð2Þ

where W is the colloidal stability ratio, and kslow and kfast are the
slow and fast aggregation rates representing the aggregation rates
under the reaction (RLA) and diffusion (DLA) limited aggregation
regimes, respectively. The DLA occurs at counter-ion concentrations
above the critical coagulation concentration (CCC); whereas the RLA
occurs at counter-ion concentrations below the CCC. The CCC repre-
sents the minimum counter-ion concentration required to com-
pletely destabilize the NP suspension [42]. The attachment
efficiencies under RLA and DLA regimes were fitted by linear func-
tions, with their intersection yielding the respective CCC reported.

2.4. Colloidal stability of PtNPs in (eco)toxicological media

The colloidal stability of citrate- and PVP-PtNPs E was investi-
gated as a function of NP concentration (e.g., 20, 200, 2000 mg�L�1)
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in three (eco)toxicological media including Moderately hard
water (MHW), 30 ppt synthetic seawater (SW), and Dulbecco’s
modified Eagle’s medium (DMEM). MHW media is widely used
for acute and/or chronic toxicity tests with Daphnia magna [43]
and Lymnaea stagnalis [44]. 30 ppt SW is common and recom-
mended for toxicity tests with many marine organisms (e.g.,
Amphiascus tenuiremis [45]), and DMEM is typically used as a
cell/cytotoxicity culture medium [46]. MHW was prepared
according to US environmental protection agency (USEPA) guide-
lines [47]. Crystal SeasTM bioassay grade synthetic seawater was
purchased from Instant Ocean� (Marine Enterprises International,
Baltimore, MD, USA). DMEM was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). The chemical com-
position of MHW, synthetic seawater, and DMEM is given in
Tables S4–6.

PtNPs E were incubated with the (eco)toxicological media in
high density polyethylene (HDPE) sterile plastic vials (Fisher Scien-
tific, MA, USA) under static conditions in the absence of light [20].
All vials were washed with 10% nitric acid for at least 24 h and
rinsed in UHPW for another 24 h prior to the experiment. PtNP
hydrodynamic diameter and zeta potential were measured by
DLS and laser Doppler electrophoresis. Size distribution and num-
ber concentration were measured by sp-ICP-MS, and pH was mea-
sured by Mettler Toledo F20-Kit FiveEasyTM Benchtop pH meter
(Hogentogler & co. Inc., Columbia, MD, USA). All parameters were
measured immediately after mixing and 24 h post mixing for the
different media at different NP concentrations. For the colloidal
stability test, sp-ICP-MS analysis was performed following the
same procedure described above (see particle characterizations
section). However, the instrument rinsing time between samples
was increased to 5 min (1 min with 1% nitric acid, 2 min with 1%
aqua regia, followed by 2 min with UHPW) to ensure that all salts,
organic matter, and metals were removed from the system to elim-
inate cross- contamination, nebulizer fouling, or changes in NP
transport efficiency.
3. Results and discussions

3.1. Particle synthesis

A facile seed-mediated growth synthesis protocol was suc-
cessfully adapted [29] to produce spherical cit-PtNPs (A-E) of
five different sizes, ranging from 9.2 to 72.5 nm. All five cit-
PtNP suspensions showed a pH of 7.0 ± 0.1, were black in color
immediately after preparation, and were stable over several
months when stored at 4 �C in the dark. Initially, the seed (PtNP
A) was produced by reducing the Pt precursor (H2PtCl6) using a
strong reducing agent (NaBH4, redox potential �1.37 to 0.4 V)
[48]. Larger cit-PtNPs (cit-PtNP B) were produced via a ‘‘seed-
mediated growth” process using cit-PtNP A as a nucleus to
which a Pt precursor was added in the presence of a weak
reducing agent (i.e., L-ascorbic acid, redox potential �0.55 to
0.35 V) [49]. The weak reducing agent reduces Pt ions to metallic
Pt without inducing a new nucleation event. Thus metallic Pt
atoms precipitate on the surface of already existing nuclei result-
ing in particle growth [48]. Larger cit-PtNPs (cit-PtNP C, D, and
E) were synthesized following the same seed-mediated growth
process discussed above but using cit-PtNP B as the seed
nucleus. Different cit-PtNP sizes were produced by varying initial
seed concentrations. A higher seed concentration, and thus a
higher seed number, provided a higher number of sites for the
precipitation of metallic Pt atoms resulting in the formation of
smaller cit-PtNP sizes, and vice versa. Subsequently, PVP-PtNPs
A-E were obtained from their corresponding cit-PtNPs collections
by ligand exchange.
3.2. Particle characterizations

