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Abstract

Concomitant with the development of polymer nanocomposite (PNC) technologies across 

numerous industries is an expanding awareness of the uncertainty with which engineered 

nanoparticles embedded within these materials may be released into the external environment, 

particularly liquid media. Recently there has been an interest in evaluating potential exposure to 

nanoscale fillers from PNCs, but existing studies often rely upon uncharacterized, poor quality, or 

proprietary materials, creating a barrier to making general mechanistic conclusions about release 

phenomena. In this study we employed semiconductor nanoparticles (quantum dots, QDs) as 

model nanofillers to quantify potential release into liquid media under specific environmental 

conditions. QDs of two sizes were incorporated into low-density polyethylene by melt 

compounding and the mixtures were extruded as free-standing fluorescent films. These films were 

subjected to tests under conditions intended to accelerate potential release of embedded particles 

or dissolved residuals into liquid environments. Using inductively-coupled plasma mass 

spectrometry and laser scanning confocal microscopy, it was found that the acidity of the external 
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medium, exposure time, and small differences in particle size (on the order of a few nm) all play 

pivotal roles in release kinetics. Particle dissolution was found to play a major if not dominant role 

in the release process. This paper also presents the first evidence that internally embedded 

nanoparticles contribute to the mass transfer, an observation made possible via the use of a model 

system that was deliberately designed to probe the complex relationships between nanoparticle-

enabled plastics and the environment.

Introduction

Polymer nanocomposites (PNCs) are hybrid materials in which nanoscale filler elements 

(nanofillers) are dispersed within an organic polymer. Owing to the unique physics and 

chemistry that occur at the nanoscale, nanocomposites are being developed for numerous 

technological applications, including construction and infrastructure development;1-4 food5,6 

and electronic7,8 packaging; biomedical devices and materials;9-11 and automotive/aerospace 

materials.12-14

Despite these potential benefits, there is concern that nanofillers dispersed within PNCs may 

become released into the environment during routine use or disposal of products 

manufactured from them. Scrutiny of potential nanofiller release is warranted when the 

release could occur into external media that have a high likelihood of consumer exposure, 

such as release into foods from nanotechnology-enabled food packaging. Having a robust 

understanding of PNC release phenomena is also important because the disposal of PNCs 

could subject these materials to conditions under which leaching of nanofillers constitutes a 

transfer route of engineered nanomaterials into the environment.

The extent of passive nanofiller release from PNCs is likely to be highest when the PNC is 

in direct contact with a fluid for an extended period of time. Several studies have focused on 

PNCs intended for food contact applications,15-27 but release from nanocomposite 

textiles,28-31 exterior paints,32,33 biomedical devices,34 and other consumer products31,35,36 

has also been evaluated. Release of silver nano-particles or residuals from PNCs has 

received a high amount of attention15-22,27,31,35,37 due to the widespread interest in the 

antimicrobial properties of silver. A few studies have also been published on nanofiller 

release from PNCs incorporating exfoliated nanoclays,23-26,38,39 metal oxide 

nanoparticles,29,32,40 and nanoparticles composed of metals other than silver.16,34,36,40,41 

Most of these studies have reported low-level release of nanofillers or their dissolution 

products into external liquid media under various conditions, but relationships between 

experimental conditions and release levels have been difficult to generalize. This is in part 

due to the fact that many release studies rely on proprietary or poorly characterized test 

materials.

In this article, we report a bottom-up strategy that utilizes a model PNC designed to study 

nanoparticle release into liquid media. Specifically, we have fabricated and assessed the 

release properties of free-standing PNC films based on low density polyethylene (LDPE) as 

the host material and core–shell, cadmium-selenide/zinc-sulfide (CdSe/ZnS) semiconductor 

nanocrystals (or quantum dots, QDs) as the nano-filler elements. Although QD/LDPE PNCs 

are unlikely to find wide use in consumer products, LDPE and QDs provide important 
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advantages that motivate their use as model materials to understand PNC release 

characteristics. LDPE is a commonly used polyolefin that is also processable at reasonably 

low temperatures, so morphological or chemical changes to the nanofillers during PNC 

fabrication are likely to be minimized. QDs are well known for their size-dependent 

luminescence properties, meaning luminescence microscopy can be used to track them 

within the host polymer and possibly as they are released into the external medium. High 

quality QDs with low size polydispersities are commercially available, such that 

relationships between release properties and particle diameter can begin to be elucidated. 

Finally, the core–shell architecture of the QDs provides an alternative way to distinguish, to 

some extent, between whole particle release and release of dissolved ions by tracking the 

ratio of zinc (found in the shell) to cadmium (found in the core) in the external medium over 

time. In a scenario in which a portion of embedded QDs are released by dissolution and 

transport of dissolved ions to the external medium, the zinc to cadmium ratio will exceed 

that of the whole QDs because dissolution of particles occurs from the outside inward.

Herein we have characterized the physical properties of these novel QD/LDPE PNCs and 

subjected them to release tests inspired by guidance documents published by the US Food 

and Drug Administration (FDA) for migration of components from food contact materials.42 

We have focused on two QD colors/sizes and two liquid media: distilled water and 3% (v/v) 

aqueous acetic acid. In addition to monitoring the external medium for the constituent 

elements of QDs (primarily cadmium and zinc) as a function of exposure time, we used 

fluorescence microscopy to investigate the embedded QDs during the course of the release 

experiments, so as to reveal key mechanistic details. While the experimental conditions and 

liquid matrices have been chosen for their relevance to food contact scenarios, our results 

contribute to a broader knowledge of nanofiller release from PNCs, which should be of 

general interest to the health and environmental science communities.

Materials and methods

A full account of the experimental methods for this work is provided in the ESI† section. 

Here we report only the source of materials used, nanocomposite fabrication methods, and 

details on the release experiments.

