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ABSTRACT: Cadmium-containing quantum dot nanoparticles (QDs) are integrated into
electronic displays because of their ability to efficiently convert colors. There are conflicting

accounts as to whether these particles present a hazard to the environment, as they have been



studied either as (1) embedded QDs in display screen films or (2) as model QDs with small,
hydrophilic ligands. Both approaches have limitations that we addressed by synthesizing QDs
featuring the core-shell structure and the thick polymer coating present in commercial devices, to
probe the dissolution of QDs in response to two environmental factors (pH, dissolved oxygen)
over 1 day and 6 months. Results show that QDs were chemically stable at circumneutral pH (0%
Cd dissolution after 6 months), but low pH initiated rapid dissolution under both aerobic and
anaerobic conditions (up to 100% Cd dissolution after 6 months). In addition to the presence of a
capping polymer, the QDs shell structure led to more chemically stable nanoparticles compared to
non-shelled QDs, as the presence of ZnS shells decreased Cd dissolution by 75%. The dense
aggregation of QDs into structures of ~100 nm in diameter over time was observed as well, which
could lead to decreased bioavailability. To test this, we used liver cells to compare the toxicity of
pristine QDs to those subjected to acid dissolution. Our results reveal that low-pH exposed QDs
separated from dissolved ions are less toxic than pristine QDs (ICso of 290 and 150 mg/L,
respectively) and suggest a key role of dissolved ions and capping polymers for QD toxicity. These
findings highlight the use of a commercially-relevant nanoparticle structure to demonstrate fate

and toxicity.

INTODUCTION: Quantum dots (QDs) are versatile nanoparticles whose excitons are confined
in three dimensions, creating a distinct bandgap and narrow emission.>? With innovations in
synthesis and measurement techniques, the quantum yield of certain QDs approaches unity.® Such
nanomaterials are used in electronic displays as they can enhance color, durability, and efficiency
for both green and red pixels.* High-performance electronic displays containing QDs have been

available since 2013, with sales increasing every year.’



Commercial QDs are complex nanostructures containing several essential parts, important for
both their function and their formulation, namely a core, a shell, a ligand, and possibly a capping
polymer. The core is responsible for the desired optical properties and commonly made of a
semiconductor. The wavelength of emitted light is dependent on the easily tunable QD core size.®
Cadmium selenide (CdSe) initially emerged as a preferable core material because of its emission
in visible wavelengths and its simple synthesis that has cheap and air stable precursors.”® Although
many materials are cited in patents as good for QD use in electronics, CdSe is highlighted because
of “the relative maturity of the synthesis”.® These cores are then covered by an inorganic shell to
shield them from oxidation and further increase quantum yield.!° CdSe QD cores can be protected
by layers, i.e., shells of CdS, ZnSe, ZnS, silica, or a combination of these materials which inhibit
non-radiative recombination by providing distance between the core and possible surface
defects.!®!! Next, these layers or shells are often stabilized by an organic ligand and/or a capping
polymer. The organic ligand plays a role in the core and shell synthesis in order to control the size
as well as optical properties and the capping polymer helps with QDs stability and formulation in
a desired media (water, plastics precursors, organic solvents, etc.).!? In the case of commercial
QDs for display applications, both a small molecule organic ligand and a capping polymer are
used.® The tunability and complexity of possible QD structures is a reason for their successful
integration into electronics. But their varied and complex structures and proprietary synthesis
protocols makes it difficult to accurately reproduce commercially-relevant QDs for academic
purposes.

With only 20% of electronic waste properly recycled,*® QDs are likely to be released into
the environment through either (1) leakages and discharges from engineered landfills or

unregulated waste dumps to soil and groundwater, or (2) unregulated recycling in unsafe



conditions. A significant number of displays manufactured have QD cores containing Cd, which
is a known carcinogenic and bio-accumulative heavy metal, with recommended drinking water
limits of 0.003 mg/L.!* Therefore, the potential release of Cd through aged quantum dots is a
concern. Ageing QDs —i.e. exposing them in a prolonged fashion to the environment or to specific
environmental conditions (e.g. a range of pH, dissolved oxygen, natural organic matter) in model
systems — *° can lead to nanoparticle dissolution, aggregation, among other transformations. The
ageing of QDs has been studied using either (1) model QD structures dispersed in aqueous solution
and (2) commercial products within which proprietary complex QD-containing structures are
embedded.

Model QDs (1) are commonly CdSe cores with ZnS shells which are designed to be initially
colloidally stable, are easily tracked (through fluorescence or isotopes present) and usually contain
either small molecules as ligands, or innocuous polymers used for toxicity tests.!®*8 The study of
(1) model QDs suggests a high potential for rapid dissolution in response to low or high pH. For
example, Paydary et al. noted that Cd and Zn dissolution at pH 7 reached equilibrium after either
8 days (Zn) or 80 days (Cd) from CdSe/ZnS-mercaptopropionic acid QDs.'® Lowering the pH to
4 increased those rates.'® Mahendra et al. demonstrated a 100x increase in soluble Cd and Se from
CdSe/ZnS (with unknown polymer ligand) QDs at pH of 2 and 12 compared to pH 7 after only
30 min.%® These studies do not decouple the roles of low pH and oxygen, both of which could be
key to initiating the dissolution of sulfides and selenides. Aggregation is another alternative fate
of QDs under environmentally representative conditions. The stable hydrodynamic radius of
polymer-coated CdSe/ZnS QDs in seawater has been noted?® and increased concentration of
solutions spurred aggregation (at 20 ppm CdSe/ZnS-mercaptopropionic acid QDs).!® Different

ligands, thioglycolic acid and poly(maleic anhydride-alt-1-octadecene), initiated different amounts



of aggregation and dissolution in soil column experiments.?! However, the model QDs used in
such fate studies are often coated with ligands selected for their ability to disperse QDs in water,
for use as innocuous biosensors or in other medical applications, or as a benign coating for toxicity
tests. Their structure greatly differ from the ones of QDs in real devices, which are designed for
formulation and long-lasting fluorescence when incorporated into a product, usually through
encapsulation into a polymer.® These proprietary QDs are therefore designed with different shell
structures, ligands and capping polymers than previously studied model QDs, which may directly
impact both their stability and toxicity.