The physicochemical properties of the synthesized PtNPs were
measured using a multi method approach [50,51]. Representative
TEM and AFM micrographs of PVP-PtNPs A-E are presented in
Fig. 1a–e and Fig. S1a–e, respectively. All TEM and AFM micro-
graphs show randomly-distributed NPs, without agglomerates,
indicating robust sample preparation and desired dispersion of
PVP-PtNPs [52]. TEM images (Fig. 1) show that synthesized PVP-
PtNPs (A-E) are spherical. High resolution TEM images of PtNPs
C, D, and E (Fig. S2) illustrate the formation of a thick PVP coating
(2.7–5.6 nm thick) on the surface of PtNPs. Such a PVP coating was
not observed on the surface of PtNP A and B, possibly because the
PVP coating thickness around PVP-PtNP A and B was not thick
enough to be imaged by TEM. Elemental analysis (using EDS cou-
pled with TEM) of the synthesized NPs confirmed that they were
composed of Pt (Fig. S3).

Fig. 2 presents the PSD of PVP-PtNPs A-E obtained by TEM, AFM,
sp-ICP-MS, DLS, and FlFFF. The size distributions measured by TEM,
AFM, and FlFFF show that PtNPs A, B, D, and E exhibit a monomodal
PSD, whereas PVP-PtNPs C exhibits a bimodal PSD. For PtNPs C, the
size distribution measured by TEM shows that the main peak (77%
of the total number of NPs) is centered at 19 nm and the minor
peak of smaller particles (23% of the total number of NPs) is cen-
tered at 11–12 nm. The size of the smaller particles in PVP-PtNPs
C corresponds to that of PVP-PtNPs B, indicating that some seed
nuclei did not grow to larger particles possibly due to the limited
concentration of added Pt precursor. The size distributions mea-
sured by sp-ICP-MS show that PVP-PtNPs A, B, and C have similar
size distributions within the range 25 ± 2–32 ± 3 nm, and that PVP-
PtNPs D and E are characterized by a monomodal PSD. The PSD of
PVP-PtNPs A, B, and C are characterized by a half Gaussian distribu-
tion, possibly due to the detection of large PVP-PtNPs only (i.e.,
PtNPs > the lower size detection limit of �20 nm) [53]. DLS mea-
sured size distributions suggest that all PVP-PtNPs exhibited
monomodal PSDs because the lower size resolution of DLS cannot
resolve such small differences in NP size distribution compared
with the higher resolution of TEM, AFM, and FlFFF.

The mean sizes of PVP-PtNPs A-E, as measured by five different
techniques (Table 1), are different and generally follow the order
dAFM < �dTEM < dsp-ICP-MS < dFlFFFF < dDLS with few exceptions. These
exceptions likely can be attributed to inherent limitations of each
analytical technique. For example, dsp-ICP-MS > dFlFFF for PVP-PtNPs
A and B. This can be explained by the lower size detection limit
of sp-ICP-MS and subsequent overestimation of PVP-PtNPs A and
B mean sizes by sp-ICP-MS. The discrepancies in measured mean
sizes obtained by different techniques can be attributed to differ-
ences in (i) measurement principles, (ii) the obtained measurand,
(iii) PSD weighting, and (iv) NP structure [35,51].

Whereas TEM, AFM, and sp-ICP-MS all measure particle core
size, DLS, and FlFFF measure NP hydrodynamic diameter (i.e., core
size + diffuse layer). Thus, the NP sizes measured by DLS and FlFFF
are generally larger than those measured by TEM, AFM, and sp-ICP-
MS. TEM measures a projected surface area from which an equiv-
alent circular diameter can be calculated assuming spherical parti-
cle shape. AFM measures NP height, which is typically assumed
equal to particle diameter and that all particles are spheres
[54,55]. Both TEM and AFM techniques give number-based PSD
and number average size. The mean sizes measured here by TEM
and AFM were in good agreement (within ±10%; dAFM/dTEM = 0.92–
1.08) for all five PtNPs (Table 1).