Chemicals and materials

LDPE (density = 0.925 g mL−1 at 25 °C, melt index = 25 g/10 min) was purchased from 

Sigma-Aldrich, and the molecular weight was analyzed by gel permeation chromatography 

to be Mn = 10 800, Mw = 79 400 and Mz = 411 800. QDs were purchased from two 

manufacturers: Ocean Nanotech and Nano-Optical Materials. In both cases, QDs were of the 

CdSe/ZnS core/shell type, surface modified with aliphatic amine (octadecyl amine and 

oleylamine, respectively). QDs from Ocean Nanotech were shipped in “powder” form and 

reconstituted in toluene; those purchased from NanoOptical Materials were shipped in a 
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toluene solution and used as received. Throughout this article, QD546 and QD617 will be 

used to refer to samples incorporating QDs from Ocean Nanotech and QD539 and QD609 
will refer to samples incorporating QDs from NanoOptical Materials. The numerical 

designation corresponds to the peak luminescence maximum in toluene solution. Toluene 

(Acros organics, 99.8%, extra dry) used to disperse the QDs and glacial acetic acid used as a 

release medium (Optima grade) was purchased from Fisher Scientific. All water used was 

deionized to 18.2 MΩ cm and dispensed from an ELGA Purelab Ultra Mk2 system.

Fabrication of QD/LDPE nanocomposite films

A DSM Xplore micro-compounder with a volume capacity of 15 mL was used to mix the 

QDs with the polymer melt and subsequently extrude the nanocomposite into freestanding 

films. The micro-compounder is a scaled down version of a conical co-rotating twin screw 

extruder that can be fitted with a cast film extrusion die. A valve controls the flow of the 

polymer melt to either a recirculation channel within the mixing chamber or an exit channel.

Preparation of freestanding QD/LDPE nanocomposite films—Before mixing with 

the polymer, a stock dispersion of QDs in toluene was prepared. For QD546 and QD617, 

which were purchased as a solid, 25 mg was dispersed in 2 mL toluene. This mass includes 

both the inorganic QDs as well as the octadecyl amine surface modifier. The inorganic 

weight percentage of QD546 and QD617 was determined by ICP-AES (see the ESI† for 

details) to be 62% and 74%, respectively. The final concentration of inorganic QD mass in 

the PNC films of 1.08 mg mL−1 and 1.30 mg mL−1 (the standard deviation is about 3%), 

respectively. Based on 12 g LDPE host matrix and a polymer density of 0.925 g mL−1, these 

final QD concentrations mean that ~10% of the QD mass is lost during the compounding, 

probably by boiling out of the mixing barrel during the addition step. For QD539 and 

QD609, which were purchased already dispersed in toluene, the concentration of QD 

dispersion added to the polymer was adjusted to give a final inorganic mass fraction (again, 

based on ICP-AES results to determine the inorganic mass concentration in the as-purchased 

dispersion) in the polymer of 2.08 mg mL−1 for both QD types.

To prepare QD/LDPE nanocomposite resin, the micro-compounder was attached with 

extensional flow screws and heated to 150 °C. Once the heating blocks were equilibrated, 

the screw speed was set to speed control mode at 6.28 rad s−1 (60 RPM) with a maximum 

force tolerance of 5000 N. 12 g neat LDPE pellets was weighed out and half of this was 

added to the mixing chamber using a feed hopper. After mixing for 2 min, the screw rotation 

was stopped and a QD stock solution in toluene was added to the mixing chamber drop-wise 

with intermittent mixing. This step is important to avoid the boiling out of the QD solution 

from the hot mixing chamber. Once the entire QD solution was added to the mixing 

chamber, the remaining half of the LDPE pellets was added. The screw speed was then 

increased to 12.57 rad s−1 (120 RPM) and the mixture processed for 15 min. The screw 

speed was then reduced to 10 RPM and the valve was opened to the exit channel. The melt 

was extruded as a strand and cut into small pellets. The pellets were dried in a vacuum at 

60 °C for 24 h to remove residual solvent.
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Before the next step, the cast film extrusion die was attached to the exit channel of the 

micro-compounder. Both the micro-compounder and the die were heated to 150 °C, the 

screw speed was set to 6.28 rad s−1 (60 RPM), and the dried QD/LPDE pellets were added 

to the mixing chamber using the feed hopper. The pellets were mixed at 6.28 rad s−1 (60 

RPM) for 5 min, after which the screw speed control was set to force control mode with a 

force setting of 550 N, and a maximum speed setting of 12.57 rad s−1 (120 RPM). The two 

rollers of the cast film extrusion die accessory (the first RPM controlled and the second 

torque controlled) were set to values of 400 and 70, respectively. The polymer melt exiting 

the film die was grabbed with tweezers and guided on to the rollers for spooling. The 

polymer melt exiting the film die was cooled with an air-knife set to a flow rate of 35 L 

min−1.

Release experiments

To assess release of QDs from QD/LDPE PNCs, the extruded films were cut into circular 

discs with a diameter of 42 mm, weighed, and measured for thickness using digital calipers 

(Mitutoyo model #406-350). The film sections were then rinsed 3 times in water, dried, and 

placed upright in 50 mL polypropylene tubes (Becton, Dickinson & Co., Franklin Lakes NJ 

USA) filled with 25 mL of either water or 3% (v/v) acetic acid. The samples were stored at 

75 °C in a circulating oven for time periods of (1, 3, 5, 7, 10, or 15) days. Note that aliquots 

were not removed at each time point from a single set of samples: each time point involved 

using a separate set of test films, in order to eliminate the potential for introduction of 

environmental contamination during sampling. After the allotted time for a particular 

experiment was elapsed, the test films were removed from the tube and the residual liquid 

was assayed for the presence of QDs or their dissolved residuals (procedure provided in the 

ESI† section).

