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“In nature, nothing exists alone”

Rachel Carson, Silent Spring



Table of Contents

LISE OF FIQUIES ...ttt ettt et e b e e s e s ae e teeseesteenteaneesseeseaneesreaneens 9
LISE OF TADIES ..ot 15
1 ADSITACT. ...ttt 16
2 RESUIME ..ttt bt e bbbt b bbb bR et b et 18
ACKNOWIBAGEMENTS ...ttt b bbb 16
Preface and Contribution to KNOWIEAGE............ooiiiiiiiiieieee e 21
PIETACE ...t b bRttt bt n e ere s 21
Contributions t0 KNOWIEAGE .........oiiiiiiie e 21
Contribution OF QUENOTS .......coueiuiiiiiieie s 23

R 111 (oo [¥Tox (o] 4 TR TO PP U PP PPN 25
1.1 TRESIS MOTIVALION ...ttt 25
1.2 RESEAICN ODJECLIVES ......iiieiecie ettt re e 26
1.3 Organization of the theSiS..........cciiiiiiiiie e 26

2 LIErature REVIBW ......cuiieieiiitiieeest ettt b et 28
0 A O o4 T=Tod 1] 1o ) oA S PSSRR 28
2.2 Quantum Dots: Brief history of a complex particle ...........c.ccoeeieviiieiie i 28
2.2.1  The promising PArtiCle ........cccoeiiiiiieie e 28
2.2.2  Initial synthesis: Focus on core and shell ... 29
2.2.3  Ligand exchange expands NOMZONS ..........ccccuiiiiiiiiinene s 30
2.2.4  Research-stage applications of quantum dotS...........ccocereiiriinininienen e 31
2.2.5  Current commercial uses of qUaNTUM dOLS........ccveiveiireiiriririeee s 33
2.2.6  Toxicological profile of qUANTUM dOtS.........cccouviiiiiiiiiei s 35
2.2.7  Mechanisms of quantum dot tOXICITY..........ccurvuririeiiiiie s 35

3



2.2.8  Linking toXicCity t0 QD StIUCLUIE.........cccueiieieeie ettt 36

2.2.9  Relevance of doses and particles ChOSEN .........ccccvevveieiieie e 39
2.2.10 Toxicological concerns translate into regulation (SOmetimes) .........c.cccceevevvevieenne. 41
2.3  Transformations and resulting toxicity of nanoparticles............cccocvveviviveiieeiecce s, 41
2.3.1  Transformations: why we care so much about water...........ccccoceevvveiiieiecinecnenn, 42
2.3.2  Physical Transformations.........ccooeiiiiiiiiiiiieee s 43
2.3.3  Chemical TransformationS.........ccccveieeieiienesie et 45
2.3.4  Biological transformations in the enVironMeNt............ccocevirininieeienenc e 46
2.3.5 Biological transformations of ENPS in the body ..........c.ccocviiiiiiiininie 47
2.3.6  Transformation and resulting toxicity of quantum dots...........ccccevereneienenennnn. 48

2.4  Pipeline for the study of transformation and toxicity of nanoparticles to inform

(o LeTo R o] 3 T o o (=TS o [ PSR 51
2.4.1  But first, translating studies t0 aSSESSMENTS...........cccvevveiierieiiereeie e 51
2.4.2  Assessments and their use by regulators..........ccccoeiveieiicie i 52
2.4.3  Design: Approach of SCIENTISES ........ccviiiiiieiicc s 55

2.5 CONCIUSTON: ...ttt bbbt bbbttt b et ene s 59

2.6 RETEIBNCES ..ottt 60

3  Cadmium-Containing Quantum Dots Used in Electronic Displays: Implications for Toxicity

and Environmental TranSformMations..........cc.ooiiiiiiiiiiiieseee e 73
T8 A O o T=Tod 1] o ) AP OOR 73
3.2 ADSIIACE: .. 73
3.3 INErOAUCTION: ... bbbt 74
3.4 RESUILS aNd DISCUSSION: .....ccuiiuiiiiiiiiiitesie sttt bbb 78

3.4.1  CdSe/ZNS-PEI&E3P SYNtNESIS: .....ccivieiieiie et 78
3.4.2  CdSe/ZnS-PEI&E3P dissolution in response to pH and oxygen..........cccceevevvnane. 82

4



3.4.3  Aggregation of CdSe/ZNS-PEI&ESP.........cccccveiiiiiiiece e 88
3.4.4  Toxicity of CdSe/ZnS-PEI&E3P to HepG2 CellS ......ccoevvevviiiiiiicee e, 90

3.45  Exposing CdSe/ZnS-PEI&E3P to low pH reduces the toxicity of the residual QD
particles 91

3.5 CONCIUSTONS ...ttt bbbttt nb ettt 94
30 IMBENOMS ...t 94
3.6.1  Synthesis Of CASE/ZNS QDS .......ccoieiiiiiiiiiiiieeeee e 94
3.6.2  Octadecylamine and PEI & E3P Ligand EXchange..........c.cccovviviinenenciencnnn, 95
3.6.3  DiSSOIULION TESES.....ecueitieeiiiiiiteieiisi ettt 95
3.6.4  Cell culture and quantum dot model COmpPoNENtS...........ccccvveveiieieeie e, 96
3.6.5  Invitro cell viability @SSaY .........cccciveiiiiieiieie e 97
3.6.6  Characterization instruments and Methods ............cccoereiiiiicicin e 97
3.7 REFEIBNCES ...ttt 98
3.8 Supporting INFOrMALION .........cviiiecice e 103
3.8.1  Analysis of pristine display film containing quantum dots ..............cccceceevveieennenn 103
3.8.2  Synthesis Of CASEIZNS ..o 105
3.8.3  Analysis of pristing CASE/ZNS..........oooviiiiieie e 107
3.8.4  Blanks Of diSSOIULION TESS .......ccveiviriiiiiiieieieie e 113
3.8.5  SYNthesiS OF ZNS QDS.....c.oiiiiiiiiiiiiieeee e 113
3.8.6  Hydrodynamic radius and zeta potential measurements...........ccccoecevevereiieeneennnns 115
3.8.7  Fluorescence of QDs after exposure t0 pH 2-8..........cccoiiiiiieieieiene s 117
3.8.8  CellTiter-Glo HepG2 cell viability curves and ICsg data..............ccceevevreeieireennnns 118
3.8.9  References for Supporting Information: ............cccceovveiii i, 123

4 Linking transformation of cadmium-containing quantum dots in simulated human digestive

T (=] L (0T (o) ([ | Y2 PSRRI 125
5



ot @0 o 1= ox 1 I (= S SSOSSSTRSSN 125

4.2 ADSITACE: ...ttt 125
4.2. 1 INEFOTUCTION: ..ttt ettt 126
4.3 RESUILS @N0 DISCUSSION: .......iiiiieiiiteieiisiesree sttt 129
4.3.1  Pristing TOXICILY STUAY ......ccueiuiiiiiiiiiiiiieieie e 129
4.3.2  Simulated digestion system overview and sampling method: .............cc.ccooerinne 133
4.3.3  Transformation of QD metals in simulated digestive SyStem:...........ccccocvvvrinnne 134
A4 CONCIUSIONS: ...ttt bbbt e e bbb e ene s 140
A5 MEINOUS: ... 141
451  Cellular UPLaKe: .......ooiiiiiieiiie e 141
45.2  Simulated HUMaN DigeStiON: ........ccceciviiierieiie e 141
45.3  Centrifugal filtration of QDs aliquots after digestion.............ccccceevevveveiieieennns 142
A4.5.4  FIUOTESCEINCE: ..ottt bbbttt 143
455  CoNFOCAl MICIOSCOPY ....ecivieiiiiieiieeite et sttt ettt re et sreene e sreenne s 143
A5.6  SPICP-MS s 143
A6 REFEIBNCES: ...t 144
4.7 Supporting iNfOrMALtION: ..........ooiiiieceee e 147
47.1  Cell Toxicity Data: (Collected by Ke XU) .....cccoiiiiiiiiiiiiiieeceee e 147
4.7.2  Combination Index CalCulation: ..........ccceiiiiiiiiiiic e 148
4.7.3  Calibration of SPICP-MS: ........ooiii e 149
4.7.4  Calculating number of QDs in aggregate compared to Cd particle size............... 151
5 Are substitutes to Cd-based quantum dots in displays more sustainable, effective, and cost

competitive? An alternatives assesSment appProach ..........cccocveiieiiieiii e 153
5.1 CONNECHING TEXE ..iiuiieiiiiiiie ettt et e e e e st e e b e s reesaeeebeesnnas 153



B2 ADSITACT .. eeeeeee e e et e e e e e ———— e e e e e e e e —————aaaaaaa 153

5.3 INEOTUCTION ..ot 154
5.4 MEINOUS ..ot 157
5.4.1  Identify substance class of concern & scoping problem formulation................... 159
5.4.2  Identify and SCreen alternatiVeS ...........cccooiiiiieiieieie e 160
5.4.3  PriCE ASSESSIMENT ...eiiiiiitiiiieii ettt ettt bbbt n bbb 162
5.4.4  Performance ASSESSIMENT .........couiiiiiiiiiirieiieieie ettt sb e 163
5.4.5  HAzZard ASSESSIMENT .....ciuiiiiiiieiieieieit sttt sttt n bbb 164
546  Multiparameter EValUALION: ..........ccocoiiiiiiiiiieeesc e 165
5.5  RESUILS aNd DISCUSSION.......cueiiiiiiiiieitisiesii sttt 165
9.5.1  COSEASSESSIMENT ....veiuriiiiitiet et 165
552  Performance aSSESSIMENT ..........ccuiiiiieiiirieieie sttt 168
5.5.3  HAZArd @SSESSIMENT .....oviieiiitiieieiiite ettt 171
5.5.4  Aggregation of EVAlUALIONS ..........cccecviiiieiiiiiccecce e 175
55,5  RegUIAtory ASSESSMENL......cc.cciviiieiieiieiit et eee e ese st rte e re e e e sre e sreene 177
5.6 CONCIUSIONS ...ttt bbbt b ettt bbbt b e 178
5.7 RETEIBNCES ... 180
5.8  Supporting INFOrMALION: ........ccuiiiiiieie e 187
5.8.1  Specific substances Used iN PACKAGES ........cccurrrieriererieie s 187
5.8.2  Cost: Detailed MEthOUS........ccoveiiiiiiiieiiiesieeeee e 187
5.8.3  Hazard: Detailed Methods ..........ccooiiiiiiiiiiiieee e 190
5.8.4  Performance: Detailed Methods .........ccccoviiiriiiiieie e 192
5.8.5  SUPPOITING FIQUIES ..ottt bbbttt 193
5.8.6  SUPPOItING RETEIENCES: ... .iiuiiiiiiiie ettt 197



6

Conclusions, Implications and FULUre WOrK ...........ccoooveiiiiiiieie e

6.1

6.2

6.3

Connecting text ...........cccue..e..
SuMMary ..o,

Implications and Future Work



List of Figures

Figure 2-1: Quantum dot energy band structures were novel compared to molecules and bulk
semiconductors. Adapted from GUNLET €t al.2...........ccovevvieeeeeeercee e 29
Figure 2-2: Summary of QD tunability and appliCations............ccccoeiiiiiiniiiinicce 34
Figure 2-3: Components of QD structure that influence toxicity (including general trends)........ 39
Figure 2-4: Brief overview of different nanoparticle transformations in the aquatic environment.
*shell formation is not necessarily as uniform as displayed in the figure, the shell could be
uneven or have incomplete NP COre COVEIAgE. ........uiiiiiieiiieieie sttt 42
Figure 2-5: Safety and sustainability assessments (orange circles), with their inputs in dark red
boxes, and their key questions in light grey DOXES. .........cccvceiieiiiic i 53
Figure 2-6: The 12 principles of green chemistry, copied directly from reference!*.................. 56
Figure 3-1: (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). .....cceeceiiieiieeie e sra e 81
Figure 3-2: 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)..........cccccoceiiniiiniiinici e 84
Figure 3-3: (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. .................... 87
Figure 3-4: (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. ..........ccccceveiiiinnne 90

Figure 3-5: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 ICso 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. ....ooiiiiiiieee e 93

Figure S3-6: Elements present in QD display inner film, measured with ICP-OES. ................. 103
9



Figure S3-7: Solid State 3 C-NMR of inner display film, from a commercial TV display, with

functional groups highlighted that are also present in PEI&ES3P. ........c.cccccooveviiiiiiievciieceee 104
Figure S3-8: CdSe fluorescence with excitation at 400nm, emission from 500-700nm............. 107
Figure S3-9: TEM of CdSe core used for size estimations (N=50).........cccccervrrivrrerieenienrenennen 108

Figure S3-10: (A) TEM image of CdSe QD displaying crystallinity (B) pXRD of CdSe QDs
(orange) with expected peaks represented as black bars.® Other peaks < 20° correspond to the
presence of myristic acid ligand, as the intensity of these peaks decreased after washing. ....... 109
Figure S3-11: 'H-NMR of (A) 1,2-epoxy-3-phenoxypropane (E3P), (B) polyethylene imine

(PEI) and (C) the polymer PEIKESP.........cccoiiiieiece ettt 110
Figure S3-12: TGA of CdSe/ZnS-Octadecylamine. .........cccviieiieieiiese e 111
Figure S3-13: 'H-NMR of (A) octadecylamine, (B) CdSe/ZnS-octadecylamine, (C) CdSe/ZnS-

PEI&E3P with traces of oCtadeCylamine. ... 112

Figure S3-14: (A) Representative ZnS TEM image and (B) ZnS size distribution (n=100) (C)
Representative ZnS TEM image displaying crystallinity of particle and (D) pXRD of ZnS NPs