sp-ICP-MS measures NP number-based core size. For the larger
PtNPs (D and E), the mean sizes measured by sp-ICP-MS are in
good agreement with those measured by TEM and AFM because
they are larger than the lower size detection limit by sp-ICP-MS
(i.e., 20 nm for PtNPs) [53]. The PSDs of PtNPs suspensions A, B,



Fig. 1. Typical transmission electron microscopy (TEM) micrographs of synthesized PVP-PtNPs for (a–e) PVP-PtNPs A, B, C, D, and E, respectively.
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and, C obtained by sp-ICP-MS are monomodal but present curtailed
log-normal size distributions. This is because the smaller particles
detected by TEM, AFM and FlFFF are below the size detection limit
of sp-ICP-MS. Hence, the dsp-ICP-MS of PtNPs A, B, and C are larger
than those measured by TEM.

DLS and FlFFF measure NP diffusion coefficients, from which NP
equivalent hydrodynamic diameter can be calculated using the
Stokes-Einstein equation, assuming NPs are hard spheres [56].
DDLS/dFlFFF varied within a range of 0.98–1.39 for PVP-PtNPs A-D
and was 0.89 for PVP-PtNPs E. The higher hydrodynamic diameter
obtained by DLS compared to FlFFF is because DLS measures
intensity-based PSD whereas FlFFF-coupled to UV–vis measures
mass-based PSD. The larger hydrodynamic diameter of PVP-
PtNPs E measured by FlFFF can be attributed to NP-membrane
interaction in the FlFFF channel resulting in retardation of NP elu-
tion as indicated by a tailing of the FlFFF PSD of PVP-PtNP E
(Fig. 2e).

For citrate-PtNPs B, D, and E, the dDLS decreased with the addi-
tion of 20 mM NaNO3 compared to dDLS in UHPW (Table 1). This
was likely due to shrinkage of the diffuse double layer after addi-
tion of NaNO3 [57]. As a result, dDLS of cit-PtNPs measured in
20 mM NaNO3 were in closer agreement to those measured by
TEM than to those measured in UHPW. NaNO3 addition provides
a useful way to measure NPs core size via DLS by increasing the
NP suspension ionic strength to shrink the diffuse layer without
inducing NP aggregation. For PtNP A and C, the dDLS did not change
with the addition of 20 mM NaNO3 compared to dDLS in UHPW,
which might be attributed to the higher polydispersity of PtNP A
and C (r/dTEM > 0.13) compared to PtNP B, D and E (r/dTEM < 0.09).

For the same PtNP, the dDLS of PVP-PtNPs were larger than the
corresponding dDLS of cit-PtNPs by 9–23 nm, depending on the par-
ticle (Table 1). This is attributed to surface coating exchange and
the formation of a thick PVP coating (4.4–11.4 nm thick), and is
in good agreement with TEM analysis (Fig. S2a–c) [58]. Moreover,
dDLS/dTEM of cit-PtNPs range from 1.1 to 1.7 (Table 1), and those for
PVP-PtNPs range from 1.3 to 2.9. This variability between small-ion
(citrate) stabilized PtNPs and large polymer (PVP) stabilized PtNPs
is mainly due to structural differences between PtNPs. The higher
ratios (dDLS/dTEM) of PVP-PtNPs are due to polymer softness/perme-
ability and because these particles do not satisfy the assumptions
of the Stokes-Einstein relationship for hard spherical NPs. Based
on our data, citrate-coated NPs may be considered hard spheres
whereas PVP coated NPs behave as soft permeable particles which
agrees with previous studies with different NPs [35,59].

The magnitude of f increase with increase in cit-PtNP size
(Fig. S4) can be attributed to (1) increases in surface Pt oxidation
state (e.g., Pt0 to Pt+2 and/or Pt4+) with decreases in PtNP size,
and/or (2) insufficient/partial citrate coating on smaller PtNP sur-
faces (i.e., variability in the amount of citrate per unit surface area).
The concentration of citrate molecules is the same for all PtNPs.
The specific surface area of PtNPs increases with decreases in NP
size. Thus the number of available citrate molecules per unit sur-
face area decreases with decrease in PtNP size. The first mechanism
can be ruled out because surface Pt oxidation state increases only
for PtNPs < 6 nm [60], and all PtNPs used in this study were
�10 nm. To evaluate the second mechanism, the zeta potential of
PtNPs A was measured as a function of sodium citrate concentra-
tion (Fig. S5). The f of PtNPs A increased with increasing sodium
citrate concentration which is indicative of an increased surface
coating and corresponding surface charge as sodium citrate
increased. Conversely, the decrease in magnitude of f with
decreases in particle size can be attributed to insufficient coating
of smaller PtNPs with citrate molecules due to correspondingly lar-
ger specific surface areas.