Results and discussion

Characterization of quantum dots

We initially purchased two QD samples that have peak emission wavelengths of 546 nm 

(QD546) and 617 nm (QD617). These QDs consist nominally of cadmium selenide cores 

surrounded by shells composed of zinc sulfide, although according to the manufacturer, 

intermediate and alternating layers of cadmium sulfide and zinc sulfide are used to improve 

the chemical stability and optical properties of these QDs. The absorption and emission 

spectra of these QDs, as well as representative TEM images, are shown in the ESI,† Fig. S1 

and S2 respectively. The small size of QDs leads to quantum mechanical effects whereby the 

electronic state energies that give rise to optical transitions are discrete and heavily 

modulated by the physical dimensions of the particles. The size-dependent band gaps are 

manifested in the luminescence spectra, with smaller QD546 particles exhibiting blue-

shifted absorption and emission transitions relative to the larger QD617 particles. According 

to compositional analysis by ICP-AES, and confirmed by STEM/EDS, the mass ratios of 

cadmium (core element) to zinc (shell element) differ quite substantially between QD546 
and QD617, as shown in Table 1. Table 1 also reveals that neither the Cd/Se nor Zn/S mass 

ratios of these QDs equal the projected 1 : 1 stoichiometric mass ratios (1.42 and 2.04, 

respectively), in part due to the aforementioned CdS layers deposited during shell fabrication
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During preliminary release tests, we found that the alternating core/shell architecture of 

QD546 and QD617 complicated analysis and interpretation of release data from QD/LDPE 

PNCs manufactured with these QDs. As a result, we purchased a second set of QDs (QD539 
and QD609) that were subjected to additional purification of the isolated CdSe cores and 

utilized TOPO-free syntheses, as acid impurities in TOPO (trioctyl phosphine oxide) have 

been implicated in surface enrichment of CdSe core particles with cadmium.43 Synthesis of 

QD539 and QD609 also did not involve any intermediate CdS or other layers to optimize 

stability and intensity of luminescence properties. Absorption and emission spectra of these 

modified QDs are provided in the ESI,† Fig. S3A, and basic spectral and geometric 

information for all the QDs used in this study are provided in Table 1. Compared to QD546 
and QD617, QD539 and QD609 have Cd/Se and Zn/S mass ratios much closer to 1 : 1 

stoichiometric ideality (Table 1). Unfortunately, QD539 and QD609 also exhibit 

significantly reduced luminescence quantum yields, possibly because the process used to 

eliminate surface cadmium enrichment was not optimized to reduce surface defects on the 

CdSe cores that quench luminescence. As a result, QD/LDPE materials incorporating 

QD539 and QD609 were used primarily for release experiments, where the simpler internal 

architecture of these QDs facilitated data analysis and interpretation, but QD/LDPE 

materials incorporating QD546 and QD617 were used when luminescence properties were 

important, such as the laser scanning confocal microscopy (LSCM) experiments described 

later on.

Fabrication and characterization of QD/LDPE nanocomposites

Incorporation of QDs into LDPE via melt-compounding and extrusion of the molten 

polymer nanocomposite through a 65 mm heated film die affords free-standing QD/LDPE 

nano-composite films that are on the order of 40 μm thick. Photographs of QD/LDPE films 

made with highly luminescent QD546 and QD617 are shown in Fig. 1. Analysis of the QD/

LDPE films by ICP-AES showed similar elemental compositions compared to the QDs in 

solution (see ESI,† Table S1). Thermal measurements (ESI,† Fig. S4 and S5, Table S2) 

revealed that incorporation of QDs into LDPE resulted in very small changes to the melting 

points, % crystallinity values, or viscoelastic properties compared to those for neat LDPE. 

Electron microscopy (ESI,† Fig. S2) revealed that QDs were incorporated into LDPE both as 

clusters and as individually dispersed particles. The composition of the dispersed particles 

was confirmed to be CdSe/ZnS QDs by energy dispersive X-ray spectroscopy (EDS) 

mapping (ESI† section, Fig. S6 and S7).

Under irradiation with a handheld UV lamp, QD/LDPE films manufactured with QD546 
and QD617 exhibit bright luminescence, the color of which depends on the incorporated QD 

size (Fig. 1B). Luminescence spectroscopy (Fig. 1C) reveals that both QD546/LDPE and 

QD617/LDPE PNCs have nearly the same peak emission maxima and spectral bandwidths 

that the respective QD samples possess in dilute toluene solution, indicating that the 

optically active portion of incorporated QDs remain electronically isolated when dispersed 

within the polymer and that their luminescence properties are not significantly changed by 

melt-compounding. Efficient light scattering by the semicrystalline LDPE host matrix 

precluded quantitative determination of luminescence intensity of the compounded 

materials. Nevertheless, we determined that constant irradiation of the QD/LDPE films with 
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a hand-held UV lamp did not appreciably alter their luminescence intensity or peak emission 

wavelengths over a period of several days, and the luminescence properties are stable in the 

dark for months, indicating that the polymer protects against photo-oxidative or other 

deleterious processes that have been observed to impact the optical properties of QDs 

dispersed in organic solvents. LSCM experiments also confirmed that QDs are still 

luminescent after incorporation into LDPE, and are distributed regularly throughout the 

polymer matrix (ESI,† Fig. S8).

Release of QDs from QD/LDPE PNCs

Release tests were based on FDA recommended procedures to assess release of potential 

components from food contact substances.42,44 The general idea is to submerge sections of 

QD/LDPE films in a liquid environment at a specified temperature and monitor the amount 

of QDs released from the polymer over time. Our primary interest is to evaluate release from 

a model nanotechnology-enabled food packaging material, but we also desired that our 

results would be general enough to be applicable to release into other environmental 

matrices, and so we have selected distilled water and dilute (3% v/v) aqueous acetic acid as 

our test media. These media are specified to simulate aqueous and acidic foods, respectively. 

We have performed our experiments at 75 °C, which is high enough to accelerate any QD 

release, but not so high as to be close to the melting point of these materials (≈110 °C, Fig. 

S4†). The release data reported below pertain mostly to QD/LDPE materials fabricated with 

QD539 or QD609, which were designed to have less cadmium surface enrichment in the 

core region and a more distinct boundary between the core and shell layers. We performed 

identical release experiments with QD546/LDPE and QD617/LDPE and generally made the 

same conclusions from them, although interpretation of the data was more complicated due 

to their alternating shell layers and compositional dissimilarities. Release data for QD546/
LDPE and QD617/LDPE are provided in the ESI,† Fig. S17 and S18 and Table S6.