In contrast, other groups have decided to study QDs already embedded in products (2) and in
these cases have found that the particles are relatively chemically stable. For example, a study on
QD-containing polymer prototype for LEDs (QD Vision) indicated that, after 30 days, 7% Cd
leaching under near-neutral conditions (pH 5 or 1mM H,0,).?? A QD-containing Kindle (Amazon)
film leached only 10% of its Cd after the waste extraction test (WET) using citric acid at pH 5.2
However, these studies provide limited information on how QDs are transformed because they
assess an entire product, in which QDs cannot be separated from the encapsulating solid matrix
and do not allow for extraction of QD materials necessary for in-depth characterization and fate
analysis. Additionally, limited effort was devoted to low pH exposures, despite their environmental
and biological relevance. Furthermore, the impacts of certain environmental conditions on QD
transformations could be suppressed. For example, the dissolution of QDs could be altered by the
absorption of ions on another component of the product (e.g., the encapsulating solid matrix).

In addition to the dissolution of QDs in the environment, it is necessary to determine the toxicity
trends associated with commercially-relevant QDs and how the toxicity changes with

environmental ageing. When comparing different pristine Cd-containing QDs, it has been reported



that toxicity is mediated by surface components (i.e. ligand and metal sulfide shell),?* but such
surface components change after particle ageing. Several studies have demonstrated that certain
model QDs become more toxic as they age.'®'® As an example, CdSe/ZnS QDs capped with
polyethylene glycol transformed into Cd ion and Se nanoparticles after exposure to oxidative
conditions, resulting in increased toxicity to zebrafish embryos (LCso of 50 uM Cd equivalents
prior to oxidative conditions versus 10 puM Cd equivalents after exposure).t® The exposure of QDs
to non-physiological pH increased toxicity as well, but the toxicity of constituent ions dosed
together could not explain the aged QD toxicity increase to bacteria.!® These studies lay an
important and extensive groundwork for the toxicity study of aged QDs, but certain aspects of
these QDs studies hinder the prediction of toxicity of QDs in electronics. In short, aged QD toxicity
studies suffer from a similar constraint as QDs transformed by the environment: the studied QD
does not model the complexities of QDs used in products. In addition, they do not address the
possible toxicity of aged QDs alone, separate from their ionic constituents

As toxicity is closely linked to both QD surface coating and QD ageing, the gap between
the environmentally-mediated transformation of model particles and QD-containing products must
be addressed. There is a disconnect between the high dissolution of uncoated or simplified
composition model QDs compared to the low release of ions from QD-containing products. This
contradiction merits the use of better QD models that are representative of the more chemically
stable QDs in products, both for ageing and subsequent toxicity studies. The assessment of the
combination of environmental aging and subsequent toxicity of a QD model that is relevant to the
industry is an innovative approach to the assessment of possible end-of-life nanoparticle hazard.

To bridge the gap, we synthesized a representative commercial QD, and assessed it

dissolution, aggregation, and toxicity in aqueous media. While it is unknown to what extent



commercially relevant QDs released from disposed products in landfills or during recycling would
compare to the pristine forms of those QDs added into products, the assessment of the
environmental transformations and toxicity of the pristine QDs could serve as a ‘worst case’
scenario. We synthesized and used the ‘most preferable’ capping polymer® mentioned in the patent
outlining QDs for display use. To further mimic conditions in display screens, we used an excess
of this capping polymer compared to QDs. We examined the effect of exposing QDs to two
environmental factors: pH and dissolved oxygen with short (1 day) and long term (6 months)
ageing. The impact of pH on the chemical stability of the different shells and the core that
constitute the commercially relevant QDs were assessed. We then compared the toxicity of a
commercial model of pristine QDs and aged QDs in a human cell line. Furthermore, we examined
QD cytotoxicity on a common model for the liver, HepG2 cells, to specifically address the impact
of commercially-relevant ligands on fate and toxicity. This study brings attention to the importance
of the role of an abundant, relevant ligand designed for use in displays. This approach considers a
chemist’s interest in nanoparticle design, an environmental engineers’ assessment of important
natural ageing triggers, and a toxicologist’s rigor in assessing the different parts of this complex
nanoparticle. Given that these QDs that could be released into the environment, the knowledge of
relevant transformation reactions and toxicity trends can ultimately inform the design and

assessment of safer QDs in the future.

RESULTS AND DISCUSSION:
CdSe/ZnS-PEI&E3P synthesis:
Following our goal to access QDs that are relevant to QD in existing devices, we designed them

according to the Quantum Dot Emission Film (QDEF) patent.® This patent is assigned to Nanosys



Inc, a major manufacturer in the QD display industry. Both cadmium and zinc have been found in
QD-containing display films in previous studies and we confirmed the presence of both of these
elements in a QD display film (see Fig. S1).2 While the patent was not explicit on the QD
core/shell synthesis, it did mention that CdSe was an exemplary material for QDs, preferably with
the presence of both CdS and ZnS shells.® We hypothesize that these QDs possess a cadmium
selenide (CdSe) core for narrow emission, an alloyed cadmium sulfide zinc sulfide (CdS/ZnS)
shell for enhancement of quantum yield and stability.?® The QDs are capped by a polymer, i.e.
polyethyleneimine reacted with an epoxide (PEI&E3P), also mentioned by the patent.® We
confirmed the presence of key functional groups of PEI&E3P in QD-containing films extracted
from a commercial display using **C solid state carbon nuclear magnetic resonance (**C-ssNMR,

see Fig. S2). With this information, we designed a synthesis for CdSe//ZnS-PEI&E3P QDs (see
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Scheme 1: Outline of CdSe/ZnS-PEI&E3P synthesis. The process begins with the hot-injection
synthesis of CdSe QDs, followed by the addition of alloyed CdS/ZnS shells using the SILAR
method (alloyed shells from 3 subsequent precursor additions without purification;
CdS/CdosZnosS/ZnS). On the bottom left is the reaction between polyethyleneimine (PEI) and 1,2