Fig. 2. Particle size distributions (PSD) of PVP-PtNPs using (a) transmission electron microscopy (TEM), (b) atomic force microscopy (AFM), (c) single particle inductively-
coupled plasma mass spectroscopy (sp-ICP-MS), (d) dynamic light scattering (DLS), and (e) field flow fractionation (FFF) with UV–vis as a detector, cross flow and channel
flow of 1 mL/min, and elution time of 60 min.
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3.3. Aggregation behavior of cit-PtNPs

Increases in electrolyte concentrations (NaNO3 and Ca(NO3)2)
lead to a corresponding increase in dDLS as a function of time
up to a certain cation concentration, above which the dDLS does
not change (Fig. S6). In the presence of NaNO3, cit-PtNPs A
(9.2 nm) did not show any aggregation up to 50 mM NaNO3 as
the counter ion concentration was insufficient to screen the cit-
PtNP A surface charge. At higher NaNO3 concentrations (55–
59 mM), cit-PtNPs A aggregation rates slowly increased as the
repulsion barrier decreased, as suggested by DLVO (Derjaguin,
Landau, Verway, and Overbeek) theory (Fig. S6a). At a NaNO3 con-
centration higher than 60 mM, attractive van der Waals forces
dominate over electrostatic repulsive forces resulting in fast
aggregation of cit-PtNPs A. Growth in z-average diameter as a
function of time did not change with further increases in NaNO3

concentration (up to 90 mM). Similar aggregation behavior was
observed for cit-PtNPs B-E (Fig. S6b–e). In the presence of diva-
lent electrolyte (Ca(NO3)2), aggregation of cit-PtNPs was observed
at much lower concentration of Ca2+ (e.g., 0.5–2.5 mM) compared
to Na+ concentration (e.g., 55–60 mM). Ca2+ ions are more effi-
cient in screening the surface charge of cit-PtNPs compared to
Na+ (Fig. S6f–j). Additionally, Ca2+ ions can interact specifically
with the carboxyl groups of citrate molecules adsorbed onto the
surfaces of PtNPs [61].

The attachment efficiency of cit-PtNPs as a function of NaNO3

(Fig. S7a–f) and Ca(NO3)2 (Fig. S7f–j) shows two different aggrega-
tion regimes, that is RLA and DLA, typical of DLVO type aggregation
behavior. The RLA regime for cit-PtNP occurs within a narrow
NaNO3 and Ca(NO3)2 concentration range (ca. 53–65 and 1–3 mM
for NaNO3 and Ca(NO3)2, respectively), and the CCC values vary
within a narrow counter ion concentration range for all cit-PtNP
sizes. The CCC values in the presence of NaNO3 and Ca(NO3)2 are
presented in Table 2. The lower CCC values in the presence of
Ca2+ compared to those measured in the presence of Na+ is in good
agreement with the Schulze-Hardy rule (i.e., the CCC is inversely
proportional to counter ion valency) and with previous studies
using citrate-coated silver nanoparticles [61,62].



Table 1
Summary of PtNPs sizes measured by different sizing techniques. The reported sizes are for PVP-PtNPs, except where it is mentioned otherwise.

Method/measured or calculated parameter Size of PtNPs suspensions (nm)