Figure S3-15: (A) Zeta Potential of CdSe/ZnS-PEI&E3P suspended in 0.1 mM KCI with pH
adjusted with acetic acid. (B) Hydrodynamic radius of CdSe/ZnS-PEI&E3P suspended in 0.1
mM KCI with pH adjusted with acetic acid. Error bars represent the standard deviation of three
INIBASUIEITIEITS ...ttt ettt ettt ettt e ekt e e ket e et e et et e e ab e e e esb e e e aabe e e anb e e e snbeeebbeeenneean 116
Figure S3-16: Fluorescence spectra of QDs aged at pH 2-8 after 1 hour (A), 1 day (B), 3 weeks
(C,D) using acetic acid and under aerobic conditions. After 3 weeks, settling of the QDs
occurred, and therefore spectra were taken of the supernatant solution (C) and the solution after
MIXING (D). 1etteiteeie ettt et et e s e s te e teeseesae e teeseeaseenteeseenaeeeeeneeaseenteaneenreeneeenee e 117
Figure S3-17: Intensity of fluorescence spectra at 588 nm after QDs aged at pH 2-8 after 1 hour,
1 day, and 3 weeks using acetic acid and under aerobic conditions. After 3 weeks, settling of the
QDs occurred, and therefore spectra were taken of the supernatant solution and the solution after
0] T TR OSSP TP PP PP PRPR 118
Figure S3-18: Cytotoxicity of cadmium ion in HepG2 cell model. A) Representative cell viability
measured using CdCl, B) Representative cell viability measured using Cd(NO3).. C) Comparison
of 1Cso values calculated using CACl and CA(NO32)2. ...c.ecovveiveeiiiieiecesecse e 118

10



Figure S3-19: Cytotoxicity of zinc ion in HepG2 cell model. A) Representative cell viability
measured using Zn(SO4) B) Representative cell viability measured using Zn(OAc)2. C)
Comparison of 1C50 values calculated using Zn(SO4) and ZN(OAC)2. ......ccecveeerieereiieeieaiens 119
Figure S3-20: Representative cell viability results for determining the cytotoxicity of PEI&E30
IN the HEPG2 CEll MOEL. ....c.oeeeeeee e 119
Figure S3-21: Representative cell viability results for determining the cytotoxicity of pristine
QDs inthe HepG2 Cell MOTEL. ..o 120
Figure S3-22: HepG2 cells were incubated for 24 hours with (A) cell media alone or with
concentrations of QDs (B) below and (C) above the ICso. Cells were washed, fixed, stained with
DAPI and analyzed by confocal laser scanning microscopy using a TCS Leica SP8 Multiphoton.
Images were analyzed with ImageJ 1.47c. Blue = DAPI; Red = QDS. .....ccovvviieiiiiniiinee 121
Figure S3-23: Percent recovery of PEI&E3P in 3 kDa filter after ageing for 1 day at pH 2-8.. 121

Figure S3-24: Representative cell viability results for determining the cytotoxicity of aged,

filtered QDs in the HEPG2 Cell MOdEL ........cooovviiiee e 122
Figure S3-25: Representative cell viability results for determining the cytotoxicity of ions and
ligands leached from QDs in the HepG2 cell model. .........ccoooeiiiiniiii e 122

Figure S3-26: Representative cell viability results for determining the cytotoxicity of the full
aged model of QDs in the HEPG2 Cell MOUEL. ........ccooovieiiiiee e 123
Figure 4-1: Schematic of commercially-relevant CdSe/ZnS-P&E as well as its basic components
(P&E, CdSe, and ZnS) and combinations of 2 basic components (CdSe-P&E, ZnS-P&E, and

(010 1774 4 1) SRRSO 128
Figure 4-2: TEM images of (A) CdSe QDs, (B) ZnS QDs, (C) CdSe/zZnS QDs. The zeta potential
and hydrodynamic size of the polymer-capped QDs (D) is presented. E) Cd and Zn contents were
measured with ICP-OES and P&E contents were calculated from the synthesis. The remaining
percent weight of the compounds is composed Se and/or S and different organic ligand resulting
TrOM the SYNENESIS ...ttt e et e e st e e beenree s 130
Figure 4-3: Combination Index of QD mixtures, with synergistic interactions (Cl<1) and
antagonistic interactions (CI>1) indicated on the left side of the graph. Cls are based on toxicity

data gathered by Ke Xu (S8 @aPPENTIX). ...ccvviiiiiiieiieciee sttt 131

11



Figure 4-4: Cellular uptake comparison of polymer-capped and non-capped CdSe/ZnS quantum
dots compared to a blank and CdCl; controls after exposure for 3h to 25 ug/mL..........c.cc........ 132
Figure 4-5:(A) Simulated digestion steps, with aliquot (1/2 total sample) removed at every stage.
(B) Brief description of added components each stage, which was adapted from Infogest and the
activity of enzymes of this specific study. lonic strength calculated from the added salt solutions.
Concentrations of CdSe/ZnS_P&E were set such that toxicity tests could be compared to pristine
CASE/ZNS_P&E tOXICITY TESES. ..uviivieiiieiieiieitiesie ettt sttt sttt sreenne e steenee s 134
Figure 4-6: (A) Fluorescence of CdSe/ZnS_P&E (labelled QD) at each digestion stage. Note that
the peak at 450 nm represents phenol red from non-serum cell media. (B) Percent of the metal
constituent of CdSe/ZnS QD in nanoparticle form, measured using centrifugal ultrafiltration. The
remainder of the metal constituent of the CdSe/ZnS QD was in ‘dissolved’ form (<3 kDa)..... 135
Figure 4-7: (A) Percentage of Cd aggregates over 210 CdSe/ZnS QDs compared to total amount
of Cd measured in the sample. (B) Lognormal fitting of size range of inorganic portion quantum
dots (calculated) based on spICP-MS data of cadmium at each digestion stage. Median particle
size and standard deviation are reported in number of CdSe/ZnS QD aggregates. Note that the Y-
axis are set such that the maximum is ¥ of the previous stage, which would represent the
maximum expected amount of particles inthe aliquot. ............c.ccoveiiiiiiicc e 137
Figure 4-8: Confocal microscopy images of (A) three digestion stages without QDs present and

(B) three digestion stages with QDs present, with QD presence indicated by red fluorescence

(80 CNANNEILY. ..t b ettt b et bbb 139
Figure S4-9: Cell toxicity data (as % viability of HIEC-6 cells) compared to the dose of the QDs
and QD mMixtures (N=3, *P<0.05) .....ccuieiiiiiiiesie et e s sre e ae 147

Figure S4-10: Percent >3 kDa for ions (no QDs present) and polymer throughout digestion. .. 149
Figure S4-11: (A) Amount of QD aggregates in media > 210 QDs and (B) distribution of
aggregates in the diluted MEIA............coiiiiiieie e 151
Figure S4-12: Relationship between Cd in Cd particle (spICP-MS result) and number of QD in
aggregate (CAlCUIALEA). ......cviieeeee bbb e bbb 152
Figure 5-1: Outline of substance class of concern and alternatives packages examined in this
alternatives assessment. Step 1 identifies the substance class of concern, Cd-QDs, which are

integrated into displays. Step 2 points out two different boundaries employed in this assessment.

12



Four key terms are bolded in the large table of steps 3-4: substances, substance class, packages,
and display types. These terms are all significant to categorizing alternatives. Steps 5-7 & 9
illustrate the three different evaluations conducted for each package: price, performance, and
hazard. Steps 10-11 indicate that these three evaluations will be aggregated into one score for
BACKN PACKAGE. ... ettt e e be et e e nraeae e e reenre s 158
Figure 5-2: (A) Price assessment results, grouped by package of red, green, and blue pixels with
a logarithmic y-axis. (B) Total prices of the packages, again on a logarithmic y-axis (see
spreadsheet for table Of VAIUES).........ccoiiiiiie e 166
Figure 5-3: Performance Assessment results, grouped by FWHM (purple), Quantum Yield
(brown) and Rec 2020 overlap (yellow). The highest rank possible for each performance
indicator is 1 and the IOWESE IS 0. 1. ......iiiiiieicie et 169
Figure 5-4: (A) averaged hazard assessment results and (B) hazard heat map, where dark
indicates the most hazard, while light indicates the least hazard per substance (y-axis,
red/green/blue) in @ PacKage (X-8XIS).......cueivverririieiieieiie s e ste e e st ste e st sre e reeste e e saaesre e 172
Figure 5-5: Initial missing hazard data results presented as a heatmap, where darker points
indicate more missing data. At the maximum of the scale, 80% indicates that 80% of the
precursors of a certain substance (color in the x axis) in a package (y-axis) had no data found in
the SDS corresponding to the specific hazard (e.g. Environment in the x-axis). 0% indicates that
all precursors of a substance had information regarding the specific hazard. ..............cc.cc.c...... 174
Figure 5-6: (A,B) Combined assessments with weight of 1 for each assessment (best in a
category has a score of 1) (C,D) Combined assessments with (starting from the bottom) a weight
of 1 for cost, 0.5 for performance, and 2 for hazard (best in the category has a score of 1, 0.5 and
2 TESPECTIVEIY). ..ttt bbbttt bbbt 176
Figure S5-1: Lack of correlations observed for the (A) number of steps versus cost and (B)
number of chemicals Versus CoSt (CAD/Q). ...covv it 193
Figure S5-2: Rec. 2020 overlap on (A) In2-QLED and (B) In2-Q-OLED. The resulting Rec.2020
overlaps are outlined in red, with the Rec. 2020 standard in dashed black lines. The only
difference between (A) and (B) is the inputs for the blue wavelength. ........c..cccocoviveiiiiiiiens 193
Figure S5-3: Individual performance metrics of packages (y-axis) compared to the package rank
G Ve d 1) TR RS STPTR 194

13



Figure S5-4: Comparison between rank (y-axis) for color purity (blue) and FWHM (green) for

packages. See spreadsheet “Performance (Fig3)” sheet for calculations. ..........ccccccevvvieiinnnnnnn 195

14



List of Tables
Table 2-1: Comparison of Cd-QD to Cd toxicity using GHS benchmark tests,® where dark

orange indicates a classification <1B, light orange of a classification of 2, and no coloring for
missing of <2 categorizations. STOT RE represents specific target organ toxicity for repeat
exposures. % The last two entires in this table are from SDS sheets and are not part of the
PUDLISNEd GHS AtADASE. .....ccvvevveiiiciecie ettt e e reeee e e snaeee s 40
Table S3-1:Effect of coating CdSe particles with ZnS-PEI&E3P on the fluorescent properties of

T8 SAMIPIES. ..ottt b 113
Table S3-2: Recovery of ions and QDs from 3KDa filters after 24h for ions, and after Oh for the
] 3SR 113
Table S3-3: ICso values from each trial and the calculated average and standard deviation...... 123
Table S4-1: EC20 and CI of QD components and coOmbINAtioNS ............ccccuvvriveienencnescneniens 148
Table S4-2: Recoveries of ions, nanoparticle size, and nanoparticle concentration after the
addition of 0.5 ppb OF Cd I0NS. ...ccviiiee et 150
Table S5-1: Substances used to build the packages in this assessment............ccoccevvveveiieieennns 187

Table S5-2: TURI P20ASys category scores used to define the health, environment and physical
properties hazards illustrated in Figure 4B and 5 of the main text. Please see spreadsheet :

“Hazard_Results (Figd+5)” sheet for subcategory information. ............ccocceveveveniieicininnnnn, 195
Table S5-3: Package scores for Hazard Assessment (demonstrated as a heat map in Fig. 4B) . 196

Table S5-4: Scores for data missing in Hazard Assessment (demonstrated as a heat map in Fig.

15



1 Abstract

Several nanomaterials have transitioned from laboratories into products that the general
population use every day. Unfortunately, often nanomaterials are not fully vetted for potential
impacts on the environment and human health before introduction onto the market. One such
nanomaterial is cadmium-based quantum dots, whose structure contains a carcinogenic heavy
metal. Quantum dots are excellent light converters but also have long term stability due to a
combination of inorganic shell and organic coatings. Originally, these particles demonstrated
promise for use in biomedical applications, so most measures of their toxicity and environmental
fate focused on particles designed and functionalized to enhance interactions with a biological

system.

However, Cd-containing quantum dots were introduced into displays at scale, not for use with
biological systems. In the first chapter of this thesis, we developed a model quantum dot
representing the structure of these commercial quantum dots (core, shell, and coating) to
determine key transformations of the inorganic particles in aquatic media. After exposure to
different environmental factors, we found that the Cd-containing core of quantum dots
aggregated and was resistant to dissolution at circumneutral pH, unlike the Zn-containing
inorganic shell. We also demonstrated aggregation of inorganic quantum dots, even in the
presence of an abundant amount (95wt%) of polymer coating. Toxicity studies indicated that the
aged particle alone (no ions released from the quantum dots present) was less toxic than the
pristine particle. This shifting toxicity of quantum dots, dependent on previous exposure to the
environment, highlighted the importance of studying transformations carefully. In the second
chapter of this thesis, we then probed the transformation of quantum dots in simulated human
digestive fluids, where we found that quantum dots become more dispersed and loose their Zn-
containing shell. These transformations will be correlated to change in QD toxicity by

collaborators.

The last chapter in this thesis details the examination of quantum dot alternatives, as the original

Cd-containing quantum dot was phased out of production in Europe. We grouped alternative

substances into classes, but found no clear frontrunner in terms of safety, sustainability, cost-

effectiveness, and performance combined. This assessment, as well as the work done detailing
16



the transformation of Cd-containing quantum dots, can serve as an interdisciplinary example for

probing the possible impacts of commercially-relevant nanomaterials.

17



2 Resumé

Certains nanomatériaux sont présents dans des produits quotidiens. Malheureusement, leurs
effets potentiels sur I’environnement et sur la santé sont rarement examinés avant leur
commercialisation. les points quantiques (PQ), & base de cadmium, un métal lourd cancérigene,
en font partie. Les points quantiques ont d’excellente propriétés lumineuses, et bénéficient d’une
grande stabilité grace & leurs nombreuse couches tant inorganiques qu’organiques. A I’origine,
ces matériaux ayant 1’air prometteurs pour des applications biomédicales, les mesures de leur
toxicité et de leur sort environnemental ont été limitées aux particules prévues pour améliorer

I’interaction avec un biote.

Cependant, des PQ a base de Cd, non prévus pour des biotes, ont été introduits dans des écrans.
Dans la premiére partie de cette these, nous avons mis au point un modele représentatif de la
structure de ces PQ du commerce (cceur, coque et enrobage) pour rechercher les transformations
majeures des particules inorganiques dans 1’eau. Aprés des contacts avec divers facteurs
environnementaux, nous avons constaté que, aux pH approchant la neutralité, le cceur contenant
le Cd s’agrege et résiste a la dissolution, a la différence de la coque inorganique contenant du
zinc. Nous avons également démontré I’agrégation des PQ, méme en présence d’une quantité
importante de polymeére d’enrobage (95 % par poids). Les études de toxicité ont montré une
toxicité inférieure (absence d’ions émis par les QD présents),par rapport aux particules
originales, des particules soumises au pH . Ce changement de toxicité, en fonction du contact
avec le milieu, a souligné I’importance d’une étude approfondie des transformations. Il a servi de
motivation pour la deuxiéme partie de cette these, dans laguelle nous examinons les
modifications des PQ dans un systeme digestif humain simulé. Nous avons observé que les PQ y
perdent leur coque de zinc, tout en se désagrégeant. Ces transformations sont alors corrélées a

une augmentation de toxicité.