As an initial means of determining the manner in which QDs were released from the QD/

LDPE test materials during storage in aqueous solvent at elevated temperature, we used ICP-

MS to quantitate cadmium, selenium, zinc, and sulfur in the external liquid medium as a 

function of immersion time. The results of these analyses are shown in Fig. 2 and are 

presented as the total amount of mass of each element released into the immersion volume 

of 25 mL per unit film surface area. Fig. 3 presents the total inorganic mass released in these 

experiments, which is essentially a sum total of the released quantities of each QD 

component element. Tabulated data for these experiments, including data calculated on a 

per-film-mass basis, are provided in the ESI,† Tables S3–S5. We also performed control 

experiments using LDPE films without QDs and sample tubes with no films. These 

experiments revealed negligible quantities of zinc, cadmium, and selenium under most 

environmental conditions. Some sulfur was released (1–15 μg L−1, see ESI†) from these 

control materials in increasing quantities as a function of time, particularly in acidic media, 

indicating that a small portion of the released sulfur depicted in Fig. 2 and 3 derived either 

from the host polymer or sample tubes. The presence of this sulfur background does not 

change the conclusions derived from the release data, particularly when comparing films 

loaded with different QD types, as the same low background would be present in all samples 

included in a given time/media condition.
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A few general observations from Fig. 2 and 3 can initially be made. First there is an increase 

in concentration of each analyte with respect to the immersion time, although the release rate 

slows as time elapses. This deceleration can be observed by dividing the released elemental 

masses by the elapsed time, as shown in Fig. S9.† Second, there is generally more released 

inorganic mass into the acidified matrix compared to release into water, particularly notable 

in the data plotted in Fig. 3B, suggesting that a portion of the release is driven by dissolution 

of embedded particles and diffusion of ions (e.g., Cd2+ and Zn2+).This is in agreement with 

several other studies, which have also observed enhanced dissolution-mediated nanofiller 

release when PNCs are stored in acidified media.18,20,23,27,36,39 FTIR-ATR spectra of the 

test materials were unchanged before and after the immersion tests (see the ESI,† Fig. 

S10B), indicating that acid-mediated oxidative degradation of the polymer likely cannot 

explain the greater release into acidified media. Third, after immersion in water, the 

cadmium release appears to level off after a few days, particularly in the case of QD609/

LDPE (Fig. 2, top row). This may indicate a process by which QDs initially located at the 

polymer-environment interface desorb from the film surface. As water is likely not an 

aggressive enough solvent to fully dissolve through the ZnS QD shell regions and into the 

cadmium-containing cores of QD embedded within the interior of test films, after this initial 

desorption process is complete, there is no longer a significant source for transport of 

cadmium into the external medium; compare this to the analogous data acquired in acetic 

acid (Fig. 2, bottom row), in which cadmium levels continue to increase throughout the 

duration of the experiment. This leveling off effect is not clearly observed for shell-

containing elements (e.g., zinc), which are perhaps more prone to dissolution in water, a 

process that would be expected to mask the desorption effect. We note that selenium 

concentrations also do not appear to level off at long immersion times, even in water. We 

have some preliminary evidence (not shown) that suggests that dissolved sulfur stimulates 

selenium release from the core via a substitution process; we are currently running 

additional experiments to test this hypothesis and will publish this data elsewhere, but these 

effects underscore the complexity of the particle dissolution and release process.

Additional evidence for particle dissolution prior to release—Although the 

enhanced release mass observed in acidic media suggests that particle-dissolution 

contributes significantly to the mass transfer process, we wished to explore this issue further. 

The most direct way to distinguish between diffusion of whole particles and transport of 

dissolved ions is to determine whether the QD compositional elements detected by ICP-MS 

in the liquid medium after prolonged immersion of the test materials derive from whole 

QDs. Because any material introduced into the high temperature argon plasma will be 

atomized prior to detection, conventional ICP-MS is not adequate to make this 

determination. Furthermore, time-resolved or single-particle ICP-MS is likely not sensitive 

enough to detect nanoparticles as small as the QDs dispersed in our materials. Initial 

attempts to identify whole QDs in the residual solids obtained after evaporating a droplet of 

the test media after the immersion experiments using STEM with EDS analysis (see ESI,† 

Fig. S11–S15) revealed the presence of nano-sized particles, but they did not exhibit sizes, 

morphological features, or compositions that were consistent with QDs. However, this does 

not prove that all, or even any, of the released material was in ionic form at the moment it 

was released.

Pillai et al. Page 8

Environ Sci Nano. Author manuscript; available in PMC 2017 June 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



To obtain more direct evidence that dissolution of embedded particles contributes to the 

observed release, we turned to the core–shell architecture of QDs. Our hypothesis was that if 

diffusion of whole QDs drives the mass transfer process, then the mass ratio of QD 

compositional elements in the liquid medium after release will be close to the mass ratio of 

QD compositional elements of the QDs inside the test film prior to the immersion 

experiment. On the contrary, because QDs will dissolve from the outside inward, partial 

dissolution of QDs will result in a higher amount of shell material (ZnS) than core material 

(CdSe) in the liquid medium after immersion tests. Therefore, we have used the ratio of Zn 

to Cd in the external liquid medium as a metric to track (partial) dissolution of QDs prior to 

release. Note that in the event that whole QDs are released from the test materials, any 

dissolution or partial dissolution that occurs after release will not impact the ICP-MS 

analysis, because all QDs in the assayed liquid, no matter the degree of dissolution, will be 

atomized in the ICP-MS plasma. Therefore if Zn/Cd in the liquid medium after immersion 

exceeds Zn/Cd of QDs in solution, this is evidence of QD dissolution prior to release.