PtNPs A PtNPs B PtNPs C PtNPs D PtNPs E

AFM, dAFM ± rd 8.5 ± 1.2 10.3 ± 1.3 20 ± 4.77 40.5 ± 4.1 70.8 ± 4.2
TEM, dTEM ± rd (dTEM/rd) 9.2 ± 1.2 (0.13) 10.9 ± 0.8 (0.09) 18.5 ± 5.0 (0.27) 44.5 ± 2.7 (0.06) 72.5 ± 3.9 (0.05)
sp-ICP-MS, dsp-ICP.MS ±rd 26.3 ± 1.5 32.4 ± 2.5 24.7 ± 1.6 42.9 ± 0.8 77.1 ± 0.8
FlFFF, dFFF ± rd 19.3 ± 1.5 25.6 ± 2.7 36.7 ± 3.5 59.6 ± 5.2 105.4 ± 4.1
DLS, dDLS ± rd (PDI) 18.9 ± 0.3 (0.36) 31.4 ± 0.8 (0.19) 51 ± 0.7 (0.20) 74.7 ± 0.2 (0.03) 93.4 ± 1 (0.10)
DLS (cit-PtNPs in UHPW), dDLS ± rd 10.0 ± 0.3 17.0 ± 0.3 31.6 ± 0.2 59.3 ± 0.3 83.5 ± 0.3
DLS (cit-PtNPs in 20 mM NaNO3), dDLS ±rd 10.1 ± 1.9 14.0 ± 0.6 32.6 ± 1.3 52.8 ± 0.7 70.7 ± 0.9
dDLS-PVP – dDLS-cit-20 mM NaNO3 8.8 17.4 18.4 21.9 22.7
PVP thickness 4.4 8.7 9.2 11 11.4
dAFM/dTEM 0.9 1 1.1 0.9 1
dsp-ICP-MS/dTEM 2.9 3 1.3 1 1.1
dDLS/dFlFFF 1 1.2 1.4 1.3 0.9

dAFM: nanoparticle height measured by atomic force microscopy (AFM).
dTEM: nanoparticle equivalent circular diameter measured by transmission electron microscopy (TEM).
dTEM: nanoparticle equivalent spherical diameter measured by single particle-inductively coupled plasma-mass spectroscopy (sp-ICP-MS).
dFlFFF: nanoparticle equivalent hydrodynamic diameter measured by flow-field flow fractionation (FlFFF).
dDLS: nanoparticle equivalent hydrodynamic diameter measured by dynamic light scattering (DLS).

Table 2
Critical coagulation concentration (CCC) of cit-PtNPs in presence of monovalent
(NaNO3) and divalent (Ca(NO3)2) electrolytes.

CCC in NaNO3 (mM) CCC in Ca(NO3)2 (mM)

cit-PtNPs A 63.6 1.1
cit-PtNPs B 65.2 2.7
cit-PtNPs C 53.6 2.6
cit-PtNPs D 61.7 1.5
cit-PtNPs E 54.2 1.5
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No correlation was observed between CCC and cit-PtNP size
(Table 2) for NaNO3, or Ca(NO3)2. This is likely due to the increase
in f magnitude with increasing cit-PtNP size (Fig. S4). There are
currently contradictory data regarding the dependence of CCC on
NPs size. Studies have reported a decrease in CCC with decreases
in NPs size (e.g., hematite NPs [63], TiO2-NPs [64]), an increase in
CCC with decreases in NPs size (e.g. AgNPs [28], CdSe-NPs [65]),
and independence of CCC relative to NPs size (e.g. AuNPs [66]).
These contradictory results can be rationalized by taking into
account the variability among NPs surface charges [28]. Negative
correlation between CCC and NP size was observed for NPs charac-
terized by a narrow range of f (ca. �33 ± 3 to �35 ± 5 for CdSe-NPs
[65]), whereas positive correlation between CCC and NP size, or a
size independence for CCC, were observed for NPs characterized
by variable f [63,64,66].

Maximum cit-PtNPs aggregate sizes -- measured after 10 min in
electrolyte concentrations (e.g., 70 mM NaNO3 and 10 mM Ca
(NO3)2) greater than the CCC -- decreased with increases in cit-
PtNPs initial hydrodynamic diameters (Fig. S8). Under these exper-
imental conditions, the electrolyte concentration is sufficient to
fully screen cit-PtNPs surface charge and dictate cit-PtNPs aggrega-
tion based on their diffusion [67]. With mass concentration held
constant, smaller cit-PtNPs have a higher NPs number resulting in
a higher collision probability and a subsequently largermean aggre-
gate size. Thus, under the samemass concentration and under diffu-
sion limited aggregation conditions, smaller PtNPs form larger
aggregates than larger PtNPs. Additionally, themaximum aggregate
size of cit-PtNPs was larger in the presence of Ca2+ compared to Na+

(Fig. S8) and likely caused by cit-PtNPs aggregation enhancement
via bridging mechanisms in the presence of Ca2+ [62].