La derniere partie de cette these explore les alternatives aux PQ, ceux a base de cadmium n’étant
désormais plus fabriqués en Europe. Aprés avoir groupes les alternatives en catégories, nous
n’en avons trouvé aucune se détachant en termes de sécurité, de coit, de durabilité ni de
performance. Cette analyse, associée aux études de transformation des PQ, pourra servir
d’exemple de recherche interdisciplinaire sur les effets des nanomatériaux du commerce.
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Preface and Contribution to Knowledge

Preface

This thesis is written in the manuscript format, according to McGill’s “Guidelines for
Thesis Preparation.” Chapters 1 details the motivation, objectives, and outline of this thesis.
Chapter 2 surveys related literature. Chapters 3-5 cover the methods, results and discussions
related to original experimental work. Chapter 6 briefly summarizes this work and identifies
future research needs. The results presented in Chapters 3 and 5 have been published in peer-
reviewed journals where the author of this thesis is the first author. Chapter 4 presents this
author’s contribution to a body of work that, combined with a collaborator’s results, will be

submitted as two different manuscripts.
Contributions to knowledge

1. Design of commercially-relevant QD for use in toxicity and transformation tests.
Previous reports investigating QD transformation used either QDs covered with small
molecules or large polymers. However, for commercially-relevant QDs, the polymers are
unknown because they are not disclosed by QD manufacturers (besides hints from
patents). We formulated a protocol for the synthesis of a QD, very similar to one
described in a patent that describes the preparation of QDs for display applications. We
also synthesized this QD such that the inorganic content was relatively low — reflecting
the low concentrations of QDs in actual products. This complex structure provided a
versatile platform to investigate QD transformation and toxicity, as we could also
synthesize its components (i.e., without shell, or without core). Such QDs of complex
structure have not been used in previous environmental fate and human toxicity studies

2. Evaluating the long-term stability of commercially-relevant QDs in
environmentally-relevant conditions. The fate of nanoparticles in the environment is
commonly studied with experiments that occur on the order of days. Although those
studies often capture many chemical, physical and biological transformations, they do not
capture information on the longevity of particles. By studying both dissolution and

aggregation state for six months, we saw limited dissolution of Cd from Cd-QDs at
21



4.

5.

circumneutral pH, but also observed the homo-aggregation of QDs into ~100 nm
aggregates.

Tracking the transformation of QDs in biomolecule-containing simulated digestive
system. The fate of nanomaterials in the gastro-intestinal tract is a growing research field
due to the increased ingestion of nanoparticles incorporated or accidently present in food.
The use of model nanoparticles, such as QDs, can inform the key transformations of
small reactive nanoparticles. In this research, the systematic examination of QDs was
undertaken in three different environments, simulated salivary, gastric, and intestinal
phases. Previous studies have not provided robust information on how the aggregation
state of QDs are altered in digestive fluids. For the first time, we used spICP-MS to
decipher the general aggregation state of QDs and link it to specific digestion stages. The
transformation was explored at every digestion stage rather than at the very end of the
digestion, where compounded transformations complicate conclusions.

Adaptation of alternatives assessment method for substance researchers Alternatives
assessment is a powerful tool used by regulators and corporations, but has struggled to
gain a foothold in the assessment of emerging technologies. On the other hand, design
metrics based on the 12 principles of green chemistry consider efficiency but not hazard.
There is therefore a gap in the hazard tools available to substance researchers. The
alternatives assessment we developed aims to help these materials researchers by
outlining accessible assessments (price, hazard, and performance).

Assessment of perovskites, QDs and organic emitters by the same metrics Due to the
sheer volume of publications introducing new substances, it is difficult to establish which
of these holds the most promise in terms of safety and sustainability. There are excellent
reviews that summarize the challenges and opportunities of each of these substance types,
but there is no comparison using a systematic framework between these candidates. This
is surprising because these candidates are all vying for use in the same application,
displays. The alternatives assessment served to bring together these various fields to
highlight their respective strengths and shared challenges.
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1 Introduction

1.1 Thesis motivation

The development of various new substances have overall improved and lengthened our
lives. However, the history of materials development is also littered with many examples of
regrettable substitution and unintended consequences. From the burning of fossil fuels to the
generation of tons of plastic waste (some of which include toxic additives), there are many
lessons to be learned in safe and sustainable materials development. The relatively recent
development of nanomaterials for commercial use provides an opportunity for researchers to

design complex products with life cycle consequences and safety in mind.

This effort is traditionally complicated by the current segmentation of research fields.
Chemists are just now starting to learn the complexities involved in toxicity testing, while
toxicologists are learning the complexities of nanomaterials. All the while, environmental
engineers are striving to develop analytical techniques to fully assess environmental
transformations of these nanomaterials — keeping both design and toxicity in mind. Health and
environmental impact assessors are learning how to effectively group nanomaterials to determine
their possible health and environmental impacts. These complex problems cannot be addressed

in one discipline alone and demand effective collaboration.

These large trends are reflected in the story of a nanoparticle described in this thesis,
quantum dots (QDs). Original implementation of Cd-based QDs in consumer products generated
push-back because of the presence of a toxic heavy metal. The initial transformation and toxicity
assessment of QDs was complicated by their multi-component structure. Despite massive
advancements in the field seeking to address these questions, designing higher performing,

sustainable and safe QDs continues to be an obscure goal for all stakeholders involved.

The work presented in this thesis serves as a small example of chemists, environmental
engineers, toxicologists, and assessors coming together to advance the development of QDs. The
results presented are aimed at a similar multidisciplinary audience and are expressed with

accessible terms.
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1.2 Research objectives

The overall objective of this thesis was to bring attention to the key transformations and resulting
toxicity of a commercially relevant QD, and provide a framework for the development of less
hazardous alternatives that was accessible to substance researchers. These objectives serve to
build on the connections between the fields of nanoparticle design, environmental

transformation, and resulting toxicity for the implementation of safe and sustainable materials.
The specific objectives of this thesis were:

1. Design a commercially-relevant quantum dot and identify how its environmental
transformations differed from previously tested QDs of simpler structure. Determine
whether the toxicity of this commercially relevant QD after aging arose from the
nanoparticle itself, its dissolved ions, organic components, or a combination.

2. Determine how the toxicity of QDs can change after exposure to a biologically-relevant
environment, the simulated human gastric digestion system and identify key
transformations of QDs when sequentially exposed to the principal digestive fluids.

3. Design an assessment that could be used by materials researchers to easily integrate
hazard and price (in addition to standardizing performance). This would inform the next

generation of emitting substances.

1.3 Organization of the thesis

e Chapter 1 introduces the motivation of this thesis, as well as its research objectives,
contribution to knowledge and summarizes its organization.

e Chapter 2 provides a survey of the literature relevant to the research objectives of thesis.
The development and wide variety of applications of QDs is summarized. Next, the
toxicity drivers and mechanisms of QDs are discussed. The different environmental
transformations of nanoparticles are presented as well, using popular nanoparticles as
examples of chemical, physical, and biological transformations, as well as resulting
toxicity implications. Then the environmental transformation and toxicity of QDs is
briefly introduced. Finally, different assessment and design strategies are summarized

and connected to the ongoing research in nanomaterial transformation and toxicity.
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Chapter 3 presents the design and synthesis of a commercially-relevant Cd-based QD.
Chemical and physical transformations of these particles are investigated in response to
O2 levels and acetic acid (pH 2-8). ZnS shells dissolved, while Cd remained in QDs that
formed homo-aggregates. Toxicity resulting from the ageing of QDs at low pH is also
investigated, and the toxicity of released ions, rather than aged QDs themselves, is
identified as the main driver of toxicity.

Chapter 4 uses the same QDs and its components to investigate levers of pristine QD
toxicity in a quantitative manner. Then, the transformations of QDs in a simulated human
digestive system is presented. The degree of dispersion and dissolution are identified as
key transformations linked to the gastric and intestinal stage of digestion.

Chapter 5 aims to guide the development of next generation of substances that will
eventually replace Cd-QDs in products using an alternatives assessment. The survey of
substances included In-QDs, perovskites and emitters in OLEDs. To examine these
substances we grouped them into packages with a red, green, and blue material. The
packages were then examined with hazard, price and performance assessments. Results
indicated no clear winner in terms of decreasing hazard and price while maintaining
performance. However, the assessment was designed such that researchers could input
their own substances in the future.

Chapter 6 summarizes the findings in their thesis while also identifying future work

needed to design and assess both safe and sustainable nanomaterials.
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2 Literature Review

2.1 Connecting text:

The objectives met in this thesis were only possible because we could stand on the shoulders of
giants. Meticulous and in-depth research was involved in the development of QDs,
commercialization of QDs, as well as testing of NP toxicity and transformation. A rich body of
sustainability-inspired research has set the stage for the alternatives assessment discussed in the
previous chapter and developed guiding principles that integrate the lessons of safety and
sustainability assessments. We will survey the achievements of these researchers in the next

section, and point out further areas of study.
2.2 Quantum Dots: Brief history of a complex particle

2.2.1 The promising particle

The term “nanotechnology” appeared in 1974, following the development of advanced
instruments (e.g. transmission electron microscope) in the early-mid 1900s.! Such instruments
allowed for the analysis of atoms and structures on the nanoscale (~10° m).! Therefore,
nanomaterials that had been well known for centuries could be examined in a new light. In

addition, new materials were examined and developed in the late 1900s.

One of the new nanomaterials is the focus of this thesis, quantum dots (QDs). QDs were
rapidly developed after 1980s because they allowed scientists to probe the electron band
structure of very small uniform crystals (Figure 2-1).2 These crystals had enough atoms such that
calculations regarding their energy states was complex, but not impossible. These calculations of
energy states built on fundamental research probing the orbitals of individual atoms, as well as
the combination of orbitals in small molecules.® QDs provided a link between this theoretical and
the practical observations because these crystals had properties that could be observed such as a
defined band-gap, measured via absorbance and fluorescence. QD synthesis (more details in the
following section) allowed scientists to tune crystal size to observe phenomena such as the

formation of discrete energy levels due to decreasing crystallite size. Scientists could also
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understand the role of charge carriers (electrons and holes) when QDs were synthesized in
ordered fashion on substrates.* The fact that QDs could absorb and reliably recombine visible
light photons was also an advantage compared to the previous state-of-the-art material, silicon.®
Silicon had weak absorption of high-energy light, which was not practical for most applications.®
These many properties of quantum dots may seem confined to academic journals, but their
implications meant that quantum dots had the potential to disrupt certain industries (see Section
2.2.4).

energy
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Conduction
band

Valance
atom molecule band

antum dot :
-1 qul;;nc:;ztai)s bulk semiconductor

>~10 nm crystals

number of connected atoms

Figure 2-1: Quantum dot energy band structures were novel compared to molecules and bulk
semiconductors. Adapted from Gunter et al.?

2.2.2 Initial synthesis: Focus on core and shell

Before understanding QDs applications outside of the lab, we must first understand their
structure. QDs contain three key components: a core, shell, and an organic coating.

The core of quantum dots is made up of an emissive material. The core is emissive at a
certain wavelength because its electrons experience quantum confinement in three directions.
Quantum confinement is defined as the emergence of discrete energy levels in a structure. This
phenomenon occurs when a wavelength of light interacts with a material whose dimensions are
on the order of the light’s wavelength.® This light excites an electron into a higher energy state
(similar to a conduction band in metals) while leaving a hole in the lower energy state (valance
band). The electron band structure of QDs allows for the non-radiative relaxation of light into the

lowest energy of the conduction band. Non-radiative relaxation is defined as the loss of energy
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by an electron without the emission of light. Then, to return to the valance band, the electron
must overcome an energy gap. The relaxation of an electron from the conduction to the valance
band emits energy in the form of light. Through this mechanism, the core of a QD can absorb
many wavelengths of visible light, but their relaxation pathway produces just one wavelength of
emitted light.

This core material is generally a semiconductor but can also be carbon-based.” For example,
the most mature QD synthesis is based on CdSe, a semiconductor whose electrons exhibit
quantum confinement at crystallite diameters smaller than ~10 nm.8 The smaller the core, the
more constricted the bandgap, and therefore the more energetic the emission. Once the core
reaches a size of >10 nm for CdSe (size cut-off is dependent on semiconductor), the core’s
emission resembles the “bulk” emission and is therefore no longer considered a quantum dot.®

The emission of the core is influenced by both its size and material, but there is also a risk of
non-radiative recombination. This mechanism is especially relevant when the surface of the
quantum dot is changed (commonly by oxidation) because of reactive uncoordinated surface
atoms.® The introduction of an inorganic coating whose bandgap is larger than the emissive core
is key to decreasing this non-radiative recombination mechanism. Electrons absorbed by the
shell are transferred to the excited state of the core and fluoresce. In addition to shuttling
electrons to the core, the shell also decreases oxidation of the core. As early as the mid 1990s,
Hines and Guyot-Sionnest proved that a ZnS shell on a CdSe core could increase quantum yield
to 50%.1° The shell’s structure continued to be improved, with Peng et al. first reporting a CdS
shell with more controlled growth (within a tenth of a monolayer!).** This type of shell evolved
to contain both CdS and ZnS, which further decreased lattice mismatch and improved
stability.*2® Synthesis was further tuned by many groups until quantum yield became near unity
for Cd-containing QDs.**

2.2.3 Ligand exchange expands horizons

The next key component of quantum dot structure is the ligand or organic coating. Originally,
ligands were present during the synthesis of quantum dots to regulate the growth of these

nanoparticles at high temperatures. Once the synthesis and work up was complete, ligands would
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remain on the surface of quantum dots. However, originally monodentate phosphine ligands
were labile and their dynamic equilibrium with surrounding media decreased colloidal stability
of quantum dots.™ The exchange to other ligands represented a huge opportunity in diversifying
applications of quantum dots.

Although originally concentrated in the field of fundamental atomic structures,® quantum
dots experienced a shift in the early 2000s. This shift coincided with the emergence of
(successful) ligand exchange. The emergence of polymer coatings allowed for enhanced stability
in polar media.'® Polydentate ligands also enhanced quantum dot stability and provided versatile
platforms for copolymerization into composites.® Thiols initially showed promise in dispersing
quantum dots in water,!’ but were hindered by the photo-induced formation of disulfides,*® and a
decreased quantum yield.*® These factors were addressed by mechanistic studies that discovered
the behavior of thiolates which could act as detrimental hole traps at high concentrations. Tuning
the concentration and pH of ligand exchanges then allowed for the preservation of QD emission

while affording the desired suspendability.?