epoxy-3-phenoxypropane (E3P) to yield the product of PEI&E3P. CdSe/ZnS QDs were then



integrated into the PEI&E3P. This procedure is adapted from a patent outlining the use of QDs in

display applications.®

Because no specific core/shell synthesis was mentioned in the patent, we chose to synthesize a
CdSe core QD with a graded shell of CdS/ZnS based on a previously published synthesis.?®?’
Specifically, myristic acid stabilized CdSe nanoparticles were synthesized as cores.?® The emission
peak of the cores was 595 nm with a full width at half max (FWHM) of 34 nm (see Fig. S3, Table
S1). The transmission electron microscopy (TEM) analysis of these spherical particles indicated
that their average diameter was 3.2 + 0.4 nm (n=50, Fig. S4). These particles were also crystalline,
as demonstrated by lattice lines on the TEM and peaks on powder X-Ray diffraction (pXRD, Fig.
S5).

Next, inorganic shells were added onto the core using successive ion layer absorption and
reaction (SILAR) method that uses octadecylamine as a ligand.?” We chose to add 3 different
layers to the shell, from CdS to Cdo.sZnosS, to ZnS for all QDs because this procedure has proven
to decrease the lattice mismatch between shells and enhance photostability.?® These shells were
added sequentially to the reaction mixture (i.e. no purification between their additions). There was
a 10 minute gap between additions of the shell elements (either Cd, CdosZnos, Zn, or S), which
had been previously established because after this time period the optical properties displayed no
further changes.?” These inorganic sulfide shells will be referred to as “alloyed” shells. QD
particles increased in diameter from 3.2 + 0.4 nm (cores) to 4.8 + 0.8 nm when the shells were
added (Figure 1A). The shape variation of the shelled QDs indicates that the addition of different
layers to (i.e. shelling) the spherical core is not completely uniform. However, these size ranges
and shapes align with those previously reported in the literature for the shelling of synthesized and

purchased quantum dots.?”?8162% The crystallinity of the samples is observed via pXRD



measurements, which indicate a cubic structure of CdSe core, CdS, and ZnS alloyed shells present
in the QDs (Figure 1B). Three reflections of the cubic phase are indicated in the figure, where
broad peaks are a result of the mix of CdS, ZnS and CdSe present.2*3! Both TEM and pXRD
spectra were taken without the addition of the capping polymer (see procedure below) because the
large quantity of organic molecules in that polymer could obscure the bulk and particulate
crystallinity observations. The addition of alloyed shells, CdS to CdosZnosS, to ZnS (with each
layer added sequentially without purification in between), for all CdSe QDs, is key to designing
stable, commercially relevant QDs. This alloyed shell structure is important to keep in mind as

these particles are aged later in the paper.
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Figure 1: (A,B) Representative TEM image of CdSe/ZnS-octadecylamine QDs with inset
demonstrating size range of CdSe/ZnS QDs by TEM (n=200) (C) pXRD CdSe/ZnS-
octadecylamine QDs and (D) Absorbance (red) and fluorescence (orange) of CdSe/ZnS -

PEI&E3P in toluene (excitation at 400 nm).
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After the addition of inorganic shells to the CdSe core, the ligand present on the surface of these
QDs is octadecylamine because of the synthesis. We then coated these QDs in an additional
capping polymer layer.® Polyethyleneimine (PEI) and 1,2-epoxy-3-phenoxypropane (E3P) were
combined under argon in an addition reaction which formed a C-N bond (see Scheme 1). The
synthesized polymer was characterized by *H-NMR (see Fig. S6). The characteristic sharp peaks
of the epoxide at 4.25, 3.95, and 2.92 ppm broadened and shifted as they were incorporated in the
broad peak of the polymer network from 2.4 to 2.8 ppm and 3.8 to 4.2 ppm (Fig. S6). Importantly,
the hydrogen directly bonded to the secondary carbon on the epoxide ring in E3P at 3.38 ppm is
no longer apparent, indicating that no epoxide rings could react with QDs (Scheme 1).

In Scheme 1, QDs were added to the as-synthesized capping polymer at 100°C. To ensure
that the same amount of QD was added to this polymer in each synthesis, thermogravimetric
analysis (TGA) was done on every CdSe/ZnS-octadecylamine sample to evaluate the ratio of
inorganic/organic contents (Fig. S7). The organic content (octadecylamine) varied from 30-40%
depending on the QD sample. With the ratio known for each sample, the amount of QDs added to
the 450 mg of the polymer was adjusted so that the total inorganic weight added for every synthesis
would be the same (20 mg). These synthesized QDs were labeled as CdSe/ZnS-PEI&E3P, which
were approximately 4 wt% inorganic QD. This translates to 2 wt% Cd and 1 wt% Zn, which was
later confirmed via acid/H2O> digestion and measurement in the ICP-OES. This low amount of
QD reflects the amounts of QDs used in the QD film in display applications, which is

approximately 0.01% Cd.*

After the addition of a capping polymer, we checked that the desired QD properties were still
intact. The preservation of the QD fluorescence was demonstrated by the preserved emission of

the QDs at 584 nm with a full width at half max (FWHM) of 34 nm (Figure 1D, Table S1). This
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correlates well to the fluorescence of the CdSe core (peak emission of 595 nm and FWHM of 37
nm). The fluorescence changes with coating of ZnS-PEI&E3P represent a slight decrease in core
size, but a slight increase in core uniformity.® The *H-NMR analysis also revealed octadecylamine
ligands were still present (1-2 ppm peaks, Fig. S8).

In short, this construction of CdSe/ZnS-PEI&E3P is focused on replicating the QDs found in
displays (alloyed shell and polymer coating) while also maintaining the ability to fully synthesize
and characterize a nanoparticle free of a plastic coating.