3.4. The concentration-dependent behavior of PtNPs in toxicological
media

The concentration-dependent colloidal stability (e.g. dissolu-
tion, aggregation) of cit- and PVP-PtNPs E was evaluated by mon-
itoring the change in dDLS, f, number particle size distribution,
and number particle concentration for PtNPs E (dTEM = 72.5 ± 3.9 -
nm) over 24 h in the three media (i.e., MHW, SW, and DMEM).
The pH of the PtNPs in DMEM, MHW, and SW media was
7.3 ± 0.1, 8.0 ± 0.1, and 8.1 ± 0.1, respectively.

The dDLS, and f were monitored by DLS at an initial PtNPs con-
centration of 2000 mg�L�1. The dDLS of cit- and PVP-PtNPs in UHPW
(control) were 89.5 ± 1.5 and 88.6 ± 1.9 nm, respectively (Fig. 3a
and b). The dDLS of cit- and PVP-PtNPs E increased slightly but sig-
nificantly (two tailed t-test, p < 0.05) immediately after mixing
with DMEM to 104.7 ± 3.9 and 105.4 ± 2.1, respectively, compared
to the UHPW control (Fig. 3a and b). This increase in the NP dDLS

might be attributed to sorption of organic compounds from the
media [68,69] and/or the lower viscosity of DMEM media
(0.94 mPa�s) compared to UHPW (1 mPa�s) [70]. The larger PtNPs
hydrodynamic diameter in the DMEM media was likely due to
the inverse correlation between size and viscosity (Stokes-
Einstein relationship). The absolute f values of cit- and PVP-
PtNPs E decreased from 48.3 ± 7.5 and 17.3 ± 1.5 mV in UHPW to
11.2 ± 9.2 and 6.9 ± 0.7 mV immediately after mixing with DMEM
media (Fig. 3c and d). This indicates the replacement of citrate
and PVP coatings by organic compounds in DMEM, and/or the
screening of PtNPs surface charge by the abundant counter ions
in DMEM. The dDLS and f of cit- and PVP-PtNPs E did not change
significantly (t-test, p > 0.05) in DMEM after 24 h compared to
those measured at 0 h, indicating colloidal stability of both cit-
and PVP-PtNPs in DMEM media despite a significant reduction in
the f absolute values. DMEM media is rich with organic com-
pounds (e.g., amino acids, vitamins, proteins) that are known to
sorb onto NP surfaces to form a surface coating called ‘‘protein-
corona” which may enhance NP colloidal stability via steric stabi-
lization [68,69]. The z-average hydrodynamic diameter decreased
after 24 h and may be attributed to the change in the nature
and/or formation mechanisms of the protein-corona over time
[71]. Formation of the protein-corona is dynamic in nature. Initially
proteins with high concentrations and high association rate con-
stants are adsorbed onto NP surfaces, and then they dissociate
quickly to be replaced by proteins of lower concentration, slower
exchange rates, and higher affinities [72]. Hence the thickness of
the protein-corona may change over time due to changes in pro-
tein conformation following sorption onto NP surfaces.

The dDLS of cit- and PVP-PtNPs E increased immediately after
mixing with MHW and SW, and the dDLS increased further after
24 h (Fig. 3a and b), indicating aggregation of cit- and PVP-PtNPs
in both media. At 24 h, the dDLS of cit- and PVP-PtNPs E was higher
in SW (954.3 ± 240.1 and 810.0 ± 282.4, respectively) compared to



Fig. 3. (a and b) the equivalent hydrodynamic diameter (dDLS.) and (b and c) the corresponding zeta-potential (f) of (a and c) cit-PtNPs and (b and b) PVP-PtNPs in ultra-high
pure water (UHPW), Dulbecco’s modified Eagle’s medium (DMEM), Moderately hard water (MHW), and 30 ppt synthetic seawater (SW) media after 24 h of adding PtNPs in
the corresponding media. PtNPs concentration in all suspensions are 2000 mg�L�1.
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those measured in MHW (778.2 ± 140.6 and 670.6 ± 19.8, respec-
tively), indicating higher aggregation in SW. The absolute f of cit-
and PVP-PtNPs was lower in SW after 24 h (7.1 ± 1.2, and
7.6 ± 0.8 mV) compared to those measured in MHW (22.4 ± 0.6
and 11.4 ± 0.9 mV; Fig. 3c and d). The higher aggregation and sur-
face charge screening in SW is due to the higher ionic strength of
SW compared to MHW.