Fig. 4 plots the mass concentration ratios of Zn to Cd measured in water and 3% (v/v) 

aqueous acetic acid after immersion of QD/LDPE test films at 75 °C, as a function of 

immersion time. For comparison, baseline Zn/Cd mass ratios of neat QD539 and QD609 are 

2.161 ± 0.041 and 2.187 ± 0.007, respectively (Table 1); these values are depicted in Fig. 4 

as a dashed black line. The ICP-MS data show that, at all immersion times, the Zn/Cd mass 

ratios in the liquid media after immersion are higher than the respective Zn/Cd ratios of the 

neat QDs and QD-dispersed test materials prior to immersion. (This trend was also observed 

in materials made from QD546 and QD617, which have a more complex core–shell 

structure). This is unequivocal evidence that dissolution of embedded QDs plays a major 

role in the mass transfer process because in such a scenario, ZnS located exclusively in the 

shell regions of the core–shell QDs would be expected to dissolve before CdSe cores. Note 

that, especially for the QD609-based samples, the Zn/Cd mass concentration ratio is smallest 

at the 1 day time point and increases thereafter; this increase in the relative fraction of zinc 

in the external medium at longer immersion times is consistent with a model of an initial 

rapid desorption of surface-bound QDs followed by slow dissolution of embedded QDs, ZnS 

shells first followed by CdSe cores, as the polar liquid media permeates into the interior of 

the nonpolar host matrix and the dissolution products gradually diffuse back into the low-

concentration exterior environment. In other words, permeation of solvent into the interior of 

the PNCs, dissolution of the embedded QDs, and diffusion of dissolved material back to the 

liquid medium are all kinetically controlled processes that contribute to the gradual 

evolution of the Zn/Cd ratios over time.

We note here that the ratio S/Se could also be used to differentiate dissolution of QD shell 

and cores regions, but we chose to focus on zinc and cadmium due to the aforementioned 

sulfur background and the substitution behavior of selenium and sulfur. For example, S/Se 

ratios were found to generally support the same conclusions that we draw from Fig. 4 – at 

every time point, the S/Se ratios in the immersion media exceed the S/Se ratios of neat QDs, 

again implying that elements in the QD shell regions are diffusing into the environmental 

media faster than those in the QD core regions – but the evolution of the S/Se ratios with 

immersion time proceeds in a different direction from that of the Zn/Cd ratios depicted in 
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Fig. 4. S/Se ratios are reported in the ESI† for the interested reader. Additional experiments 

are being conducted to more fully understand the behavior of dissolved selenium and sulfur 

concentrations; the results of these experiments and their implications for nanoparticle 

release phenomena will be reported in a separate manuscript.

Contribution of interior and surface-bound particles to release—While a few 

studies have provided experimental evidence that particle dissolution contributes to the 

composition of mass transferred from polymer nanocomposites into liquid media,17,18,39 no 

studies have directly addressed whether the mass transfer of dissolved ions is limited to 

nanoparticles that are incidentally present at the interface between the polymer and the 

external environment. If particles buried in the polymer interior are immune to dissolution 

because of their spatial separation from the dissolving media, then certain strategies (such as 

coating the PNC material with a barrier polymer layer) could possibly be effective at 

limiting environmental exposure. On the other hand, such strategies would be less effective 

if the dissolving medium penetrates sufficiently into the polymer interior to interact with 

internally-embedded particles. This is a difficult question to answer with conventional 

nanocomposite test materials and analytical tools.

To some extent, the positive change in Zn/Cd mass ratio as a function of time (vide supra) 

suggests a release mechanism that includes dissolution of internally bound QDs, as 

dissolution of QDs incidentally present at the interface between the PNC and the external 

medium would be expected to be faster than a timescale of days and weeks. However, the 

fluorescent properties of our model system facilitates a more direct means of probing where 

the dissolved material observed in the environment after immersion originated. To this end, 

we used LSCM to observe how the luminescent properties of embedded QDs change during 

the immersion experiment. We hypothesized that if the external medium (water or dilute 

acetic acid) is permeating into the polymer interior and dissolving embedded QDs then the 

QD luminescent properties of those QDs will be attenuated because of the sensitivity of QD 

luminescence to surface defects. On the other hand, if QDs within the LDPE interior are 

undisturbed and the mass transfer occurs only from QDs located near or on the polymer 

surface, then this should manifest as no change in the luminescent properties of QDs located 

deep within the PNC before and after the immersion tests were performed.

The results of our LSCM analysis of luminescent QD546/LDPE and QD617/LDPE films 

before and after immersion in water and 3% (v/v) aqueous acetic acid at 75 °C for 17 days 

are summarized in Fig. 5. The total averaged photo-luminescence (PL) intensities of QDs 

subjected to the different treatments are quantitated in panels (B) and (C), and panels (D) 

and (E) break the data down by penetration depth from the upper film surface. Three 

dimensional LCSM images corresponding to the depth profiling experiments are provided in 

the ESI,† Fig. S16. The first observation that can be made from these experiments, 

particularly the quantitative data plotted in Fig. 5B and C, is that the immersion treatment 

reduces the overall average PL intensity of embedded QDs, and the amount of luminescence 

quenching is more pronounced when the QD/LDPE films are submerged in 3% (v/v) acetic 

acid than when they are submerged in water. This finding is consistent with the ICP-MS 

results presented above, which show a higher level of released mass when the PNCs were 

exposed to dilute acid compared to water or no treatment at all, and reinforces the 
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conclusion that exposure of the test films to dilute acid accelerates dissolution of embedded 

QDs.

A more notable finding is that the LSCM images shown in Fig. 5A were captured at 9 μm 

below the film surface and reveal reduced PL intensity from QDs embedded at this depth 

after immersion in a liquid medium under the specified test conditions. Moreover, Fig. 5D 

and E show that the PL intensities of QDs embedded at all probed depths (between 0 μm and 

42 μm below one film surface) are significantly attenuated by the immersion treatment, 

particularly when the immersion medium is dilute acetic acid (note that the initial rise and 

subsequent decline in PL intensity as a function of penetration depth is an experimental 

artifact arising from the efficiency of light penetration into and out of the test film; therefore 

only the comparative values for the three test conditions at any given penetration depth have 

any absolute meaning). This is direct evidence that nanoparticles embedded deep within the 

PNC contribute to the amount of material released into the liquid medium. Importantly, the 

difference in luminescence intensity deep within the samples exposed to water and to dilute 

acid shows that the luminescence quenching is not simply related to the storage of these 

materials for prolonged periods at high temperature. If this was the case, then the nature of 

the external medium should make no difference, which is not what was observed.