CdSe/ZnS-PEI&E3P dissolution in response to pH and oxygen:

After the CdSe/ZnS-PEI&E3P was synthesized, it was subject to dissolution tests to determine
the amount of solubilized ions after exposure to pH 2-8 as well as atmospheric O2 and anoxic (N2
atmosphere) system (Figure 2). Initial sample preparation involved a pH adjustment with acetic
acid because the solution of 100 mg/L of CdSe/ZnS-PEI&E3P had an initial pH of 10. We chose
acetic acid because of its use in the Toxicity Characteristic Leaching Procedure3 to measure metal
release from waste and because acetic acid prompted more dissolution of QDs from LDPE
(compared to hydrochloric acid and citric acid) in a study by Duncan et al.®®

The initial Cd and Zn concentrations in these dissolution tests were 3 and 1.5 mg/L, respectively,
all in nanoparticle form. After the exposure tests to specific environmental conditions were
completed (dark conditions for either 24h or 6 months), we separated the fraction of the sample
containing <3kDa species from any remaining nanoparticle matter (>3kDa) using filtration with
ultracentrifugation filters (see SI for method validation). Solubilized ion and nanoparticle fractions
were digested separately with both nitric acid and hydrogen peroxide to release all metals present
into solution and break down PEI&E3P.3® Finally, the concentrations of Zn and Cd in the dissolved

and nanoparticle solutions were measured using inductively-coupled plasma optical emission
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spectroscopy (ICP-OES). The results of the dissolution are presented as a percentage of the total
metal content in the QDs which was found dissolved, i.e. which passed through a 3KDa filter.
Specifically, 100% indicates that all metal was dissolved and none remained as components of a
QD. These results in aerobic conditions (Figure 2A and 2B) were then compared to anaerobic

conditions (Figure 2C and 2D).
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Figure 2: Dissolution of (A) Zn and (B) Cd after exposure to waters at varying pH for 1 day
(orange circles) and 6 months (yellow diamonds) in a dark aerobic environment. (C) Zn and (D)
Cd dissolution under an anaerobic environment kept all other conditions the same. Error bars
represent the standard deviation of duplicate samples, each of which yielded three ICP-OES

measurements (total six values used for each data point).
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This analysis of CdSe/ZnS-PEI&E3P QDs ageing at pH 2-8 indicated that the free ion
concentrations increased as pH decreased under both aerobic and anaerobic conditions. The Zn
content of the QDs was almost completely dissolved as Zn?*(yq) after 1 day at pH 2, while only 5-
10% of their Cd content was present as aqueous ions under the same conditions. After 6 months,
the dissolution of Zn was complete for pHs below 4, while at pHs above 4 Zn remained partially
undissolved with the QD shells. Even after 6 months at pHs above 4, Cd overall remained
undissolved. Only at pH 2 did we observe modest dissolution of Cd.

This lack of dissolution at circumneutral pH is in agreement with studies on QDs embedded in
plastics or display films, but differs from results with model QDs. This result offers a validation
of our synthetic design, in the sense that it affords a fully characterized model of a slow metals
release particle, similar to the real ones found in devices. The CdSe/ZnS-PEI&E3P QDs in this
study released fewer metal ions than comparable CdSe/ZnS -mercaptopropionic acid QDs from
another study at lower concentrations (1 ppm QD) under similar conditions (dark, circa 1 day
dissolution time).1* After 24h at pH 7, CdSe/ZnS-mercaptopropionic acid QDs released 30% of
their Cd and 90% of their Zn,** while in this work CdSe/ZnS-PEI&E3P released 0% of their Cd
and 20% of their Zn.

Ligand functional groups and their quantity may play a role in this limited dissolution.63" In
fact, it is not common to report the amount of ligand or capping polymer used for dissolution
tests.1%2938 |n this study, the amount of capping polymer may have influenced the robustness QDs
at circumneutral pHs such that our model behaves more like QDs in displays.

Our studies indicated a significant difference in aerobic vs anaerobic conditions occurred after
6 months at pH 2 for Cd, where roughly 65% of Cd was dissolved in aerobic conditions, but 100%

was dissolved in anaerobic conditions. In addition, the pH range for Cd dissolution increased from
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pH 2 in aerobic conditions to pH 2-4 in anaerobic waters. For Zn dissolution, aerobic conditions
caused higher dissolution for pH 3-4 after 1 day compared to anaerobic conditions, but after 6
months there was no significant difference between in aerobic vs anaerobic conditions for Zn
dissolution of all pH studied (p<0.02 is significance benchmark for all comparisons).

The two variations of conditions were chosen in order to decipher the role of oxygen in low pH
metal sulfides (MS) dissolution experiments pH. This dissolution reaction has been proposed
before to proceed via either an anaerobic pathway (eqg.1) or an aerobic one (eq. 2).%°

MS(s) + 2H{ag) = H2S(ag) + M(ag) eq. 1

MS() + 2H{gq) + Hy0 + 20, — SOF™ 0y + Mgy + 2H(ggy + H0 €q. 2

Eq. 1 describes a well-known mechanism for the dissolution of acid-soluble metal sulfides. “° In
Eq. 2, oxygen plays a role in further oxidizing sulfur-containing reaction by-products, but it may
also participate in the dissolution itself, via sorption of Oz (aq) onto a metal sulfide so as to release
sulfates and metal ions from the QD surface. 2°% Eq 2 may also proceed in another manner: Eq 1
followed by the oxidation of hydrogen sulfide to sulfate in solution. In this study, both aerobic and
anaerobic dissolution rates for ZnS and CdS increased steadily as the pH was decreased, which is
consistent with both equations 1 and 2 (Figure 2).