The cit-PtNPs and PVP-PtNPs did not undergo significant aggre-
gation in DMEM despite the significant reduction in their absolute
f’s, whereas they formed large aggregates in MHW despite the
higher absolute f’s of PtNPs in MHW relative to DMEM. This indi-
cates that PtNPs are charge-stabilized in MHW and sterically stabi-
lized in DMEM. DMEM is rich with organic compounds (e.g., amino
acids, vitamins, proteins etc.) whereas MHW is prepared organic
free. Hence, the organic molecule sorption onto the surface of
PtNPs seems to enhance the colloidal stability of PtNPs in DMEM
media via steric stabilization [68,69].

The concentration-dependent aggregation and dissolution of
cit- and PVP-PtNPs E in DMEM, MHW and SW was further investi-
gated by monitoring NP number concentration and number size
distribution using sp-ICP-MS for initial NP concentrations between
20 and 2000 mg�L�1. The higher end of this concentration range
coincides with that used to investigate PtNPs E aggregation by
DLS. The lower end of the concentration range was selected as a
more environmentally-relevant concentration [73].

At 2000 mg�L�1, PVP-PtNPs size distribution did not change in
UHPW (Fig. 4c and S9a), increased slightly in DMEM (Fig. 4c and
S9b), and increased significantly in MWH (Fig. 4c and S9c) and
SW (Fig. 4c and S9d) over time. These results are in good agree-
ment with the increase in PVP-PtNPs size measured by DLS
(Fig. 3). However, the aggregate sizes measured by sp-ICP-MS are
generally smaller compared to those measured by DLS due to dif-
ferences in measured parameters and measurement principles as
discussed above.
In DMEM, the size distribution of PVP- and cit-PtNPs did not
change over time at 20 mg�L�1 (Fig. 4a and S10a,d). It increased
slightly with the appearance of a second peak at 90–100 nm at
200 mg�L�1 (Fig. 4b and S10b,e) and 2000 mg�L�1 PtNPs (Fig. 4c
and S10c,f), concurrent with a decrease in the total particle number
concentration (Table S5). In MHW and SW, cit- and PVP-PtNPs size
distributions extended to larger sizes with mean sizes increasing
with PtNPs concentrations (Figs. S11 and S12). Concurrently, pri-
mary NP number concentration (Figs. S11 and S12) and total parti-
cle number concentration (Table S5) decreased with increasing
PtNPs concentrations.

For direct comparison, the % change in NP mean diameter and
number concentration over 24 h as a function of NP concentration
in the three media is presented in Fig. 5. At a given concentration,
PtNPs mean sizes increased and the particle number concentra-
tions decreased following the order SW >MHW > DMEM (Fig. 5b
and d). For a given media, the % increase in PtNP mean size and
the % decrease in PtNP total number concentration increased with
increasing NP concentration. For DMEM, the PtNP mean diameter
and number concentration did not change significantly over time
(Fig. 5a and c). For MHW and SW, the particle diameter increased
with increases in initial NP number concentration (Fig. 5a and c)
concurrent with a decrease in total particle number concentration
(Fig. 5b and d), thus indicating particle aggregation.

Despite PtNP aggregation in MHW and SW, a fraction of PtNPs
remained as primary particles (Fig. 6 and S9–S12). The % of primary
(unaggregated) particles increased with decreases in NP concentra-
tion (Fig. 6). This was due to a decrease in collision frequency,
resulting in the formation of smaller aggregates and/or the lack
of NP aggregation. These findings suggest that NP aggregation
becomes less significant at lower concentrations, and that NPs
may remain as primary particles for an extended period at environ-
mentally relevant concentrations -- even in high ionic strength
media such as MHW and SW. This is in good agreement with the



Fig. 4. Size distribution of PVP-PtNPs E after 24 h of adding the NPs to different media at initial exposure concentration of (a) 20 mg�L�1, (b) 200 mg�L�1, and (c) 2000 mg�L�1.