To observe a measurable difference between the PL quenching of deeply embedded QDs as 

a function of the immersion medium, the immersion medium must be able to permeate into 

or otherwise interact with the hydrophobic LDPE interior to mediate QD dissolution. 

Previous work has shown that the rate of water diffusion through LDPE is very fast, even 

though the solubility of water in LDPE is low.45 Higher degrees of polymer oxidation have 

been found to reduce the water diffusivity and increase water solubility due to the water-

trapping ability of carbonyl and hydroxide groups that form along the polymer backbones 

during polymer oxidation.45 FTIR-ATR spectra of our QD/LDPE films show evidence of a 

very small amount of polymer oxidation (Fig. S10†), at least on the film surface, but even 

assuming a high 1% oxygen content of the polymer backbone, the diffusion constant of 

water in LDPE is still estimated to be in the range of 1.4 × 10−6 cm2 s−1,45 which means that 

the timescale for water to diffuse from the film surface to 40 μm deep (the permeation lag 

time) when submerged at 75 °C is less than 2 seconds (see the ESI† for a brief description of 

this calculation). The presence of QDs or other additives in the commercial LDPE resin may 

attenuate these water diffusivity values to some degree, but nevertheless it is likely that 

permeation of the external liquid medium throughout the entire PNC film volume is 

accomplished on much faster timescales than the release of dissolution products observed 

during the QD/LDPE immersion experiments, which occurs over a period of days. Likewise, 

lag times for ion diffusion through LDPE have also been reported to be on the order of 

seconds.46 Therefore, we speculate that the QD release kinetics measured in the ICP-MS 

experiments are limited by slow nanoparticle dissolution rates caused by low local 

concentrations of dissolving media (water or dilute acetic acid) present in the hydrophobic 

LDPE interior.

The influence of particle size—QD539 and QD609 were incorporated within LDPE at 

close to the same inorganic weight fractions to facilitate direct comparisons between the size 

of embedded particles and the resulting release characteristics. Such comparisons are made 
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possible in our unique model system because of the fine control over structural properties 

and elemental composition achievable for commercially available QDs. Fig. 3A directly 

compares the total mass released (experimental sum total of cadmium, selenium, zinc, and 

sulfur) from QD539/LDPE and QD609/LDPE after storage at 75 °C in water and 3% 

aqueous acetic acid. The mean diameters of QD539 and QD609, respectively, are 4.3 nm 

and 5.5 nm, excluding any contribution from the bound oleylamine surfactants. Fig. 3A data 

show a clear inverse relationship between the size of the embedded particle and the amount 

of released mass: QD/LDPE PNCs made with smaller QD539 particles release significantly 

more mass than those embedded with larger QD609 particles. This effect is particularly 

evident in acidic media.

As an independent test to confirm that PNCs incorporating smaller particles release more 

mass to the environment than those incorporating larger particles, we conducted similar 

release experiments using PNCs based on highly luminescent QD546 and QD617, the QDs 

used for the LSCM experiments. Release data for these PNCs for select immersion times, 

normalized for the inorganic mass concentration within the films, are plotted in Fig. S18 of 

the ESI.† Here we also observed far greater mass transfer into both water and dilute acetic 

acid from LDPE films incorporating relatively small QD546 particles (diameter = 5.6 nm 

± 0.8 nm) than from those incorporating much larger QD617 particles (diameter = 8.5 ± 0.8 

nm). Importantly, the physical dimensions of QD546 and QD617 particles were accurately 

determined by electron microscopy methods, removing any ambiguity about the inverse 

correlation between particle size and release rate that may be caused by the optical-based 

method used to determine the sizes of QD539 and QD609. We also note that the difference 

in magnitude of mass transferred to the environment between QD546 and QD617 (Fig. 

S18†) is larger than that of the pair QD539 and QD609 (Fig. 3A), consistent with the fact 

that the difference in mean diameter between QD546 and QD617 is 2.9 nm and the 

difference in diameter between QD539 and QD609 is only 1.2 nm. For example, at seven 

days immersion time in dilute acetic acid, the ratio of total released mass (normalized for 

loading concentration) for QD546 compared to Q617 is 2.11 ± 0.08; for QD539 and 

QD609, which are closer together in size, this ratio is only 1.31 ± 0.13. It’s also worth 

pointing out that the relationship between size and mass transfer observed in QD546 and 

QD617 is consistent with the LSCM experiments (Fig. 5B and C), which show a 

significantly greater luminescence quenching of polymer-embedded QD546 after exposure 

of the PNCs to dilute acetic acid compared to that observed in polymer-embedded QD617.

Given that particle dissolution likely plays a dominant role in the mass transfer process, it is 

reasonable to conclude that the greater extent of mass release from QD539/LDPE versus 

QD609/LDPE, especially in the relatively aggressive low pH environment, derives from the 

≈27.5% greater specific surface area (SSA, ratio of surface area to volume) of the former 

(1.40 nm−1 versus 1.09 nm−1, based on mean particle radii and assuming spherical shape). 

This argument also explains the greater mass release from LDPE films containing QD546 
(1.15 nm−1) compared to LDPE containing the larger-sized compositional analog QD617 
(0.71 nm−1). For most time points, the greater amount of mass release from QD546/LDE 
versus QD617/LDPE and the greater amount of mass release from QD539/LDPE versus 

QD609/LDPE exceeds what might be expected from surface area alone (based on 
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comparing the ratio of total released mass to the pristine-particle SSA ratio for each QD 

pair). We note that the SSA will grow exponentially as the dissolution of embedded particles 

progresses, and this growth in available relative surface area for subsequent QD dissolution 

would be more pronounced for initially smaller particles. However, dissolution kinetics and 

hence total mass released as a function of immersion time may also be complicated by the 

relative stability of the differing compositional elements in these QDs (e.g., per unit surface 

area, ZnS shells may dissolve faster than CdSe cores), as well as the growing concentration 

of dissolved material. Such complications are evident, for example, in Fig. 4, which show 

considerably higher Zn/Cd ratios in QD609/LDPE than QD539/LDPE, possibly signifying 

that in the smaller QD539-based materials, the higher SSA results in faster dissolution of 

ZnS shells and quicker exposure (and partial dissolution) of CdSe core regions. On the other 

hand, QD539/LDPE cores are more surface-enriched with cadmium (Table 1), which may 

also complicate direct comparison of the dissolution kinetics for individual elemental 

components for different QDs.