In conclusion, advances in ligand exchange meant that quantum dots can be dispersed in a
wide variety of media without loosing their photoluminescent properties. This, coupled with
diligent studies that fine-tuned quantum dot synthesis for exciton recombination,?! meant that

quantum dots became a versatile substance ready for many applications.

2.2.4 Research-stage applications of quantum dots

Quantum dots can now be tuned to countless applications.?? Authors often cite the tunability
of QD surface as well as the reliable emission properties as the reasons the QDs are competitive
candidates in many fields. The following section is a non-exhaustive survey that highlights
potential applications of quantum dots that have been extensively studied and reviewed in the
literature. It must be noted that these research-stage applications are not exclusive to cadmium-
containing QDs. Other semiconductors, as well as carbon QDs, are increasingly being used

because of toxicity concerns of Cd.

To categorize these many applications, we divided them into two groups. First, we surveyed
applications that rely on the constant fluorescence of quantum dots. Second, applications that
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depend on changing the fluorescence of quantum dots were explored. Some of these applications
favor the non-emissive relaxation pathways. This categorization method may seem a somewhat
unconventional, but it will serve well to explain how quantum dots later transitioned out of the

lab into commercial applications.

First, quantum dots were used because of their stable fluorescence emission. Adding a
biomolecule to the coating of quantum dots advanced the field of fluorescent labelling of cells.
Such biomolecules included proteins, peptides, antibodies, aptamers, nucleic acids, liposomes,
and small molecules.?®>?* These bioconjugates of quantum dots found applications in both
specific and non-specific cellular labelling. For example, quantum dot cationic lipids and
polymers were used to bind non-specifically to cell membranes.?> When coated with specific
antibodies, quantum dots could bind to and detect different extracellular vesicles outside of
cells.?® QD stability also allowed for their use in intracellular applications, as these nanoparticles
are small enough to be transported into cells. This transport can be mediated by the coating of
guantum dots by both complex biomolecules?” as well as relatively simple molecules.?® The key
is the presence of receptors on cells that recognize these molecules.?® These biosensing
applications of quantum dots are focused on the coating of quantum dots that preserves the stable

fluorescence emission.

The second group of quantum dot applications involve coupling a QD with another substance
to mediate either QD absorption or emission. This group can be further divided into two different
subcategories, electron transfer and dipole-dipole energy transfer (FRET).2° The former involves
the transfer of electrons between the QD and an electron donor or acceptor.° In the latter
subcategory (FRET), electronic energy is transferred, usually from the photoexcited quantum dot
to its coating molecules.*® These two subcategories have been applied to diverse sensing
applications. For example, QD-based sensors for toxic heavy metal concentrations or pH changes
rely on a chromophore coupled to a QD.?° The latter has been fine-tuned for detection of pH
changes inside of cells.®! Recent interest in quantum dot solar cells also uses the transfer of
electrons from QDs to acceptor molecules like TiO2 or ZnO using various small-molecule

linkers.®? This same concept has also been applied to fashion quantum dots into photocatalysts.*
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QDs are also attractive platforms for light emitting diodes, where holes and electrons can be

delivered with electrical charges and recombined in QDs.3*

The thorough examination of these quantum dot applications is outside of the scope of this
introduction, but there are a few key takeaways from these two categories. The first category,
which involved preserving quantum dot emission, is relatively mature. There has been extensive
fundamental science relating to the preservation of fluorescence in quantum dots. The second
category however, which intentionally changes the recombination path of an exciton in a
quantum dot, is relatively young in comparison. There remains a lack of systematic design
principles and studies that researchers can use to fashion new complex substances involving
QDs.

2.2.5 Current commercial uses of quantum dots

Unsurprisingly, the main commercial use of quantum dots is evolving in a similar way as the
research stage applications. By recent estimates, 90% of quantum dots are used in display
applications.® Quantum dots in this commercial application have been very successful, with the
market estimated to grow to USD 8.6 billion by 2026 (up from 4.0 billion in 2021). %

Originally introduced in the early 2000s, quantum dots have emerged as a more efficient,
stable, and effective solution compared to organic emitters and liquid crystals. The key to
quantum dot stability in this application has been its coating. Quantum dots are embedded into a
plastic film and used as a down-converter of blue light.®” The two desired colors in a display, red
and green, were achieved with two different core sizes of Cd-based quantum dots.®® Further
plans for quantum dots include a re-design to eliminate the blue blacklight and generate colors

by electrically exciting quantum dots. %

In short, the evolution of QDs in display applications mirrors that of research applications
(Figure 2-2). First, qguantum dots were commercialized because they could efficiently absorb a
wide spectrum of blue light and emit at a narrow wavelength. The emission of QDs at specific
wavelengths remains the key to their successful applications in displays. Second (at the
demonstration phase) is patterning QDs directly on hole and electron transmitting layers,
changing the absorption pathway of energy. There are also certain companies pursuing the
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commercialization of QD solar cells*® and QD light emitting diodes,** but as of late 2021 their
products are not on the market. These emerging commercial applications represent an

opportunity to incorporate safer and more sustainable practices into QD design.
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Figure 2-2: Summary of QD tunability and applications
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2.2.6 Toxicological profile of quantum dots

QDs have been investigated in the literature because of two main areas of concern. First,
QDs were developed with Cd (referred to as Cd-QD in the text) for biosensing and later
commercial applications. Cd is a known carcinogenic and bio-accumulative heavy metal.
Second, the small size of QDs could allow for nano-specific transport and toxicity concerns. We
will first survey the common toxicity mechanism of QDs in the literature, followed by an

exploration of how different QD components impact this toxicity.

2.2.7 Mechanisms of quantum dot toxicity

The main mechanisms through which quantum dot lead to cytotoxicity fall into two main
categories: oxidative stress and ion release. These mechanisms rarely happen completely
independently of each other, but for the sake of a clear explanation, we will examine each
separately.

Oxidative stress is caused by an increase in reactive oxygen species (ROS). ROS are
commonly accepted as a partially reduced form of oxygen, ozone (O3), and singlet oxygen
(202).* The partially reduced forms of oxygen include superoxide radical anion (Oz~), hydrogen
peroxide (H202), and hydroxyl radial (OH *).*? Cells in aerobic organisms have evolved to
tolerate and use a certain amount of oxygen and ROS. For example, the Krebs cycle in the
mitochondria involves the reaction of molecular oxygen to water.** A small excess of ROS can
be mediated by antioxidants and cellular processes that repair damaged biomolecules.** When
the ROS is at a higher level than the corresponding antioxidants, the cell then goes into a state of
oxidative stress.* At low levels of oxidative stress, a cell line may proliferate or adapt and
upregulate their defense systems. * At higher levels of oxidative stress, a cell will experience
oxidation of fatty acids, proteins, and other biomolecules, no longer divide, or have apoptosis
triggered.

Researchers have found evidence of reactive oxygen species once QDs are exposed to a
variety of cell types.*® ROS has been measured indirectly by the upregulation of certain
enzymes*® or the use of assays like 2,7-dichlorofluorescein diacetate (DCF).*” One possible

mechanism of QD-induced ROS generation is linked to the optical properties of the QDs.*®
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When QDs absorb light, their excited electrons can be transferred to O2 while their holes can
react with water to form hydroxyl radicals. Using electron spin resonance (EPR), Levy et al.
have measured the UV-mediated generation of ROS from QDs.*® This ROS generation was then
used to kill multi-drug resistant pathogens.*® ROS due to QD internalization has also been linked
to inflammatory injury of cells.>

Cd ion release is another commonly studied QD toxicity mechanism. Cd ions bioaccumulate
in humans (half life of 10-30 years) and other animals and have a high rate of soil-to-plant
transfer.>! Cd ions can replace Zn and Fe ions in key enzymes and bioprocesses.>! In plants, Cd
degenerates the mitochondria and produces ROS in tissues that are involved in photosynthesis.>?
Cd ions also cause DNA damage, and has been linked to liver, lung and kidney cancers. > A
well-known effect of Cd toxicity is the generation of ROS in the cell. This ROS is not
significantly different than the ROS mentioned above as a mechanism of QD toxicity. One well-
known defense mechanism of cells again Cd toxicity is the generation of metallothionein, a
protein whose upregulation is a sign of cellular Cd levels.>

It is a relatively simple mechanism to test for QDs— by comparing the amount of Cd in QDs
to a soluble Cd salt, researchers can conclude whether there is a significant difference in toxicity.
Some studies have linked all Cd-QD toxicity to the Cd present, while others have concluded that
Cd-QD toxicity cannot be fully explained by Cd alone. 55657 There is also a third group, which
has found that Cd-QDs are less toxic than the equivalent amount of Cd.>® Some reasons for these
differing results will be elaborated on in the following section, which explores differences in Cd-
QD structure. Another reason may be due to the different cell lines or mechanistic tests used. In
short, there is no consensus in the field about how much Cd ion release contributes to Cd-QD

toxicity.

2.2.8 Linking toxicity to QD structure
As discussed earlier, QDs have varied core, shell, and coating structures. The differences in
possible QD structure have been acknowledged by researchers, who have then studied how

changing certain components can lead to mediating the toxicity of the QD. These components

can also mediate the toxicity mechanisms of QDs towards cells (Figure 2-3).
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Before delving into specific studies, meta-analyses of QD toxicity have explored the impacts
of different structures of QDs. Using Baysian networks based on 837 ICso values (half maximum
of the inhibitory concentration) from QD literature, Bilal et al. concluded that QD diameter was
the most relevant for correlating 1Cso.>® A previous study focusing on just Cd-QDs found that the
QD diameter, concentration, and surface ligands were the most important factors relating to 1Cso.
%0 These models are useful in comparing the entire field, but suffer from the limits of data
availability (both in the combination of QDs and cell lines, but also in the characterization of
QDs themselves).

Core: Although Bilal et al. found no apparent correlation between core composition of QD
and cell viability, they noted that this could be due to the overwhelming amount of Cd-QDs
examined (compared to In-QDs).>® Others have explored the impact of replacing CdSe core of
QDs.> Brunetti et al. compared the toxicity of CdSe/ZnS QDs to the toxicity of InP/ZnS QDs,
with both QDs covered with mercaptopropionic acid (MPA).®* They found that similar amounts
of ions were released (<1% Cd and <1% In from QDs). However, the Cd-QDs were more toxic
than the In-QDs (50% and 95% cell viability after 24h exposure at 5 nM) for human
neuroblastoma cells.?? InP QD toxicity was also compared to CdSe and CdTe QD toxicity in
freshwater polyps (same ZnS shell, same penicillamine ligand). InP QDs induced 10% apoptotic
nuclei compared to CdSe QD inducing 18% at 24h incubation with 50 nM QDs.2

Shell: There is consensus in the field that the presence of a ZnS shell can mitigate the
toxicity of a CdSe core. This was demonstrated in 2004 by Derfus et al.,®® and the result
continues to be replicated in other cell lines.%* This decrease in toxicity with the addition of the
ZnS shell was also noted in the Cd-QDs metanalysis, where the presence of a shell was the third-
most significant attribute to 1Cs0.%° The prevailing theory is that the presence of a shell decreases
the dissolution of Cd ions from the core, thus mitigating toxicity.

Charge of coating: Early on, positive charges were established as more toxic than negative
or non-charged CdSe QDs.% This has been partly linked to the negative charges of most cell
membrane models.®® For example, Nagy et al. functionalized CdSe QDs with either a positive
(mercaptopropionic acid) or negative (cysteamine) small molecule ligand. They found that both

QDs exhibited genotoxicity, but that the positive cysteamine induced significantly higher
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cytotoxicity. “¢ Positively charged QD also translocate more efficiently through plants and roots
than negatively charged particles.®’

Amount of coating: Nagy et al. also explored the effect of CdSe with ‘long’ vs. ‘short’
ligands (11 vs 3 carbon atoms in chain) on toxicity, in the case of both positive and negative
charges (carboxylic acid vs amines). They concluded that charges were more significant than
ligand length, which was more significant than core size (3,5,10 nm CdSe examined).%®

To the best of our knowledge, no group has probed whether the amount of polymer
(innocuous or not) has impacts on toxicity of QDs. In fact, it seems relatively rare to report the
amount of polymer used in toxicity studies for QDs, with just a few reports in the literature.5®
This is not a consequence of a lack of studies, as hydrophilic and amphiphilic polymers are the
third and fourth-most popular coatings in the Cd-QD toxicity meta-analysis.® It is common
practice to wash QDs and polymer mixtures in order to remove excess polymer, which further
complicates polymer estimates even if the preceding procedure is clear.

This factor may seem relatively trivial when considering QDs in bio-applications, where the
coating will mostly likely be bio-compatible. However, in the case of commercial QDs in
televisions, and their fate in the environment, these considerations may become important.
Particles that are used in display applications are coated in a proprietary plastic.® Researchers
who have mimicked this plastic coating (with well-known plastics) also report a limited toxicity
to S. oneidensis MR-1 after exposure to the pristine QD-containing films.”® To our knowledge,
no researchers have mimicked a polymer coating for integration into plastics.
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Figure 2-3: Components of QD structure that influence toxicity (including general trends)

2.2.9 Relevance of doses and particles chosen

Discussions on the changing structure of QDs has in this introduction have been qualitative
— and have suggested that one component may increase or decrease toxicity. However, it would
be more informative to relate quantum dot toxicity to absolute metrics to compare it to other
compounds of known toxic substances. These comparisons can be done with the help of the
Globally Harmonized System (GHS) which is the backbone of safety datasheets (SDS, Table
2-1). * GHS was developed and is maintained by the United Nations, with a new report released
every two years. It has become a globally accepted metric for hazard classification of chemicals.
The classifications are based on OECD testing guidelines and toxicity tests published in the

literature.” A lower score for hazard indicates a higher hazard (1A being most hazardous).
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Table 2-1: Comparison of Cd-QD to Cd toxicity using GHS benchmark tests,’* where dark
orange indicates a classification <1B, light orange of a classification of 2, and no coloring for
missing of <2 categorizations. STOT RE represents specific target organ toxicity for repeat
exposures. "* The last two entires in this table are from SDS sheets and are not part of the
published GHS database.