Yet, for Cd, the anaerobic conditions afforded faster dissolution than the aerobic ones, the
difference being more pronounced after 6 months than 1 day. “'This point strongly suggests that
indeed O> must actively participate mechanistically to the aerobic dissolution of the metal sulfide
itself so as to slow down the reaction in this case. For instance, the presence of O, may trigger the
formation of a passivating CdO layer locally. This explanation is consistent with the difference

being more pronounced after a longer reaction time.
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To test whether the persistence of the CdSe/ZnS-PEI&E3P in response to pH and oxygen was a
result of the alloyed shell, we synthesized two other model particles. First, we synthesized ZnS-
PEI&E3P to mimic the shell material (see Sl for synthesis, Fig. S9 for characterization). ZnS
particles were 4.0 £ 0.6 nm (n=100) in diameter capped with oleylamine because of the synthesis
(compared to 4.8 £ 0.8 nm diameter CdSe/ZnS synthesized with octadecylamine). Then, these ZnS
QDs were stabilized by same capping polymer (PEI&E3P) in the same procedure as CdSe/ZnS
QDs. We measured the Zn ion dissolution from ZnS QDs at pH 2 and 4. The dissolution extent
matched those of Zn in CdSe/ZnS QDs at pH 2 over 24h dissolution time, but at pH 4 there was
less dissolution for ZnS compared to CdSe/ZnS QDs (Figure 3A). The fact ZnS dissolved
preferably when it is shelled over CdSe than when it is the sole constituent of a nanoparticle can
arise from the fact ZnS is likely to have more defects if it is grown over materials with different
epitaxies (CdSe and CdS), as it has been shown by others.*? However, the difference between CdSe
and ZnS is greater than that between CdS and ZnS. Therefore, the alloyed shells may decrease
dissolution. This alloying is not mentioned in comparable QD dissolution studies with model
QDs,'® which may be a reason for their QDs relative lower stability.

Also, we synthesized CdSe-PEI&E3P with no CdS or ZnS shells, with the same CdSe and
PEI&E3P methods used for CdSe/ZnS-PEI&E3P. CdSe-PEI&E3P QDs did not contain a long
chain amine similar to CdSe/ZnS-PEI&E3P and ZnS-PEI&E3P, but instead myristic acid as a
result of the synthesis. The dissolution of CdSe-PEI&E3P after 24 h at pH 2 and 4 is almost
complete (>75%, Figure 3B). Cd dissolution from CdSe-PEI&E3P was much higher than in the
sulfide-shelled CdSe/ZnS-PEI&E3P, confirming the anticipated protective function of the shell in

this context.
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Specifically, Cd ions can only be released from CdSe/ZnS-PEI&E3P after complete dissolution
of the ZnS shell, at which point the mixed Cd/Zn sulfide shell is exposed. After 24 h, Cd dissolution
at pH 2 in aerobic conditions indicates that the Cd contained in this CdosZnosS layer is partially
dissolved (~22% of all Cd, Figure 2B), however, the remaining CdSe core is intact. This protection
of CdSe core however, is only temporary. The dissolution results for Cd after 6 months (60-100%
of Cd is dissolved at pH 2, Fig.1) points to the fact that CdSe and CdS are not stable in the long
term under low pH. This long-term outlook on the potential dissolution of CdSe/ZnS-PEI&E3P is

necessary to determine the possible results of QD dissolution.
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Figure 3: (A) Dissolution of Zn from CdSe/ZnS-PEI&E3P and ZnS-PEI&E3P and (B) dissolution
of Cd from CdSe-PEI&E3P and CdSe/ZnS-PEI&E3P. Dissolution was measured after 24 h in the

dark in aerobic conditions at pH 2 and 4 regulated by acetic acid.

Aggregation of CdSe/ZnS-PEI&E3P
Besides dissolution, CdSe/ZnS-PEI&E3P particles may undergo transformations, namely their

ability to aggregate. To gain insight into the structural evolution of these nanoparticles, we
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investigated them after different ageing events with dynamic light scattering (DLS) and (-potential
measurements. At 0.3 mg/mL at neutral pH, the {-potential of CdSe/ZnS-PEI&E3P was on par
with the {-potential of PEI&E3P alone at +35-45 mV, which confirms the surface charge of
CdSe/ZnS-PEI&E3P are stemming entirely from their capping polymer. With decreasing pH to 8,
the (-potential decreases slightly (to 26-28 mV), indicating that the protonation extent of the
capping polymer is only slightly decreased (Fig. S10). Over pH 2-8, the hydrodynamic size of
CdSe/ZnS-PEI&E3P in solution after 1h is slightly larger than polymer alone (hydrodynamic
radius is stable at 100-130 nm over pH 3-9). This large hydrodynamic size of the CdSe/ZnS-
PEI&E3P was maintained after 24h as well (Fig. S10). These hydrodynamic sizes and zeta
potentials are relatively stable over the pHs measured, compared to CdSe/ZnS QDs coated with
octylamine-modified poly(acrylic acid).*®

The fluorescence of QDs has also been linked to the aggregation state of the particles. The
fluorescence of CdSe/ZnS-PEI&E3P was measured after 1 hour, 1 day, and three weeks (Fig. S11
and S12). After 1 day, fluorescence peak intensity from pH 6 and 8 decreased, while intensity at
pH 4 increased to 170% of initial intensity (taken after 1h). A similar increase in fluorescence
intensity has been well documented for thiol-based ligands,** but in this case amines may be
temporarily passivating surface traps with protons. These spectra indicate that after 3 weeks, there
is a complete loss of fluorescence of QDs in solution. This could partly be due to degradation of
the QD structure, via shell dissolution at low pHSs, or due to aggregation. Aggregation proved to
be influential because the vortexing of solutions for 30 min increased the fluorescent signal
intensity to 35% of the initial fluorescence intensity. This technique indicated that QDs were

aggregating over time.
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To gain more insight in the structure of nanoparticle aggregates, we performed a complementary
study by TEM and EDS. CdSe/ZnS-PEI&E3P was initially suspended at pH 4 and drop cast onto
a TEM grid (Figure 4A,B), demonstrating particles that are discrete and not stacked on one another.
While TEM analysis does not allow direct visualization of ligand or capping polymer (or both) at
the QDs surface, it is realistic to assume that these dispersed particles are initially stabilized by
organics.