Although it is clear that particle size plays an important role in the release kinetics, it 

difficult to generalize the relative importance of particle size compared to other factors that 

also influence release. Fig. 3 data for QD539/LDPE and QD609/LDPE suggest that the 

environmental medium impacts the total mass release to a moderately larger degree than the 

particle size does. However this is contrasted with the release data for QD546 and QD617 
(Fig. S18†), in which it is the particle size that seems to play the more important role. This 

may be due to the larger difference in size between QD546 and QD617, but it is also 

possible that the different synthetic routes (and hence compositions) of these particles also 

make a difference. Additionally, a factor not considered in this paper, but which could be 

potentially more important than either particle size or environmental medium, is the host 

matrix; materials less permeable than LDPE (such as acrylic glass or other low permeability 

transparent polymers, which could be used to incorporate QDs for commercial display 

technologies) may greatly attenuate dissolution and dissolved ion transport kinetics. It may 

be tempting to conclude that higher barrier polymers should exhibit lower rates of embedded 

particle dissolution, but as the dissolution process is likely a complex function of the 

embedded particle composition and size, solubility of the environmental medium in the host 

matrix, and polymer dielectric properties and permeability, it is not possible to confidently 

extrapolate our results to other host materials. This certainly deserves further exploration.

In the end, the multi-element nature of QDs and complexity of the release process (including 

the possibility that some whole QDs desorb or diffuse into the external medium) may 

preclude a full ability to quantitatively predict the relative proportions of material released 

from PNCs as a function of embedded particle diameter alone, particularly when embedded 

nanoparticles possess complex internal architectures. Moreover, the presence of particle 

aggregates in the polymer matrix and the fact that we only have two particle sizes to directly 

compare for compositionally similar QDs limits our observation of a relationship between 

particle size and release rate to a mostly qualitative one at this point. Nevertheless, our data 

provide some of the first clear evidence that small differences in mean particle size (on the 

order of only a few nm) can impact the release behavior of nanoparticle-enabled polymer 

materials, particularly in acidified media. We are currently exploring a wider range of 

Pillai et al. Page 13

Environ Sci Nano. Author manuscript; available in PMC 2017 June 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



nanoparticle sizes using particles with less complex elemental composition to better quantify 

these important relationships.

Conclusions

We have successfully fabricated nanocomposites incorporating semiconductor nanocrystals 

(QDs) into free-standing LDPE materials, which have been developed as models to assess 

potential exposure to nanoparticles from commercial nanocomposite plastics. This model 

system affords finer control over the properties of the embedded particles than those 

employed in many previous exposure studies, which allows us to investigate important 

structure-impact relationships. Using immersion-type release experiments, our results show 

that reducing the size of embedded particles increases the amount of material released 

during long term storage of these materials in aqueous media. Moreover, we have shown that 

dissolution contributes significantly to the release process, because the compositional ratio 

of zinc from the QD shells and cadmium from the QD cores is not the same in the external 

medium as it is in the neat QDs, as it must be if whole QDs were being released. Finally, we 

have shown for the first time that nanofiller dissolution is not limited to those nanoparticles 

incidentally bound at the polymer interface. We note that our results are consistent with an 

earlier effort by Liu et al.36 that utilized QD/acrylate polymer materials as a case study to 

assess the potential environmental exposure to nanoparticles from nanocomposite-based 

consumer products; however this prior work provides a different view of release mechanisms 

that our study offers, because it only investigated a single QD size and also focused 

predominantly on release of cadmium.

It is important, before closing, to put our results into perspective and to note a few 

limitations of this study. First, the total amount of released material we have observed is low, 

especially considering the high temperatures that we have utilized. The concentrations of 

released mass are typically in the parts-per-billion level. Under the most extreme conditions 

tested (15 day exposure, acetic acid) the released mass comprises on the order of 10% 

(depending on QD type) of the initially dispersed QD mass, although a majority of this 

released mass (approximately 64% to 67%) is zinc, probably zinc ions. Second, the 

immersion times and temperatures we have used are more extreme than any realistic use 

scenario for a consumer product, which means that actual release from a nanotechnology-

enabled product (e.g., at lower sustained temperatures) is likely to be less than what we 

report here. The exposure conditions tested were selected to accelerate the release process 

and allow us to explore release mechanisms. Such information could be critical in the event 

that consumer products utilizing PNCs find their way to market, as the form of released 

material may be a key factor in determining the ultimate effects of exposure. Third, while 

our data show that the released material is likely to be largely in the form of dissolution 

products of embedded or surface-desorbed nanoparticles, our study cannot rule out the 

presence of some quantity of whole or partially undissolved nano-particles released either 

through desorption or diffusion. However, a number of theoretical studies and some 

experimental work has concluded that diffusion of nanoparticles through organic polymers is 

too slow to be significant on commercially-relevant timescales, with diffusion constants 

calculated for 4 nm diameter particles in LDPE to be on the order of 1.6 × 10−20 cm2 s−1 at 

40 °C.47,48 Therefore, given the extensive body of knowledge about diffusion physics in 
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polymers, along with our data here, we feel confident in concluding that particle dissolution 

likely plays the dominant role in the release of QDs from our QD/LDPE model PNCs. 

Ultrafiltration of the exposure medium may provide additional valuable experimental 

information on the fraction of released material, if any, that remains particulate at the time of 

analysis, and we plan to investigate this possibility in future work. We note that in the event 

that dissolution is indeed the predominant mechanism for release, downstream toxicological 

assessments of released materials may be able to be made based on conventional or ionic 

materials rather than nanoparticles.