Compound . o . . Acute Aquatic | Aquatic | STOT
CAS Carcinogenicity | Mutagenicity | Reproductive o .
Name Toxicity acute chronic RE
Cadmium 215-
] 1B 2 2 4 N/A 4 1
sulphide 147-8
Cadmium
- N/A N/A N/A 4 1 1 N/A
compounds*
Cadmium 10108-
) 1B 1B 1B 2 1 1 1
chloride 64-2
Selenium
- N/A N/A N/A 3 1 1 2
compounds*
Cadmium 1306-
) 1A N/A N/A 3 N/A N/A 2
Selenide 24-7
CdSe and
CdSe/ZnS QDs - 1A N/A N/A 3 2 N/A 1
in water’s
Qdot™ 655
ITK™
- N/A N/A N/A N/A N/A N/A N/A
Carboxyl
Quantum Dots™

* Does not include “cadmium sulphoselenide (xCdS.yCdSe), reaction mass of cadmium sulphide with zinc

sulphide (xCdS.yZnS), reaction mass of cadmium sulphide with mercury sulphide (xCdS.yHgS), and those

71

specified elsewhere in this Annex

At first glance, Cd-QDs seem to have less hazard than soluble Cd compounds such as
cadmium chloride, and comparable hazard to less soluble CdS and CdSe (Table 2-1). However,
there is a lack of standardized GHS tests done on Cd-QDs, even those that are marketed as labels
for biomolecules,’ resulting in many missing outputs in this table. There is also the question of
dose, as the QDs dosed for aquatic GHS tests (1-100 mg/L)™ is orders of magnitude higher than
expected environmental concentrations QDs (< 10 ng/L).”
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2.2.10 Toxicological concerns translate into regulation (sometimes)

Due to both the known carcinogenicity of Cd and the lack of values for Cd-QDs presented in
Table 2-1, the introduction of Cd-QDs into display applications was a concern to regulators in
the European Union. The amount of Cd present in the devices exceeded a limit set by the
Restriction on Hazardous Substances.’® The companies that planned on selling the Cd-QDs in
displays in Europe then applied for an exemption to this regulation, based on the grounds that
there was no viable alternative to this Cd-containing technology. This application was granted in
2011, but was later rescinded in 2019.7® This was due to the emergence of InP and low-Cd

alternative QDs in displays.””

In the US, QD-containing displays are allowed on the market. Researchers tested whether
they released a hazardous concentration of metals with the Toxicity characteristics Leaching
Procedure (TCLP) procedure developed by the EPA.” These tests did not reveal a significant

amount of leached Cd above regulatory limits.

In conclusion, there are concerns regarding Cd-QD hazard in the literature, but regulators and
manufacturers deemed the risk manageable (at least initially). Therefore, products containing

these nanoparticles were (and maybe still are?) available on the market worldwide.
2.3 Transformations and resulting toxicity of nanoparticles

Thus far, the debate regarding the toxicity of nanoparticles has concerned the testing of
pristine QDs. The changes in shell and coating of these pristine QDs had large impacts on their
toxicity. Could the interaction of pristine QDs with environmental factors also change their
toxicity? This became a relevant question with the introduction of QDs into products. With
>80% of worldwide E-waste improperly disposed of (i.e. not recycled), we can assume that some

QDs are being released into the environment.”®

The interaction of nanoparticles with environmental factors can cause a host of
transformations. These transformations can be categorized into chemical, physical, and
biological. These transformations and their impacts on toxicity have been explored for other

nanoparticles, which will form the basis of this discussion. These other engineered nanoparticles
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(ENPs) have received particular attention because of their higher production volumes (up to 10°
kg/year compared to QDs with 500-5000 kg/year).>® Their applications include sunscreens,
antimicrobials, catalysis, tire components.®® For each transformation type, one of these common
nanoparticles will be used as an example and their specific commercial uses outlined. Before
delving into this discussion however, we will quickly explore why we will focus on one

environment in particular — water.

Nanoparticles in the environment experience a wide variety of transformations

Complete \ Hetero.
speciation aggregation
change Homo-
and/or ions Biological ) aggregation
released Physical & Chemical % .
transformations

induced by: »

Figure 2-4: Brief overview of different nanoparticle transformations in the aquatic environment.
*shell formation is not necessarily as uniform as displayed in the figure, the shell could be
uneven or have incomplete NP core coverage.

2.3.1 Transformations: why we care so much about water

Water has long been a proxy for the environment in the GHS labelling system for two main
reasons. First, water is the “final receiving environment for many harmful substances”. Second,
the organisms that inhabit water are particularly sensitive. For these reasons, environmental
toxicity is measured by investigating the impacts of a substance on fish, crustacea, or aquatic

plants. 72
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Many researchers have probed the environmental release of nanoparticles into different
compartments (air, water, soil, landfills).8° In most of these studies, there are non-negligible

predicted environmental concentrations of nanoparticles in water and suspended sediments.

2.3.2 Physical Transformations

Physical transformations of nanoparticles involve adsorption, aggregation, deposition. These
three transformations are not completely independent of one another. In fact, these may occur in
a sequence: first and engineered nanoparticle (ENP) interacts with a natural colloid (adsorption)
followed by the attachment of ENPs to these colloids (aggregation), which repeats until a large
enough aggregate forms and sediments (deposition). 8

Before we delve into a specific nanoparticle example, it is first necessary to establish a
definition. These physical transformations can involve interactions between ENPs of the same
substance, or ENPs with environmentally relevant colloids or minerals. We define homo-
aggregation as between ENPs of the same substance. Hetero-aggregation has been used to
describe either (1) associations between two different ENPs or (2) associations between ENPs
and all other environmentally relevant colloids. For this work, we will use the second definition,
which is more common in when discussing nanomaterials in the environment. 8284

The extensive work regarding the physical transformations of TiO can serve as a basis for
exploring other ENPs (such as Cd-QDs). TiO2 consistently ranks as one of the top three
nanoparticles produced and used in products.®>85 It can be released into waterways after its use in
sunscreens, cosmetics, paints and food. & Its high chemical stability allows for aggregation
studies without the influence of chemical transformations (elaborated on below).% The primary
particle size of TiO, usually determined by microscopy, are often much smaller than those
reported via light scattering due to homo or hetero-aggregation.®®®” For example, homo-
aggregates are formed in solutions of solely TiO2 nanoparticles, which decreases their UV light
absorption and scattering properties.®

Physical transformations are primarily caused by two factors: inorganic ions in solution (i.e.
ionic strength as well as pH) as well as organic components in solution. We will first quickly

examine these separately before combining their effects. A commonly used metric for
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aggregation is attachment efficiency (o) adapted form the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory. Attachment efficiency is a ratio between 0 and unity which describes the
probability of “sticking” after two nanoparticles collide.®® Despite certain challenges in applying
DLVO theory to nanoparticles,®® the use of attachment efficiency remains relevant for
quantitatively exploring factors that lead to nanoparticle aggregation.

The first key factor in TiO2 aggregation is the ionic strength and pH of the solution. Low ionic
strength imparts stability due to a larger electrostatic double layer.*® Romanello et al. tested TiO;
NPs without electrolyte and found that the rate of aggregation can be 0 across a wide range of pH
values. Aggregation of TiO2 reached a maximum (a=1) in the presence of 10 mM NaCl or 0.5
mM CacCl (pH 8). % The pH of the solution affects the electrostatic double layer of TiO2 ENPs
as well. This is especially evident near the point of zero charge of TiO2, where particles will
settle rapidly because of low repulsions.®? Due to different crystal phases and manufacturing
techniques, the initial point of zero charge of TiO2 can vary from 2-8.9, with the average being
pH 5.6.%2

The second key factor to TiO2 aggregation is the presence of environmentally relevant
colloids. TiO2 (much like other ENPs) will have both a high surface energy and a low
concentration in comparison to other environmentally relevant colloids. The range of humic acid
concentrations in surface water is 0.1-20 mg/L°% while the concentration of TiO is estimated at
107 to 10° mg/L.%° Exposing TiO, to NOM can render the ENPs more stable due to the
electrostatic repulsions introduced by the negatively-charged NOM. ®! For example, the presence
of 2 mg/L extracellular polymeric substance (EPS, similar to NOM) changed the TiO2 a from
unity in 2 mM CaCl2 to a=0.1, increasing colloidal stability. Humic acid (HA) also increased
the stability of TiO2 due to steric and electrostatic effects, and these effects were preserved in the
presence of clay particles (which destabilized TiO- in the absence of HA).8!

Due to the extreme variability in aggregation state, studies that seek to establish a link
between aggregation and toxicity must be conducted with adequate nanoparticle characterization.
Xia et al. tested TiO2 aggregation, deposition, and toxicity in seawater at different pHs. They
found that decreasing pH (from 8.20 to 7.47) would increase the amount of TiOz in solution
(from 10% to 25%) and decrease the particle sizes of suspended NPs (from ~3000 nm to ~1000

nm after 72h). This decrease in pH (and aggregation) was then correlated to an increase in uptake
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and toxicity to algae.® Lin et al. found that HA roughly halved the hydrodynamic radius of TiO2
to 520 +60 nm. The surface saturation of HA decreased TiO; toxicity to algae (~2.5-fold increase
in ECs0).% NOM also causes a decrease in radical production of TiOz in the presence of UV
light, decreasing TiO- toxicity. %8 Such studies have influenced models to describe the fate and
toxicity thresholds of nanoparticles in the environment. One such calculation emphasized that
including the effects of aggregation (especially hetero-aggregation) would decrease the
comparative toxicity potential by 3-4 orders of magnitude.*® In other words, the aggregation of
TiO2 is generally responsible for a decrease in toxicity.

2.3.3 Chemical Transformations

Chemical transformations of nanoparticles typically involve the reduction or oxidation of one

or several nanoparticle components, as well as their dissolution and/or reprecipitation.

A nanoparticle with a variety of chemical transformations is Ag ENPs. Ag ENPs are Ag°
coated with an organic capping layer (polymer or small molecule) and are commonly used as
antimicrobials.®® Once these particles enter the environment, it is thermodynamically favorable
for Ag to oxidize and combine with chloride ions, sulfide ions or cysteine-containing
biomolecules. Ag can oxidize fully or form an oxidized shell with a Ag® core. Ag ENPs can also
fully dissolve into Ag ions, especially in the presence of low pH. In the presence of reducing
agents (e.g. natural organic matter), these dissolved ions can also reprecipitate into Ag® NPs.
This wide range of possible chemical transformations can be partly explained by Ag speciation
models. Interestingly, the presence of traditional capping molecules or polymers on pristine Ag
ENPs (citrate or polyvinylpyrrolidone) does not significantly affect the thermodynamics of these
chemical transformations. However, polymers such as thiolated polyethylene glycol (PEG) and

bovine serum albumin (BSA) could decrease dissolution rate of Ag ENPs.1%

One last factor to consider for chemical transformations is light. Light can induce a NP size
increase or induce particle formation because of the photo-reduction of Ag ions in solution.
Other researchers have used light in conjunction with natural organic matter (NOM, a known

photo-reductant) to study the transformations of Ag ENPs as well. The photo-reduction of Ag in
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solution by NOM in the presence of light has been shown to increase Ag NP size. This increase

in size is not necessarily uniform, as Ag nanobridges have been observed.

These chemical transformations have been linked to changes in Ag toxicity. The surface
oxidation of Ag NPs (i.e. presence of an AgO shell) has increased toxicity towards E. coli, which
was partly attributed to the concurrent release of Ag ions.1% The formation of AgCI causes
increased toxicity in the presence of colloids (vs no colloids), which increase bioavailability.%
After researchers accounted for the presence of AgCl colloids, the toxicity of Ag ENPs remains
tied to ENP dissolution rate and the concentration of Ag* in solution.'%* Sulfidation of Ag ENPs
overall decreases toxicity for two reasons. First, sulfidation causes decrease in released Ag* from
nanoparticles. Second, sulfidated silver NPs are less bioavailable due to aggregation.®31% The
effect of NOM and light on the toxicity of silver nanoparticles is more nuanced, as the type of
NOM interaction with Ag dictates uptake into cells.'% Photo-activation of Ag NPs (and other

NPs) remains an understudied mechanism of toxicity.'%’

2.3.4 Biological transformations in the environment

The biological transformation of ENPs has a broad definition, as it encompasses any chemical
or physical transformation that is caused by interaction with organisms or their
biomacromolecules. Biomacromolecules are very large molecules (thousands of bonds) that
originate from biological environments, such as proteins. Although NOM is considered a
biomacromolecule by some researchers, we will not consider it for the sake of separation of NP
transformation types. There is a wide range of biomacromolecules that have been studied in the
context of nanoparticle transformation and toxicity, from proteins in blood (BSA) to biofilms
from algae. There are biological transformations that can occur in the same freshwater
environments as physical and chemical transformations examined above.

We will briefly survey a sample of biological transformations with zinc oxide nanoparticles,
which have relatively high production volumes (top 5 of all ENPs).®® The use of ZnO in

sunscreens and cosmetics has led to the investigation of their transformations in media associated
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with wastewater treatment plants or the human body (all biological fluids and hence leading to
biological transformations). 1%

The association between ENPs and biomacromolecules in solution can form a corona
(sometimes referred to as an eco-corona). Liu et al. tested ZnO thin film (a proxy for NPs)
dissolution in different microbial growth media. 1 Peptides and amino acids complexed to ZnO
and increased dissolution 10- to 30-fold compared to media without these biomolecules.® These
dissolved Zn ions were also less likely to reprecipitate because of their association with
biomolecules. 1% Briffa et al. tested the impact of proteins secreted by D. magna on the toxicity
of ZnO ENPs towards D. magna.'' If the proteins present aggregated the ZnS to a large size
(200 nm rather than 15-20nm), then the D. magna would ingest these particles, which would then
dissolve in their acidic gut and cause toxicity. However, as we saw with other physical
transformations, this aggregation was time dependent — larger (more toxic) aggregates were
formed after 12h ENP exposure to medium, but then smaller (less toxic) aggregates were formed
after 24h. 10 Therefore, this biotransformation’s impact on toxicity is highly dependent on
aqueous chemistry conditions and organism (not all organisms will preferentially ingest large
aggregates).

In contrast, other biomolecules can decrease uptake. For example, Ouyang et al. found that a
EPS presence protected mature biofilms from ZnO toxicity.!'! This could be due to a variety of
reasons, such as EPS increasing the integrity of biofilms and providing a barrier to nanoparticle
interactions with cells, possibly by inducing nanoparticle aggregation.!!