After ageing CdSe/ZnS-PEI&E3P for 1 day in pH 4, we filtered the sample and retained the
>3kDa fraction (i.e. particles larger than ~1.5 nm). These QDs demonstrated larger loose
aggregates than the QDs originally studied (Fig. 4C,D) indicating that the coating separating the
QDs may be less effective at separating QDs over time. These structures are similar to those noted
by Mukherjee et al, who demonstrated via TEM the loose aggregation of carboxyl- and amine-
capped CdSe/ZnS (polymer unknown) in the presence of algal exudate.*

However, on the same TEM grids of >3KDa fraction (i.e. particles larger than ~1.5 nm) after 6
months of ageing, we observed large tight aggregates of discrete nanoparticles (Figure 4E,F) that
are of similar size and shape to the original QDs used for dissolution studies (Fig. 1A,B). Other
studies have noted aggregation of hydrophobic QDs in response to increasing electrolyte
concentration, humic acid presence, or oxidants as well.** However, the tight aggregates
reported here are smaller in size and induced solely with a long period of time and low pH.
Aggregation typically decreases the toxicity of nanoparticles, but a link between bioavailability
and aggregation has not yet been established for such small QD aggregates with a commercially
relevant capping polymer.

At all time frames, we found no evidence of reprecipitated species, which would have been

particles of Cd or Zn-containing oxides or sulfides retained by the 3KDa filter. These reprecipitated
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species would have been either (1) a result or Cd or Zn ions in solution complexing with Se or S
in solution forming crystals or amorphous solids or (2) elemental Se or S, such as those observed
by Pedersen et al*® and Carriére et al.*° The stability of ions in our system could be due their

chelation by amines in PEI&E3P or simply due to a lack of other oxidizing or reducing species.

CdSe/ZnS-
PEI&E3P

Suspended in
acetic acid
atpH 4

Figure 4: (A,B) TEM images of pristine CdSe/ZnS-PEI&E3P and CdSe/ZnS-PEI&E3P after 24h

(C,D) and 6 months (E,F) of dissolution in aerobic conditions at pH 4.

Toxicity of CdSe/ZnS-PEI&E3P to HepG2 Cells:

From the fate experiments conducted above, we turned to toxicity measurements to better
understand how sample ageing, and specifically the components emerging from it, are impacting
the toxicity of the ensemble. We chose to use HepG2 liver cells because the number of
metabolizing enzymes within hepatocytes makes the liver the primary susceptible organ to

xenobiotics.>°
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We first validated a CellTiter-Glo Luminescence assay as a suitable cell viability assay for the
HepG2 cell model by measuring cytotoxicity resulting from exposure to Cd?* ions for 1 day, the
component in Cd-containing QDs most commonly associated with toxicity.>! The impact of Cd?*
on HepG2 cell viability has been intensively studied (ICso = 1.7 mg/L% and 1Cso = 1.1 mg/L>®),
and we observed a similarly high sensitivity of HepG2 cells. Toxicity was independent of counter
ions present (CdCl2 ICso = 0.64 + 0.08 mg/L and Cd(NO3)2 ICs0 =0.5 + 0.2 mg/L; detailed results
Fig. S13).

Having validated the luminescence assay, we next determined cytotoxicity resulting from other
components in CdSe/ZnS-PEI&E3P including Zn?* and the PEI&E3P ligand. Our results confirm
that Zn?* is much less toxic than Cd?*, independent of the counter ion (ZnSO4 ICso = 30 + 12 mg/L
and Zn(OAc)2 ICs0= 26 = 7 mg/L): viability results in Fig. S14. Our results are in line with previous
experiments in zebrafish Danio rerio liver cells after a 24h incubation period (ZnSO4 ICso = 67
mg/L).>* In contrast, PEI&E3P has not been previously tested in terms of toxicity on HepG2 cells.
PEI&E3P ligand however, while not as toxic as Cd?* to HepG2 cells, featured significant toxicity
with a measured ICso value of 220 £ 50 mg/L (viability results in Fig. S15). This toxicity of
PEI&E3P is particularly relevant considering the high ratio of this ligand present in QDs compared
to Cd?* and Zn?* (i.e. Cd**: Zn?**: PEI&E3P which is 2:1:100).

A rough comparison of PEI&E3P to polyethylene glycol (PEG) capped TiO2 NPs®>® (analyzed
with the same cells and assays used here) indicates that PEI&E3P is more toxic than PEG. When
QDs capped with PEI are compared to QDs capped with negatively-charged or neutral ligands, the
PEI-capped QDs are consistently more toxic.**°” Although the hydrodynamic radius is reported in

these studies, there is no clear indication of the mass of capping polymer used for those toxicity
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tests. Just as in environmental fate studies, reporting the mass of ligand used in toxicity tests is
crucial.

We determined the toxicity of pristine CdSe/ZnS-PEI&E3P (IC50 = 150 + 20 mg/L, Fig. S16).
Additionally, we confirmed the presence of QDs inside or strongly adhered to cells by washing
the QD-exposed cells with fresh PBS and then observing the cells with confocal microscopy (Fig.
S17). Despite clear interactions between the QDs and cell, QD-induced toxicity is difficult to
compare to previous literature. Molarity of QDs is difficult to replicate between studies, ** and in
this case molarity of QDs is skewed by the presence of a capping polymer (which makes up
~96wt%). Comparisons based on molarity of QDs alone would indicate that CdSe/ZnS-PEI&E3P
(1C50 = 90 = 10 nM) are much more toxic than previously studied CdSe/ZnS-PEG exposed to

HepG2 cells (no cell toxicity observed at 100 nM).%8

Exposing CdSe/ZnS-PEI&E3P to low pH reduces the toxicity of the residual QD particles

We next applied the same 24h incubation viability assay to study how the toxicity changes
following one case of environmentally-mimicked ageing (in this case 24h at pH=2 in aerobic
conditions). We chose to study CdSe/ZnS-PEI&E3P aged at pH 2 for 24h in aerobic conditions
because this condition offered complete dissolution of the ZnS shell and partial dissolution of the
CdS shells. However, to both mimic the ageing conditions in Figure 2 and allow for the calculation
of 1Cso, samples were concentrated with ultrafiltration with 3KDa filters. Additionally, this
concentration procedure reduces the acetic acid present and the amount of sodium hydroxide
needed to neutralize it, while preserving the polymer concentration (Fig. S18).