As a final remark, while our CdSe/ZnS model system provides generally relevant 

information about nanofiller exposure scenarios, it is possible that PNCs embedded with 

other nanofillers or manufactured by other means may exhibit different release mechanisms 

or dissolution/diffusion kinetics. Some particle types (e.g., carbonaceous particles) may not 

dissolve at all, and for those that do dissolve, even if we restrict the sphere of concern to 

purely ionic dissolution products, it may be difficult to predict the relative quantity of 

released products from PNCs incorporating nanoparticles with different compositions. In 

particular, dissolution and mass transport kinetics of particles with complex (multi-element) 

compositions may be sensitive to the relative proportion of elemental components present. 

For example, our data suggests that the relative dissolution kinetics of cadmium and selenide 

in CdSe/ZnS nanoparticles differ substantially from these elements in bulk CdSe, an aspect 

that we are exploring further. Also, it is unknown how the particle dispersion state (e.g., 

degree of aggregation in the polymer) may influence the observe release rate: for instance, 

nanocomposites that exhibit a smaller degree of particle aggregation may give rise to 

enhanced rates of release because such individually dispersed particles would have more 

surface area available for dissolution. In this way, nanocomposite fabrication methods or 

particle surface chemistry may influence the dispersion characteristics and therefore change 

the release behavior in unexpected ways. Such issues are endemic to nanoparticles due to 

their small size and complex chemistry. While we recognize that the model system we have 

employed here cannot account for all of these factors, we have demonstrated the value of 

continued investment in bottom-up strategies based on controlled model systems to study 

these challenging but important issues.
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Refer to Web version on PubMed Central for supplementary material.
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Nano impact

There is growing interest in determining whether consumers can be exposed to 

nanoparticles during the lifecycles of polymer nanocomposites (PNCs). This study 

employs a model PNC system based on luminescent semiconductor nanocrystals 

(quantum dots) dispersed in low density polyethylene, and exposes these materials to 

liquid media under conditions intended to accelerate the release kinetics. The key 

findings are that the release of nanofillers is particle-size dependent, and that dissolution 

of embedded particles and diffusion of dissolution products (ions) into the surrounding 

environment likely dominates the mass transfer. In addition, mass transfer is not restricted 

to particles incidentally located at the polymer-environment interface. The pilot study 

shows that model systems designed to systematically study specific structure–function 

relationships may be used to gain new insight into the environmental release of 

nanocomposites.
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Fig. 1. 
Photographs of QD/LDPE films under ambient room light (A) and during illumination with 

a hand-held UV-lamp (B). The QDs incorporated within the films on the left have emission 

maxima at 617 nm (QD617/LDPE, red luminescence) and those incorporated within the 

films on the right have emission maxima at 546 nm (QD546/LDPE, green luminescence). 

The inorganic weight fraction in QD617/LDPE and QD546/LDPE was 1.30 mg mL−1 and 

1.08 mg mL−1, respectively. Panel (C) shows normalized luminescence spectra of QD/LDPE 

films. The solid red and green lines correspond to QD617/LDPE and QD546/LDPE films, 

respectively. For comparison, the spectra of neat QD617 and QD546 in dilute toluene 

solution are shown as dotted lines. The excitation wavelength for these experiments was 460 

nm and 550 nm for QD546 and QD617, respectively.
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Fig. 2. 
Release of cadmium, selenium, zinc, and sulfur from QD/LDPE nanocomposite films into 

water (top row) and 3% aqueous acetic acid (bottom row) held at 75 °C as a function of 

immersion time, expressed as total released mass of the analyte in the 25 mL analyzed 

solution per unit surface area of exposed film. Green and red bars refer to release 

experiments using QD539/LDPE and QD609/LDPE, respectively. The inorganic weight 

fraction for both films was 2.08 mg mL−1. Each reported value is the average of 

measurements from four independent samples. Error bars represent standard deviations.
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Fig. 3. 
Total released mass from 2.08 mg mL−1 QD/LDPE nanocomposite films into external liquid 

media held at 75 °C as a function of immersion time, expressed as total released mass of the 

analyte in the 25 mL analyzed solution per unit surface area of exposed film. (A) and (B) 

plot the same data in two different ways so as to highlight specific comparisons. The two 

graphs in (A) compare release of QD539 (green) and QD609 (red) in the two different liquid 

media. The two graphs in (B) compare the effect of the external medium for the two 

different particle types. Here, green and red bars refer to the same QD identities as in (A), 

with lighter colored bars referring to experiments in 3% aqueous acetic acid and darker 

colored bars representing experiments in water. Each reported value is the sum of the 

averaged values of cadmium, selenium, zinc, and sulfur measurements from four 

independent samples. Error bars represent a propagated error expressed as the square root of 

the sum of the standard deviations for each individual element component.
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Fig. 4. 
The mass ratio of released zinc to cadmium from QD539/LDPE (green) and QD609/LDPE 

(red) into water (left panel) and 3% (v/v) aqueous acetic acid (right panel) held at 75 °C, as a 

function of immersion time. The approximate location of the Zn/Cd mass ratio of neat QDs 

(2.161 ± 0.041 and 2.187 ± 0.007 for QD539 and QD609, respectively) is shown as a dashed 

black line. Each reported value is the average of measurements from four independent 

samples. Error bars represent standard deviations.
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Fig. 5. 
Panel (A) shows comparative LSCM images of QD546/LDPE (top row) and QD617/LDPE 
(bottom row) after no immersion treatment (left column) and after immersion in water 

(middle column) or 3% aqueous acetic acid (right column) at 75 °C for 17 days. The images 

correspond to a focal plane depth of approximately 9 μm below the film surface and have 

lateral dimensions of 56 μm × 56 μm. Panels (B) and (C), respectively, plot average and 

normalized (to the “no treatment” condition) photoluminescence intensity for experiments 

depicted in the LSCM images. Panels (D) and (E) plot the average photoluminescence 

intensity values for the various treatment types, broken down by focal plane depth, for 

QD546/LDPE and QD617/LDPE materials, respectively. The neat LDPE control (not 

shown) exhibits no luminescent intensity either before or after immersion treatments. The 

error bars represent standard deviations, based on n = 3. Note that the drop off in PL 

intensity at progressively lower penetration depths is due to the less efficient light capture 
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efficiency of the microscope, so only comparisons between treatment types at specific 

penetration depths are meaningful. The excitation wavelength was 405 nm in all 

experiments.
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