2.3.5 Biological transformations of ENPs in the body

In addition to the fresh and saltwater environments, biological transformations can occur
inside of cells and organisms. The latter opens a staggering new range of ionic strength, pH,
concentrations, and types of biomacromolecules. Researchers are tackling this problem by
approaching biological environments that have a higher risk of nanoparticle exposure and
therefore adverse effects. Li et al. recently investigated impacts of tear fluids (with and without
proteins) on the microbial properties of ZnO.1!2 The presence of proteins formed a protein

corona, which protected ZnO from conversion into Zns(COz)2(OH)s. This protein corona also
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slightly decreased the antimicrobial activity of the ZnO (compared to the pristine ZnO).!?
Quian et al. recently examined ZnO ENPs in simulated sweat, which contains L-histidine
monohydrochloride monohydrate and lactic acid as well as orthophosphates. At pH 5.5 and 4.3,
the presence of the phosphates caused a transition to zinc phosphate, which decreased the
toxicity of ZnO towards E. coli. Although a test was not conducted without biomolecules
present, the predominant effect on changes in bacterial survival seemed to come from the
chemical transformation.

An environment that has recently gathered extensive research is the human intestinal system.
This is partly due to the presence of ENPs in our diets, which serve to provide desirable textures
or preserve our foods.*® An added element of complexity is the presence of different foods in
the human digestive system. This could change the coating of ENPs. Assessing changing toxicity
(or subcellular impacts) is also difficult because of the gut microbial community and mucus
barriers between intestinal fluids and intestinal epithelial cells.!!*

Nevertheless, transformations of ZnO ENPs have been assessed in simulated human digestive
systems. Researchers have found that ZnO dissolved in the gastric phase, regardless of food type
present.1*>1" However, ZnO reprecipitates in the intestinal phase, as pH is raised to 7.1/
Although the gastric phase of the intestinal system represents a low pH, not all metal oxide
nanoparticles dissolves (TiO, for example is preserved).!!® There is also evidence that oils or
protein powder could disrupt the ZnO dissolution and stabilize the particle size of TiO2. This
remains a relatively young interdisciplinary field of research, and more methodological
development is needed before establishing links between transformation and toxicity (or

subcellular effects). 18

2.3.6  Transformation and resulting toxicity of quantum dots

Our survey of nanoparticle transformations and toxicity allows for the critical assessment of
certain QD-related studies. But first an acknowledgement : QDs are not nearly as ubiquitous as
TiO;, Ag, or ZnO ENPs in consumer products.*'® QDs, especially Cd-QDs, are commonly used

in displays where contact with consumers during the “use phase” is minimal.
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However, the study of QDs transformations and toxicity remains an important course of study
for a two main reasons. First, the use of QDs is only expanding as research-stage applications
further tune QDs for more advanced applications. Point sources of QDs could be relevant in E-
waste disposal locations, which are already plagued with high environmental concentrations of
metals.!® Learning lessons from the current QDs (and other nanoparticles) could decrease the
unwanted toxicity of the next generation of QDs. Second, QDs make for interesting nanoparticle
models.'?° Their fluorescence and heavy metal content make tracing these nanoparticles
relatively simple, as compared to tracking abundant elements such as Zn, Ti, or carbon. Cd-QDs,
which can be designed with robust shells, can serve as models for small persistent sulfidated
nanoparticles. These small persistent nanoparticles have been shown to have higher toxicity
potentials than larger aggregated structures,'?* so QDs can represent a “worst case” ENP

scenario.

Just as with the discussion regarding QD toxicity mechanisms, the discussion regarding the
transformation of QDs will be complicated by the various structures of QDs available to
researchers. We will first examine the most popular QD structure studied for its environmental
transformations; CdSe/ZnS with mercaptopropionic acid (MPA) as a ligand. Paydary et al. found
that oxidative degradation occurred quickly for the ZnS shell (~1 week), but slower for the CdSe
core.?? The addition of ligand slowed dissolution by increasing the amount of MPA that is
attached to the QD surface. Ethylenediaminetetraacetate (EDTA) increased dissolution by
complexing with dissolved metals in solution.'?? Partially dissolved QDs had the same impact on

E. coli as pristine QDs.1?2

Another popular QD is CdSe/ZnS covered with polymer. These QDs are most often
purchased from companies by researchers and therefore a full characterization of the polymers is
not available. Tests done on such polymer coated QDs in the presence of HA indicated that HA
increased the hydrodynamic size but decreased sedimentation rate.'?® HA increased the
dissolution of QDs in light.*?® Toxicity of aged QDs in these systems on mysids indicated that
the main driver of toxicity was Cd metal dissolution.'?®> Mahendra et al. tested the acid and base-
mediated dissolution of similar QDs. This acid or base pre-treatment significantly increased QD

toxicity to E. coli, but the presence of metal chelators mediated this (the most effective were HA
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and BSA compared to small molecules like EDTA or citrate). 12 Another polymer used to coat
CdSe/zZnS QDs was 5000-Da PEG-thiol. CdSe/ZnS-PEG thiol was then oxidatively degraded
and tested on zebrafish embryos. These aged QDs had higher toxicity than pristine ones, with the
keys to the enhanced toxicity being both the presence of Cd ions and the formation of amorphous

selenium nanoparticles.*?

There have also been investigations of QDs in plastics and their transformations. The Duncan
group have embedded aliphatic-amine covered CdSe/ZnS QDs into plastics and found that
particle dissolution was the main release route for Cd in Cd-QDs.*?° The group also found that
the size of the particles (smaller dissolved faster) as well as the permeation extent of
undissociated acids (rather than pH) were keys to increasing dissolution.1212¢ Gallagher et al.
embedded CdSe/ZnS-TOPO QDs into a PMMA plastic. They found that only in the presence of
light caused a significant decrease in E. coli viability after three weeks in a neutral solution. This

was attributed not only to Cd?* release but also the release of micron-sized plastic fragments.”

Regardless of coating (either small molecule, polymer, or plastic), the oxidative dissolution of
QDs in light remains a key mechanism. This chemical transformation is spurred by the oxidation
of Se or S in the QD. In the dark, dissolution slows.'?” The formation of an oxide shell to slow
this dissolution has been theorized with the use of models,'? but not yet observed

experimentally. Reprecipitation of Se has only been reported once.'?°

Physical transformations, such as the increasingly impermeable QD coatings, serve to
increase colloidal stability and decrease dissolution. These physical transformations, in essence,
set the stage for the chemical transformations mentioned above. Physical transformations can

also influence uptake of QDs by aquatic organisms.*°

Biological transformations of QDs have focused on their possible dissolution or accumulation
in the digestive tract of aquatic organisms and humans.**® These observations have led to studies
of the bioaccumulation of QDs across trophic levels, but the bioaccumulation factors can vary by

orders of magnitude depending on the organisms and QDs used. 28129

Although certain broad statements regarding QD transformations can be made, there is a lack

of systematic data in both QD transformation and the effect that this transformation has on the
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bioavailability and mechanism of QD toxicity.!!® This hinders the application of models to
anticipate the risk of low levels of QDs in the environment, either through release during

manufacturing or after use in displays.

2.4 Pipeline for the study of transformation and toxicity of nanoparticles to inform

decisions and design

Researchers run ENP transformation and toxicity tests for two reasons: inform the design of
safer nanoparticle and/or decrease the current use of hazardous nanoparticles. One possible route

of reaching these impacts is the use of these studies in models and assessments.

The alternative, where researchers do not consider the possible transformations and (many
types of) toxicity and subcellular effects, lead to regrettable substitutions. Regrettable
substitutions occur when a chemical is employed as a substitute without proper assessment of
hazard or risk.®*® This leads to unintentional adverse effects. Assessments are a last line of
defense to identify these regrettable substitutions before implementation.'3! Design principles
(which will be discussed after assessments) are meant to engineer sustainability and safety from

the start of material development to avoid regrettable substitution.

2.4.1 Butfirst, translating studies to assessments

Before studies are translated into assessments, they must be translated into a format that an
assessment can accept. The translation of toxicity (or other subcellular impacts) usually falls
within two categories: (1) conducting a standardized test for hazard or (2) using models to
estimate a standardized test result.

The former standardized tests could be in the Globally Harmonized System (GHS) which
encompasses the hazards presented in Table 2-1. The result of these standardized tests can then
fit into a certain scale (e.g. 1B for carcinogenicity). Other standardization methods include the
Uniform system for the Evaluation of Substances (USES-LCA), which calculates human

carcinogenic and noncarcinogenic effects for life cycle assessments (LCA, assessment explained
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later). The units of these effects are different from GHS, for example ‘kg 1,4 DCB-eq’
(dichlorobenzene) represents ecotoxicity.

The second option is to model the results of a standardized test. This can be done through
read-across approaches or by structure activity relationships, with the former being given a
higher weight than the latter in the GHS system.”> Read-across approaches require an expert to
make decisions on predicted toxicity based on a chemicals structure and the toxicity of related
chemical structures.*? This approach has been criticized for its reliance on human expertise
(which can be sometimes subjective) so structure activity relationships have also been
developed.'® Quantitative structure activity relationships (QSARS) serve to mathematically
structure the prediction of toxicity. QSARs excel when supported by vast amounts of data and
validation steps for QSAR models have been outlined by the OECD and REACH. 3

QSARs for nanomaterials have been evolving for the last ten years, with a focus on metal
oxide nanoparticles.*3>% Although less data is available to ENP QSARs than traditional ones
based on chemicals, other methods like a read-across based approach can be employed.**’
Despite this growth, not all nanomaterials are assessed with QSARs and the incorporation of fate
considerations into these models remains a challenge.'®® Recent efforts, such as the modelling of
mutagenicity of different polycyclic aromatic hydrocarbons, are accounting for the possible
impacts of transformation products.*3®

These toxicity models do have the potential to inform assessment methodologies, but for
now we will explore how certain assessments have had to make assumptions regarding

nanomaterials.

2.4.2 Assessments and their use by regulators

There are many variations of safety and sustainability assessments, but a survey of the three

popular assessments will be presented here (Figure 2-5).
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Figure 2-5: Safety and sustainability assessments (orange circles), with their inputs in dark red
boxes, and their key questions in light grey boxes.

Risk assessment: Chemical risk assessment aims to determine whether a chemical or
product is safe enough for its intended use case.'*® There are many methods for risk assessment,
engrained into government processes due to legislation such as the Toxics Substances Control
Act (US), Canadian Environmental Protection Act (Canada) and REACH (EU). The main steps
of risk assessment include (1) identifying the hazards involved, (2) characterizing the hazards
involved, (3) considering exposure to these hazards and (4) characterizing the risk by giving
advice to decision makers.**® These 4 steps can vary in their breadth and depth, but overall, a risk
assessment calculates the “probability of suffering harm from a hazard”. 1*° Risk assessment is
powerful because it can answer questions related to how much exposure is safe and prioritize
dealing with different chemicals.!** Risk assessment is hindered by a lack of available
information (only partly addressed by QSARs) as well as the time commitment necessary to
answer these difficult questions. Risk assessments are designed to be run on industrial scale
processes, which hinders their adaptation to lab-scale scenarios.

Life cycle assessment: Life cycle assessment (LCA) tackles the environmental impacts of
a product from cradle (resource extraction) to grave (disposal). It evaluates the environmental

impacts of “a system of economic or industrial processes needed for a product to function.” 14!
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These impacts could be on climate change (greenhouse gas emissions), resource depletion,
human toxicity, ecotoxicity etc. 14> The steps to an LCA involve (1) goal and scope formation,
(2) inventory analysis and (3) impact assessment in a format laid out by the International
Organization for Standardization 14040 series.*? LCA is an apt method for weighing the impacts
of a product during the manufacturing process compared to the use phase. It relies on large
databases of industrial process data. For results, an LCA will present an impact (such as human
toxicity) for an arbitrary functional unit, but that impact will not include a time component or a
measure of whether that impact passes safety thresholds. A functional unit is the basis of an
LCA and describes a function with specific bounds.**® LCA is limited by data availability over
an entire industrial process (which sometimes spans different geographic regions). Even though
there is interest in including LCA into policy, to our knowledge it is not currently implemented
as a decision-making tool. 144

Alternatives assessment: Alternatives assessment is a hazard-focused assessment, aiming
to answer the question as to which chemical or substance is less hazardous of all for a specific
use. Although a younger field than risk assessment, alternatives assessments are being required
in certain US state regulations and EU’s REACH programme to address particularly hazardous
chemicals.®*® This method’s starting point is a certain hazardous chemical of concern. The
problem is then scoped and potential alternatives identified.!** After only certain alternatives are
deemed feasible, the sub-assessments are run on these chemicals or substances: human health,
ecotoxicity, and physiochemical (exposure can be added as well, but it is less commonly used).
Then, life cycle thinking is applied with the use of an LCA, performance, and economic
assessment.1*> From these assessments, the least hazardous substitute is identified, or (if not)
more research is requested.*> Alternatives assessment has the advantage of being possible to run
relatively quickly before a chemical is used in a plant or by consumers (as exposure is not key).
GHS provides a hazard database for this assessment. However, consistent data on cost,
availability and performance of alternatives is sometimes difficult to obtain.'*® Lastly, similar to
risk assessment, AA is used to inform decision making.

Specific challenges associated with nanoparticles: The analysis of nanomaterials with
each of these assessments has been challenging due to a few reasons. First, the use of industrial

scale nanomaterials is relatively new and small scale compared to the bulk chemicals usually
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assessed.'*’ This has introduced complications as to how to scale-up lab or pilot technologies.
Second, the many transformations of nanomaterials in the environment complicates hazard
estimations. This also complicates exposure estimations as well (for risk and LCA).4 Third,
there is an incredible diversity of nanomaterials on the market, some of which are not fully
characterized. This calls for the development of new data tools to assess the fate, toxicity, and

exposure of slightly different nanomaterials.*4’

In conclusion, risk assessment and alternatives assessment (and to a lesser extent LCA) are all
tools used by decision-makers to decide whether nanomaterials are (1) a safe option and (2) the
safest option of all available alternatives. Sometimes these decisions require a trade-off, or
accepting an adverse impact as necessary for reducing another adverse impact.**! For example,
switching away from chlorinated solvents to aqueous detergents would decrease ozone creation,
and human toxicity, but could harm aquatic environments.'*® Such trade-offs would need to be

addressed and minimized before implementation.