We developed three model systems to specifically distinguish toxicity arising from the aged

particles and the released ions (Figure 5A). These models include: 1) aged CdSe/ZnS-PEI&E3P
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which were filtered (3 kDa) from the solution in which they were aged (called aged QDs alone)
thus removing all dissolved Cd**and Zn?* (20% of Cd in pristine QD and 100% of initial Zn in
pristine QD) and neutralized with sodium hydroxide.; 2) concentrations of freshly prepared
PEI&E3P, Cd**and Zn?* equivalent to what is measured in solution following ageing of 2 g/L of
CdSe/ZnS-PEI&E3P (called ions and ligands); 3) the full model of aged CdSe/ZnS-PEI&E3P,
consisting of the aged QDs with Cd?*and Zn?* in solution due to ageing along with the remaining
weathered particles themselves (Fig. S16-21, Table S2).

Our results confirm that the aged CdSe/ZnS-PEI&E3P, after removing dissolved ions (20% of
total Cd and 100% of Zn), are significantly less toxic than pristine CdSe/ZnS-PEI&E3P (aged ICso
=290 + 60 mg/L vs pristine ICso = 150 + 20 mg/L; p = 0.005, Figure 5). Interestingly, there is no
significant difference in comparing the toxicity of the fully aged CdSe/ZnS-PEI&E3P model as
well the model containing the relevant concentrations of dissolved Cd?*, Zn?*, and PEI&E3P
arising from weathering of the pristine QDs (Cd, Zn, PEI&E3P model ICso = 170 £ 30 mg/L; fully
aged QD model I1Cso = 190 + 40 mg/L, Figure 5). This suggests that dissolved ions from QDs are

the major source of toxicity to human cells.
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Figure 5: Ageing of CdSe/ZnS-PEI&E3P reduces toxicity in human liver cells. (A) Models used
to test for impact of ageing on QD toxicity. (B) Comparison of 1Cso values of pristine QDs with
aged QD models in HepG2 cells. Each value is the mean and standard deviation from three

biological experiments. *=p < 0.05 ** = p < 0.01.

Our findings support our hypothesis that leached components, including Cd®*and PEI&E3P,
and less so Zn?* are a major source of toxicity. Importantly, because these components are leached
from QDs upon environmental weathering, the remaining aged QD particles are significantly less
toxic compared to these components and pristine QDs. Additionally, the aged CdSe/ZnS-
PEI&E3P could be more aggregated or have a different colloidal stability in media than pristine
QDs. Whether the Cd?*, Zn?*, PEI&E3P, or QDs will pose a significant risk to humans depends
on mainly two factors: relevant doses and physiological conditions. In terms of relevant dose,
further studies are needed to determine the possible amounts of QDs that will leak out from
damaged electronic displays. Once determined, the amount of QDs that could have contact with

liver cells also needs to be investigated. Finally, different physiological conditions such as
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bloodstream conditions or gastric conditions can also possibly alter the QDs cytotoxicity via

changing its structural stability and biological solubility.

Conclusions:

CdSe/ZnS-PEI&E3P were synthesized with a commercially-relevant capping polymer to
close the knowledge gap between products embedded with QDs and model QDs with small mobile
ligands. Dissolution results indicated that the CdSe core of CdSe/ZnS-PEI&E3P does not dissolve
at circumneutral pH, even after 6 months. At low pH, dissolution of the CdSe core is temporarily
hindered by the presence of ZnS and CdS shells (75% decrease in Cd dissolution after 1 day
compared to unshelled CdSe). The presence of oxygen in the dark did not facilitate the dissolution
of the QD. Aggregation of the QDs in solution was documented at pH 4, forming loose (after 24h)
and eventually dense ~100 nm aggregates (after 6 months). These relatively robust QDs can serve
as a platform to further investigate QDs from display applications because of their limited
dissolution and complex coating.

Interestingly, QDs exposed to an environmentally relevant conditions are significantly less toxic
compared to intact pristine QDs (ICso of 150 and 290mg/L, respectively). Our results suggest that
this reduction in toxicity to human cells is a result of the lower concentration of toxic components,
Cd?*and Zn?* available following their dissolution (10% and 100% present as ions, respectively).
As such, QDs that are left in the environment for long periods (6 months) will likely release higher
concentrations of toxic ions and polymer components, thus the surrounding aqueous phase could
result in more serious toxicological effects whereas the QD itself would have diminished toxicity.

In conclusion, this paper highlights the need for studies on the environmental implications of

industrially relevant QDs to investigate the complex interactions with capping polymers.
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METHODS:

Synthesis of CdSe/ZnS QDs:

The synthesis of the CdSe quantum dots was based on the methods utilized by J. Zhou et al. and
R. Xie et al. (see Sl for step-by-step procedure and modifications).?®?” The synthesis produced
CdSe/CdS/CdosZnosS/ZnS QDs with octadecylamine ligands, which will be referred to as
CdSe/zZnS.

Octadecylamine and PEI & E3P Ligand Exchange:

Branched polyethyleneimine (PEI) as a 50% w/w solution and 1,3-epoxy-3-
phenoxypropane were purchased from Sigma Aldrich. Before use, the PEI solution was frozen and
Iyophilized overnight to remove the water content (checked with *H-NMR, see SI).

To synthesize the polymer, 0.300 g of PEI was added to a two-neck 25mL round bottom flask.
The flask was set up under a reflux system and heated to 100°C. N> was flushed through the system
so that no air was present during the reaction. The 1,2-epoxy-3-phenoxypropane (E3P) precursor
was prepared by adding 0.150 g of E3P into a 0.5 Dram vial. Once the reaction flask reached
100°C, the E3P precursor was injected into the solution, and the monomers were left to react for
30 min under nitrogen and stirring at 200 rpm.