Fig. 5. (a and c) Change in particle diameter (%), and (b and d) change in particle number concentration (%) after 24 h of adding cit-PtNPs (a and b) and PVP-PtNPs (c and d) to
DMEM, MHW, and SW. PtNP concentrations were 20, 200, and 2000 mg�L�1. NP diameter and number concentration were measured by sp-ICP-MS.
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decrease in AuNP aggregate size concurrent with a decrease in
their concentration [69]. Furthermore, the % of primary particles
was higher (two-way ANOVA, p < 0.05) for MHW than for SW
(Fig. 6) due to the lower ionic strength of MHW compared to SW.
Initial dissolved Pt concentration (at 0 h) was <4% of total PtNPs
concentration in all NP suspensions. After 24 h, only 5–15% of
PtNPs was dissolved in the different toxicological media
(Fig. S13), but these amounts were variable across samples and



Fig. 6. The percentage of primary particles remaining in suspension after 24 h of adding (a) PVP-PtNPs and (b) cit-PtNPs to moderately hard water (MHW) and 30 ppt
synthetic seawater (SW). % of primary PVP-PtNPs was calculated number of primary NPs in the media after 24 h relative to the total number of NPs in original suspension.
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not statistically different (two-way ANOVA, p > 0.05). Moreover,
we did not observe any differential concentration-dependent dis-
solution of PtNPs, but a previous study has reported
concentration-dependent differential dissolution of AgNPs
[73,74]. This is likely attributed to the higher solubility of AgNPs
relative to PtNPs (Fig. S14). The aggregation and dissolution behav-
iors of cit- and PVP-PtNPs were not significantly different. This
might be attributed to the partial surface coating of PVP-PtNPs
[28]. Thus, both cit- and PVP-PtNPs behaved as charge-stabilized
NPs independent of the media ionic strengths evaluated here.
4. Conclusions

A reproducible protocol was developed for the synthesis of
monodispersed citrate- and PVP-coated PtNPs of five different size
classes, together with a multi-method characterization of NP
behavior in relevant biological and toxicological media. In general,
the sizes of PtNPs measured using DLS, FlFFF, sp-ICP-MS, TEM and
AFM, were all in good agreement whenever PtNP sizes were larger
than the size detection limits for each analytical technique. For
PVP-coated PtNPs, the thickness of the PVP layer increased with
increases in NP size. Observed aggregation of PtNPs was typical
of DLVO type aggregation behavior as reported for other types of
NPs (e.g., Ag, Au, TiO2, and iron oxide NPs) [67,75–77]. The critical
coagulation concentration of cit-PtNPs was independent of NP size,
possibly due to differences in PtNPs surface charge as a function of
NP size. The aggregation behavior of PtNPs depends on media com-
position, NP concentration, and ionic strength. PtNPs tend to
remain stable in DMEM regardless of NP surface coating or concen-
tration, whereas they tend to aggregate in MHW and SW for both
cit- and PVP-PtNPs. Additionally, PtNPs exhibit an increase in
aggregate size concurrent with increases in NP concentration.

At environmentally relevant concentrations (<20 mg L�1),
synthesized PtNPs undergo very limited aggregation and/or disso-
lution and do not change appreciably over time, even in high ionic-
strength SW. This reduced PtNPs aggregation behavior is in good
agreement with other types of NPs (e.g., iron oxide, AuNPs, AgNPs,
and Au@Ag core–shell Nanoparticles) that similarly show reduced
aggregation with decreases in concentration [36,59,69]. Taken
together, limited aggregation and lack of dissolution at relevant
environmental concentrations suggest that PtNPs are an excellent
model NP for future fundamental studies of NP environmental
transport, fate, deposition and biological uptake. This is because
they behave as intact primary NPs in environmental media rather
than evolving to dissolved Pt or variably-sized NP aggregates.

The concentration of platinum group elements (PGE) in the
environment in the form of nanoparticles has significantly
increased over the past decades due to the increased release of
Pt from automotive catalytic converters. The limited aggregation
and dissolution of PtNPs at environmentally-relevant particle con-
centrations suggest that they may persist in the environment and
may travel for longer distances in surface waters than other NPs.
The concentration-dependent aggregation of PtNPs implies that
in (eco)toxicological studies, the nature of PtNPs exposure will
change as a function of NP concentration; that is, organisms will
likely be exposed to primary nanoparticles at low NP concentra-
tions (<20 mg�L�1) and predominantly exposed to NP aggregates
at higher concentrations. Such concentration-dependent differ-
ences in Pt-NPs exposure dynamics should be considered as they
are likely to influence NP uptake, elimination and ultimately toxi-
city as a result of these unique aggregation behaviors.
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