2.4.3 Design: Approach of scientists

The same principles that dictate the assessment of substances can also dictate the design of the
next generation of substances. With risk assessment in mind, Paul Anastas and John Warner
designed the 12 principles of green chemistry in 1998 (Figure 2-6).14° These principles can
roughly be divided into 2 groups; efficiency and safety.

Efficiency is reflected in the principles that aim to reduce the use of derivatives (8) and
unnecessary energy consumption (6). An efficient process at the molecular level (2) also
prevents or reduces pollution (1,11). Catalysis can also render a process more efficient as well,
reducing the need for stoichiometric reagents (9).

Safety principles cover the chemical itself (4), its synthesis (3), and how its synthesis is
conducted (12), which includes the use of solvents and auxiliaries (5). A last piece of chemical
safety to consider is a substance’s end of life, where it should degrade into innocuous chemicals
rather than persist and accumulate (10).

The last principle not yet mentioned (7) encourages the use of renewable feedstocks. This
could be considered either efficient for the planet or making for a safer environment (due to the

pollution associated with fossil fuel extraction and conversion).
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1. Prevention. It is better to prevent waste than to treat or
clean up waste after it is formed.

2. Atom Economy. Synthetic methods should be designed to
maximize the incorporation of all materials used in the
process into the final product.

3. Less Hazardous Chemical Synthesis. Whenever
practicable, synthetic methodologies should be designed to
use and generate substances that pose little or no toxicity
to human health and the environment.

4. Designing Safer Chemicals. Chemical products should be
designed to preserve efficacy of the function while
reducing toxicity.

5. Safer Solvents and Auxiliaries. The use of auxiliary

substances (e.g. solvents, separation agents, etc.) should

be made unnecessary whenever possible and, when used,
innocuous.

Design for Energy Efficiency. Energy requirements of

chemical processes should be recognized for their

environmental and economic impacts and should be
minimized. If possible, synthetic methods should be
conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks. A raw material or feedstock
should be renewable rather than depleting whenever
technically and economically practicable.

8. Reduce Derivatives. Unnecessary derivatization (use of
blocking groups, protection/ deprotection, temporary
modification of physical/chemical processes) should be
minimized or avoided if possible, because such steps
require additional reagents and can generate waste.

9. Catalysis. Catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.

10. Design for Degradation. Chemical products should be
designed so that at the end of their function they break
down into innocuous degradation products and do not
persist in the environment.

11. Real-Time Analysis for Pollution Prevention. Analytical
methodologies need to be further developed to allow for
real-time, in-process monitoring and control prior to the
formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention.
Substances and the form of a substance used in a chemical
process should be chosen to minimize the potential for
chemical accidents, including releases, explosions, and
fires.

6.

Figure 2-6: The 12 principles of green chemistry, copied directly from reference

These twelve principles echo the main ideas of the assessments discussed above: examine
different life cycle stages, design products and process to reduce hazard, and employ a
systematic approach. The advantage of these principles is that they are communicated in
language that chemists understand and are not tied to specific benchmarks. For example, the 8th
principle is ‘reduce derivatives’ which does not instruct chemists to eliminate all derivatives, but

rather continue to strive for minimization. Chemists are not instructed to make a process safe, but
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rather a safer one. The measurement of ‘safe’ would employ a risk assessment, which is not
traditionally familiar or accessible to most chemists. The principles are meant to be used a
cohesive system, rather than simply choosing one or two to justify a development. Just as in
assessments, trade-offs should be acknowledged and (if possible) mediated.

Just as with different assessment methods, acknowledging the limits of the green chemistry
principles is useful. Green chemistry, although often thought of as enabling cost-saving
practices, ™ does not include any mention of a minimizing substance price in its principles.
Common performance metrics are not included either, although one could argue that this is
already engrained in chemist’s development of substances. There is also a lack of
acknowledgement of the current state of the art, which is often a basis for assessments (LCA and
AA especially). Working from a need-based or broader systems perspective could introduce
questions like ‘Is this chemical necessary?’ which could help to focus the application of the
principles.

Common green chemistry metrics only measure efficiency: There are a few common
methods to assess the use of green chemistry principles.™® One of which is mentioned in the
principles itself: atom economy (2). Atom economy measures how many atoms in the reactants
remain in the desired final product. Carbon economy applies this same method but considers
only the carbon atoms remaining. The E-factor is a waste-based metric, it measures the amount
of waste divided by the total amount of product, using the weight of each. A metric can also be
the number of steps in a reaction, as one-pot reactions are more desirable than multiple steps
requiring purification.

The ease of measuring efficiency has led to its measurement in various contexts, such as
material resource use. Increases in efficiencies in various sectors (12-50%) were applied to
global resource use models for 2015-2050 by Krausmann et al. They found that despite these
efficiencies, total resource extraction will continue to grow because of increases in wealth and
population.? This reflects the trend of increasing the efficiency of fossil fuels leading to
massive increases in consumption.’® In short, increases in efficiency are tricky to implement
without inadvertently using more resources as populations grow in size and wealth.

Therefore, green chemistry metrics that focus on the efficiency of a process should be

complemented by metrics that evaluate the safety or hazard associated with a synthesis. This is
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difficult to do in a simple manner. There are more complex tools available that do incorporate
hazard.’> LCA and alternatives assessment are among these ‘more complex tools’ but these
must be tailored to use with all of the information available in a laboratory setting, where often
hazard data must be estimated. Despite this challenge, there are many green chemistry solutions
that have been assessed with LCA to evaluate impacts.'>>*° Editors of green and sustainable
journals are increasingly calling for this sort of analysis as well 157158

Challenges for nanoparticles: The challenges of applying green chemistry to the design of
nanomaterials echo the challenges of assessing nanomaterials. These remains the challenge of
effectively designing nanomaterials to maximise their potential use while minimizing their
unwanted toxicity. To meet this need, various structure-property models have been developed.*>®

The principles of green chemistry can also be applied with increasing mechanistic
understanding of syntheses. Using Cd-QDs as an example, the original syntheses used dimethyl
cadmium and phosphine derivatives, which was quickly replaced by cadmium oxide and oleic
acid after mechanisms were understood.'® In-QDs and other QDs with less toxic cores soon
followed. In short, the careful syntheses of nanomaterials is not a barrier to the full

implementation of the principles, but it can slow the process.

Assessment and design are both needed: The three assessment strategies, as well as the
design strategies surveyed here, are all necessary to employ in the search for safe and sustainable
materials. They each excel in certain scenarios with specific problems, and therefore have
limitations. A method that addressed all the situations discussed here would need an incredible
amount of data and could be too inaccessible and complex for any one group of researchers. By
exploring the limits of each of these strategies, we can effectively decide when an additional

strategy is necessary to employ.

Both assessment and design are needed as well to avoid regrettable substitution. Causes of
regrettable substitution include a lack of hazard data, a failure to consider the life cycle, endpoint
trade-off, failure to consider exposure or functional use of a product.'3! Each of the assessments
and design principles discussed above has certain characteristics that address some of the causes
of regrettable substitution. For example, AA considers hazed, endpoint trade-offs, and functional

use, but doesn’t consider exposure or (depending on the assessment’s depth) sometimes life
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cycle. Design principles are necessary to decrease hazard in the initial product and simplify the
synthesis, which would decrease risks from exposure and life cycle factors to consider during an
LCA. In short, the strengths of each of these methods can be leveraged to avoid regrettable
substitution, but using one method alone is not enough.

2.5 Conclusion:

This introduction began by assessing the development of quantum dots and surveying both
the commercial and research-stage applications of these tunable nanoparticles. The complexity of
these nanoparticles’ structures initially complicated toxicity testing, but key pieces of their
structure were then identified. Then, we considered the fate of nanomaterials in the environment,
using other nanomaterials as examples of a wide variety of transformations. QD environmental
fate literature is still evolving and has indicated that (like toxicity) the structure of these particles
is key. Lastly, we surveyed how this information could be used to inform design and decisions.
With both assessment methods and design principles, we identified knowledge gaps that still

hinder the safer and more sustainable use and synthesis of nanomaterials.

Although the term “challenges” has been peppered throughout this review, they have served
to identify 3 key opportunities:

(1) Researchers know that the current main commercial use of QDs in a plastic sheet in
displays, although global production estimates and some life cycle considerations remain
elusive. This should drive research into current QD toxicity and hazard estimation for
assessments, despite the relatively small number of studies that probe QD structures like
those in displays.

(2) In addition, QD development for different applications is ongoing. There is time (and
motivation) to add safety and sustainability into their design before reaching commercial
scale. Green chemistry design principles are excellent starting points, but the lack of
hazard in their quick metrics calls for the use of other assessment strategies.

(3) QD researchers can leverage the extensive work done for other nanoparticles to uncover
key levers of QD toxicity after transformation. There is also a robust understanding of

pristine QD toxicity to help with this research as well. Combining existing literature with
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more systematic studies can provide the missing link of estimating hazard of QDs (both

current and future) for assessments and design.
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3 Cadmium-Containing Quantum Dots Used in Electronic Displays:

Implications for Toxicity and Environmental Transformations

Bechu, A.; Liao, J.; Huang, C.; Ahn, C.; McKeague, M.; Ghoshal, S.; Moores, A. Cadmium-
Containing Quantum Dots Used in Electronic Displays: Implications for Toxicity and
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Also available on ChemRxiv: https://doi.org/10.26434/chemrxiv-2021-n3c99

3.1 Connecting text

The fields of QD development, ENP transformation, ENP toxicity, and assessments are each
faced with difficult research questions. It is also challenging to connect these fields under the goal
of implementing safer and more sustainable substances. The next chapter explores of these
questions by developing a QD model that reflects the QDs that are currently in displays. As well,
we systematically test certain environmental conditions and probe whether toxicity is due to the

transformed QD or its released ions.

3.2 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.
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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.

3.3 Introduction:

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
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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 them difficult (if not impossible) to completely 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 by using both aged (1) model QD structures dispersed in solution
and (2) proprietary complex QD-containing structures embedded in commercial products.

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.*-18 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.16 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
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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.9
These proprietary QDs are therefore designed with different shell structures, ligands and capping

polymers than previously studied model QDs.

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 ImM H»0,).%2 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
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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 uM Cd equivalents after exposure).'® 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 starting 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
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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.
3.4 Results and Discussion:

3.4.1 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 Figure S3-6).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 Figure S3-7). With this information, we designed a synthesis for CdSe//ZnS-PEI&E3P QDs
(see Scheme 3-1).

Scheme 3-1: 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;
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CdS/Cdo.5sZno.5S/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.’
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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 Figure S3-8,
Table S3-1). The transmission electron microscopy (TEM) analysis of these spherical particles
indicated that their average diameter was 3.2 + 0.4 nm (n=50, Figure S3-9). These particles were
also crystalline, as demonstrated by lattice lines on the TEM and peaks on powder X-Ray
diffraction (pXRD, Figure S3-10).

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
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added (Figure 3-1A). 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.?-?%162° 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 3-1B). 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.*>*! 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 3-1: (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).

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 3-1). The
synthesized polymer was characterized by "H-NMR (see Figure S3-11). 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 (see Figure
S3-11). 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 3-1).
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In Scheme 3-1, 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 (Figure S3-12). 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/H20O> 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 3-1D, Table S3-1).
This 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, Figure S3-13).

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.

3.4.2 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 O, and anoxic (N2
atmosphere) system (Figure 3-2). 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 Procedure®* to measure metal
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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 <3 kDa species from any remaining nanoparticle matter (>3 kDa) 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.*¢ Finally, the concentrations of Zn and Cd in the dissolved
and nanoparticle solutions were measured using inductively-coupled plasma optical emission
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 3 kDa filter.
Specifically, 100% indicates that all metal was dissolved and none remained as components of a

QD. These results in aerobic conditions (Figure 3-2A and B) were then compared to anaerobic

conditions (Figure 3-2C and 2D).
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Figure 3-2: 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).

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**(aq) 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
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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).!* 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.!®37 In
fact, it is not common to report the amount of ligand or capping polymer used for dissolution
tests.!>20:3 In 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
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 (eq.1) or an aerobic one (eq. 2).%

MS(S) + ZH(th) - HZS(aq) + M(ZC:;I) eq. 1

MS() + 2H{q) + Ha0 + 20, > SOF™ 0y + Mgy + 2H(ggy + H20 eq.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*2° Eq 2 may also proceed in another manner: Eq 1
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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 3-2).

Yet, for Cd, the anacrobic 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 and thus 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.

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 SI for synthesis, Figure S3-14 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 3-3A). The fact ZnS dissolved
preferably when it is shelled over CdSe/CdS 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 3-3). Cd dissolution from CdSe-PEI&E3P was much higher than in the
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sulfide-shelled CdSe/ZnS-PEI&E3P, confirming the anticipated protective function of the shell in
this context.

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 3-2B), 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, Figure 3-2) 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 3-3: (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.
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3.4.3 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
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 (Figure S3-15). 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 (Figure S3-15). 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 (Figure
S3-16 and Figure S3-17). 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 pHs, 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.

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 3-4), 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
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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 (Figure 3-4C,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 >3 kDa fraction (i.e. particles larger than ~1.5 nm) after 6
months of ageing, we observed large tight aggregates of discrete nanoparticles (Figure 3-4E,F)
that are of similar size and shape to the original QDs used for dissolution studies (Figure 3-1A,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 3 kDa filter. These reprecipitated
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.
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Figure 3-4: (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.

3.4.4 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.*

We first validated a CellTiter-Glo Luminescence assay as a suitable cell viability assay for the
HepG?2 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 ICso= 1.1 mg/L>®),
and we observed a similarly high sensitivity of HepG2 cells. Toxicity was independent of counter
ions present (CdCl ICso = 0.64 + 0.08 mg/L and Cd(NOs3)> 1Cso = 0.5 £ 0.2 mg/L; detailed results
Figure S3-18).

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
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that Zn?* is much less toxic than Cd**, independent of the counter ion (ZnSO4ICso= 30+ 12 mg/L
and Zn(OAc) ICso= 26 = 7 mg/L): viability results in Figure S3-19. Our results are in line with
previous experiments in zebrafish Danio rerio liver cells after a 24h incubation period (ZnSO4ICso
=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 Figure S3-20). 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
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 (ICso = 150 £ 20 mg/L, Figure
S3-21). 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 (Figure S3-22). 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 ~96 wt%). Comparisons based on molarity of QDs alone would indicate that
CdSe/ZnS-PEI&E3P (ICso =90 + 10 nM) are much more toxic than previously studied CdSe/ZnS-
PEG exposed to HepG2 cells (no cell toxicity observed at 100 nM).>®

3.4.5 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
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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 3-2 and allow for the
calculation of ICso, samples were concentrated with ultrafiltration with 3 kDa 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 (Figure S3-23).