To add the capping polymer on the surface of the nanoparticles, 20 mg of the previously
prepared, shelled quantum dots was dissolved in 2 mL of toluene. After the polymer synthesis was
conducted for 30 minutes, the quantum dot solution was injected directly into the reaction flask.
The solution was left stirring under N2 for an additional 30 min. Once the ligand exchange was

completed, the solution was cooled to room temperature, while the precipitate settled to the bottom
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of the flask. The excess toluene was removed using a rotary evaporator and the product was dried
in a vacuum oven at <50°C overnight. The final dried product was stored in a desiccator.

Dissolution Tests

CdSe/ZnS-PEI&E3P was added to solutions of different pH at the same concentration (150
mg/L). We had previously confirmed none of the Cd and Zn were present as ions in this initial
solution (see Table S2). The pH of solutions was adjusted with acetic acid to be either 2, 4, 6, or
8. Once the QD-containing solutions in glass vials were prepared, they were left to sit for 24h or
6 months in the dark while stirring at 100 rpm at ambient lab temperature (20-22 °C). Then each
of these solutions was passed through a 3 KDa Amicon Ultra-4 Centrifugal Filter Unit for 45
minutes at 4500 rpm (Sorvall Legend XF).

The method used to separate intact QDs from dissolved ions relied on the use of 3 KDa
centrifugal filters (see Sl for details). The retentate was recovered from the filter by adding 1 mL
of 30% H»0,. After 10 min, this solution was pipetted into a digestion tube and heated for 30
minutes at 95°C. Twenty minutes into this digestion, 1 mL of 70% nitric acid (Trace metal grade)
was added to the retentate. At the end of the thirty minutes of the H.O> digestion, the 1 mL of
nitric acid from the retentate was added to the H>O- - containing solution. Then this solution was
heated to 95°C for 60 minutes to complete the digestion. The solution was then diluted to 15 mL
with deionized water and measured in the ICP-OES (see Sl for conditions).

The filtrate was divided into two aliquots of 1.5 mL into digestion tubes and digested with a
similar procedure. First, 1 mL of hydrogen peroxide was added and heated to 95°C for 30 minutes.
Second, nitric acid was added to the solutions and heated to 95°C for 30 minutes. The solution was
then diluted to 15 mL with deionized water and measured in the ICP-OES.

Cell culture and quantum dot model components:

27



HepG2 cells (ATCC® HB-8065) were cultured at 37 °C with 5% CO2 in Dulbecco’s modified
Eagle’s media (DMEM) with phenol red (Gibco) supplemented with 10% (v/v) fetal bovine serum
(Gibco) and 1% (v/v) antibiotics/antimycotics (Gibco). Cells were maintained in 10 cm petri dishes
and passaged using 0.25% (w/v) Trypsin- 0.53 mM EDTA prior to reaching 70-80% confluency.

All individual QD components and QD model systems were prepared immediately prior to use.
Individual QD components for testing including Cadmium chloride (Sigma), Cadmium nitrate
tetrahydrate (Sigma), Zinc sulfate heptahydrate (Sigma), Zinc acetate (Sigma), and PEI&E3P
(synthesized according to Scheme 1) were suspended in the supplemented DMEM. All QD models
were prepared individually as stock solutions in supplemented DMEM at 2 g/L. Specifically, the
pristine QD model was synthesized as described in ‘QD synthesis’ section and the 24h-aged model
was synthesized and aged as described above in section ‘Dissolution Tests’. A QD model called
“ions and capping polymer” was prepared with Cd** and Zn?* ions as well as the PEI&E3P ligand
representing the total dissolved components from 2 g/L of 24-h aged QDs as described in Figure
2. Finally, the full aged QD model was prepared by combining the 2 g/L 24h-aged and filtered
QDs with the total dissolved components.

In vitro cell viability assay:

For each assay, HepG2 cells were seeded in a clear 96-well microplate at a density of 6000
cells/well and incubated for 24h. The media was then carefully replaced with serial dilutions of
the QD components or QD model solution and incubated for 24h. Cell viability was then assessed
using the CellTiter-Glo® luminescence assay (Promega) as per manufacturer instructions.
Specifically, the CellTiter-Glo reagent was added to each well, gently mixed for 2 min and
incubated in the dark for 10 minutes at room temperature. 80 puL of the mixture from each well

was transfer to a white 96-well plate and measured on a Spark® multimode plate reader (Tecan
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Life Sciences). Luminescence was recorded at 25 °C (Attenuation automatic, integration time 1000
ms). Cell viability was plotted as the mean and standard deviation of relative luminescence units
(RLU). ICsp values were derived using nonlinear regression (Inhibitor vs. response - Variable slope
four parameters) using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). Statistical
comparisons were performed using a one-way ANOVA followed by Tukey's multiple comparisons
test.

Characterization instruments and methods:

The formation of CdSe and CdSe/ZnS nanoparticles was monitored by measuring their
photoluminescence and UV-Vis spectra using a Cary Eclipse Fluorescence Spectrophotometer and
a Jasco V-670 Spectrophotometer, respectively. To prepare for the measurements, the CdSe cores
were suspended in toluene, and the shelled CdSe/ZnS nanoparticles and monolayer aliquots were
suspended in hexanes. The excitation wavelength was set at 400 nm when conducting the
fluorescence measurements. The spectrum was taken over a range of 425 — 775 nm. The UV-Vis
spectrophotometer was set at a scanning rate of 200 nm/min, and the spectrum was taken over a
range of 400 — 800 nm.

Transmission Electron Microscopy (TEM) was done with an FEI Technai G2 F20 200 kV Cryo-
STEM to visualize the nanoparticles. Samples were deposited onto a Cu grid with carbon backing
(from Electron Microscopy Sciences).

PerkinElmer Optima 8300 ICP-OES was used to measure Zn and Cd concentrations at
wavelengths 206.20 nm and 228.80 nm, respectively.

Bruker D8 Advantage X-Ray Diffractometer using a Cu-Ka (A = 1.5418 A) source acquired
pXRD spectra. The instrument operated at 30 kVV and 10 mA and was equipped with a LinxEye

detector and a Ni filter.
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'H-NMR samples were prepared by dispersing 1 mg of samples into 0.5 mL of deuterated

chloroform. Samples were run on Bruker AVIIIHD 500 MHz NMR spectrometer.
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