We developed three model systems to specifically distinguish toxicity arising from the aged
particles and the released ions (Figure 3-5A). These models include: 1) aged CdSe/ZnS-PEI&E3P
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 (Figure S3-24-27, Table S3-3).

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 ICso = 190 + 40 mg/L, Figure 3-5). This suggests that dissolved ions from QDs

are the major source of toxicity to human cells.
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Figure 3-5: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
bloodstream conditions or gastric conditions can also possibly alter the QDs cytotoxicity via

changing its structural stability and biological solubility.
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3.5 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.

Subsequent toxicity tests pointed out the relatively high toxicity of the encapsulating polymer
alone, highlighting the fact that the organic portion of quantum dots must be considered to fully
account for toxicity of the complex nanomaterial. When adding environmental transformations to
toxicity tests, 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.

3.6 Methods

3.6.1 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 SI for step-by-step procedure and modifications).?®?” The synthesis
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produced CdSe/CdS/Cdo.sZno.sS/ZnS QDs with octadecylamine ligands, which will be referred to
as CdSe/ZnS.

3.6.2 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
lyophilized 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. N2 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 N> 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
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.

3.6.3 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 S3-2). 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).

95



The method used to separate intact QDs from dissolved ions relied on the use of 3 kDa
centrifugal filters (see SI 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 SI 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.

3.6.4 Cell culture and quantum dot model components

HepG2 cells (ATCC® HB-8065) were cultured at 37 °C with 5% CO: 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 3-1) 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
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described in Figure 3-2. Finally, the full aged QD model was prepared by combining the 2 g/L
24h-aged and filtered QDs with the total dissolved components.

3.6.5 Invitro 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 uL of the mixture from each well
was transfer to a white 96-well plate and measured on a Spark® multimode plate reader (Tecan
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.

3.6.6 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 G* F20 200 kV
Cryo-STEM to visualize the nanoparticles. Samples were deposited onto a Cu grid with carbon

backing (from Electron Microscopy Sciences).
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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 kV and 10 mA and was equipped with a LinxEye
detector and a Ni filter.

"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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3.8 Supporting Information

3.8.1 Analysis of pristine display film containing quantum dots

QD film samples in a display were identified with fluorescence measurements (not
shown) and extracted. The two clear outer films were separated from the colored QD-containing
inner film, and the latter was used for analysis. Then 0.05¢g of films were digested with wet
ashing using 2 mL of sulfuric acid (Fisher Chemical Trace Metal Grade) and microwave
irradiation (CEM Mars 6). The samples were digested by ramping the temperature to 180 °C (15
minutes) and then holding that temperature for 15 minutes. The samples were then digested with
3 mL nitric acid and 2 mL hydrogen peroxide (Fisher Chemical Trace Metal Grade) at 100°C for
an hour. The samples were diluted and measured in an ICP-OES (Thermo iCAP 6500 Duo) using
lines at 206.20 nm and 228.80 nm for Zn and Cd, respectively. Error bars represent the standard

deviation of three measurements.
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Figure S3-6: Elements present in QD display inner film, measured with ICP-OES.

The inner film was then cut into small (0.5 cm x 0.5 cm) pieces and loaded a teflon rotor.
The rotor was then loaded into a solid-state NMR (Varian VNMRS 400 MHz, now Agilent,

Santa Clara, CA, USA) and *3C was measured. The spectrometer operated at 100.5 MHz for 13C
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using a 4 mm double-resonance Varian Chemagnetics T3 probe. The sample was spun at 13 kHz
and the sequence used was a cross-polarization (CP) magic angle spinning (tanquantcpxecho).!
Other parameters include: the number of scans was 64, recycle delay was 3s, acquisition time
was 15 ms, CP contact time of 1000 ms, number of CP periods was 11, and time between CP

periods was 1s.
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Figure S3-7: Solid State *3C-NMR of inner display film, from a commercial TV display, with
functional groups highlighted that are also present in PEI&E3P.

Figure S2 demonstrates the presence of aromatics, C-H, C-OH, and C-N bonds, whose
shifts are well-outlined in the literature, in the inner display film from a commercial TV
display.?® These functional groups are also present in PEI&E3P (see structure in Scheme 3-1).
Therefore, although we could not confirm the presence of PEI&E3P in the TV display without
doubt, the presence of such functional groups, and the patent describing the manufacture of
PEI&E3P covered QDs for display indicate that a similar polymer is present in the plastic matrix

surrounding the QDs.
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3.8.2 Synthesis of CdSe/ZnS

All the reagents were purchased through Sigma-Aldrich, and all the solvents (ACS
reagent grade) were purchased through Fischer Scientific. The purity of the both the CdO and the
Se were > 99.9%; both compounds were purchased from Sigma- Aldrich. The Se was stored in a

desiccator. All chemicals were used as purchased.

These syntheses were based on previously published CdSe core and CdS/ZnS shelling
syntheses.*> We modified the washing procedures of these syntheses. Below is a step-by-step

procedure.

The Cd precursor was prepared in a 50 mL, 2-neck round bottom flask by combining
0.0256 g (0.0002 mol) of CdO and 0.114 g (0.0005 mol) of myristic acid in 4 mL of ODE. The
mixture was stirred and heated to 290°C, while N2 was bubbled into the solution. The Se
precursor was prepared by sonicating 0.0237 g (0.0003 mol) of elemental Se powder in 3 mL of

ODE for ~10 min; this was done to uniformly suspend the Se in the ODE.

After ~30 min of heating, the CdO and myristic acid to form a Cd-myristate precursor
which resulted into a colourless and transparent solution. The temperature was reduced to 250°C,
and 1 mL of the Se precursor was injected into the reaction mixture. After ~5 min of growth, 0.1
mL of the Se precursor was injected into the reaction mixture, and the reaction proceeded for an
additional 3 min. After the 3 min reaction period, the previous injection was conducted once
more, and the reaction proceeded for an additional 3 min. Because the Se precursor was only
stable ~5 min after sonication, the Se precursor was sonicated between each injection to ensure a

uniform suspension.

The resulting quantum dot solution was split equally between two centrifuge tubes and
quenched with 10 mL of toluene. ~5 mL of acetonitrile was added to the centrifuge tubes to
crash out the nanoparticles, and the mixture was centrifuged at 10000 rpm for 5 minutes. This
washing procedure was conducted three times. To store the nanoparticles, they were suspended

in ~10 mL of toluene.

After the 0.0383 g (0.0002 mol) of synthesized CdSe was dissolved in minimal amounts

of toluene, the solution was added to a 50 mL, 2-neck round bottom flask, along with 6 mL of
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ODE and 1 g of octadecylamine. The mixture was heated to 235°C, and the toluene was boiled
out of the solution for ~30 minutes. Once the mixture stopped boiling, the flask was capped, and
N2 was bubbled into the solution for the rest of the reaction. Three solutions were prepared for
the shelling of the CdSe nanoparticles — Cd, Zn, and S precursors. To prepare the Cd and Zn
precursors, 3.09 g of oleic acid and 9 mL of ODE were added into two vials. The vials were
stirred and heated to 250°C while N2 was bubbled through both solutions. Once the solutions
were yellow and transparent, the temperature was dropped to 80°C, and the solutions were
maintained at that temperature throughout the synthesis. The S precursor was prepared by adding
0.032 g of S into a vial with 10 mL of ODE and was sonicated for ~10 min.

Once the CdSe solution became transparent each of the specified additions were injected,
dropwise, into the solution, where 10 min of growth was allowed after each addition — unless
otherwise specified. This resulted in four separate monolayers on the surface of the CdSe
nanoparticles. First monolayer: 0.75 mL of Cd precursor, and 1.5 mL of S precursor. Second
monolayer: 0.9 mL of Cd precursor immediately followed by 0.9 mL of Zn precursor, and 1.9
mL of S precursor. Third monolayer: 1.1 mL of Cd precursor immediately followed by 1.1 mL
of Zn precursor, and 2.3 mL of S precursor. Fourth monolayer: 2.7 mL of Zn precursor and 2.7

mL of S precursor.

Once the shelling was complete, the quantum dot solution was split into four separate
centrifuge tubes, and each fraction was quenched with 5 mL of hexanes. As the solution cooled,
excess octadecylamine would precipitate out of the solution, so, once the mixture was at room
temperature, the mixture was centrifuged at 10,000 rpm for 5 min. The resulting solution, which
contained the colloidal nanoparticles, was decanted into separate centrifuge tubes. 10 mL of
isopropanol (iPrOH) was added to each tube, and the mixtures were centrifuged at 10,000 rpm
for 5 min. After disposing the washing solution, the precipitate was resuspended in 5 mL of
hexanes. 10 mL of acetone was added to the quantum dot solution, and the mixture was
centrifuged at 10,000 rpm for 5 min; this process was conducted twice. The final precipitate was

stored under a vacuum to dry.
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3.8.3 Analysis of pristine CdSe/ZnS

Thermal Gravimetric Analysis (TGA) was conducted with a Mettler and Toledo
TGA/DSC Stare System to monitor the amount of ligand attached to the surface of the
nanoparticles. The method utilized a temperature range of 30 — 700 °C under air, which was at a

flow rate of 40 mL/min, and the sample was heated at a rate of 10°C/min.

Powder X-Ray Diffraction (pXRD) was conducted using the Bruker D8 Advance to
monitor lattice structure. The recorded 26 range was 10° - 80°, and the sample was rotated at a
rate of 15 rot/min. The step rate was set at 5985 steps/s. The primary and secondary slit widths

were set at 0.600 mm and 2.500 mm, respectively.

A Bruker AVIIIHD 500 MHz was used to find the NMR spectrum of the final product.

To measure the NMR spectrum, the final product was dissolved in chloroform-d.
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Figure S3-8: CdSe fluorescence with excitation at 400nm, emission from 500-700nm
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Figure S3-9: TEM of CdSe core used for size estimations (n=50)
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Figure S3-10: (A) TEM image of CdSe QD displaying crystallinity (B) pXRD of CdSe QDs
(orange) with expected peaks represented as black bars.® Other peaks < 20° correspond to the

presence of myristic acid ligand, as the intensity of these peaks decreased after washing.
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Figure S3-11: *H-NMR of (A) 1,2-epoxy-3-phenoxypropane (E3P), (B) polyethylene imine
(PEI) and (C) the polymer PEI&E3P.
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Figure S3-12: TGA of CdSe/ZnS-Octadecylamine.
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Figure S3-13: 'H-NMR of (A) octadecylamine, (B) CdSe/ZnS-octadecylamine, (C) CdSe/ZnS-
PEI&E3P with traces of octadecylamine.
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Table S3-1:Effect of coating CdSe particles with ZnS-PEI&E3P on the fluorescent properties of
the samples.

QD sample Peak Wavelength (nm) FWHM (nm)
CdSe 595 37
CdSe/ZnS-PEI&E3P 584 34

3.8.4 Blanks of dissolution tests

The following blanks were performed for the dissolution tests (Table S3-2). These
demonstrate that the filtration method is effective at recovering >90% of the ions in solution and
in QDs, even in the presence of the QD ligand (PEI&E3P) or a proxy for that ligand (PEI).

Table S3-2: Recovery of ions and QDs from 3 kDa filters after 24h for ions, and after Oh for the
QDs.

Description of tested solution Cd recovery | Zn recovery
pH 4, 3000 ppb Cd, Zn, S, Se, 250 mg/L PEI 95% 100%
pH 4, QDs at 4 mg/L Cd 90% 94%

In addition to these tests, for every dissolution test the stock solution of QDs was digested
to determine the initial concertation of QDs in solution. This was matched to the total ions
recovered (both in the retentate and the filtrate) and the missing ion fraction (<10%) was
attributed to QDs. This method aligns with previous studies that have used 3 kDa filters to
separate QDs from their ionic constituents.” Lastly, in the QD sample, all of the Zn and Cd
were recovered in the >3 kDa fraction, indicating that these elements are present in a QD

particle, rather than as ions.

3.8.5 Synthesis of ZnS QDs

The synthesis of ZnS QDs was an adaptation from Trimmel et al.X® A mixture of ZnCI2
(272.6 mg, 2.00 mmol, 1.0 eq.) and oleylamine (10 mL, 30.3 mmol, 15.1 eq.) were heated to 170
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°C for 30 min. Then the solution was allowed to cool to room temperature while stirring
continued. A solution of sulfur (192.4 mg, 6.00 mmol, 3 eq.) in oleylamine (3 mL, 9.08 mmol,
4.5 eq.) was then added to this mixture at room temperature. This sulfur solution, if made
>10min before its addition to the zinc solution, would turn a dark red color. This color change
did not impact the final state of the QDs. The solution of sulfur and zinc in oleylamine at room
temperature was then heated to 210 °C for 1h. After the solution was cooled to room
temperature, the solution was transferred to centrifuge tubes. Methanol was added to the
centrifuge tubes and the ZnS QDs precipitated after centrifugation at 10000 rpm for 5 min. These

particles were then dried with a rotary evaporator and stored in vacuum until use.

The particles were characterized to ensure their size and their crystallinity. The size of
these QDs was 4.0 £ 0.6 nm (n=100) and the crystallinity, observed on both the nano-scale and

over the entire sample, indicated a cubic structure.
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Figure S3-14: (A) Representative ZnS TEM image and (B) ZnS size distribution (n=100) (C)
Representative ZnS TEM image displaying crystallinity of particle and (D) pXRD of ZnS NPs

The addition of PEI&E3P onto these particles was conducted in the same manner as

CdSe/ZnS (see main text for procedure).

3.8.6 Hydrodynamic radius and zeta potential measurements

DLS and Zeta potential measurements were conducted with Wyatt Mobiul with Atlas

attachment at 25 °C with a background concentration of electrolyte (0.01 mM KCI) at 0.3 mg/mL
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CdSe/ZnS-PEI&E3P. The hydrodynamic size of each sample was calculated using the correlation
function in the Wyatt proprietary software, DYNAMICS. Errors represent the standard deviation
of three measurements. PDI of each of the samples was 0.57, except for the sample at pH 8 after

1 day (PDI=0.47).
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Figure S3-15: (A) Zeta Potential of CdSe/ZnS-PEI&E3P suspended in 0.1 mM KCI with pH
adjusted with acetic acid. (B) Hydrodynamic radius of CdSe/ZnS-PEI&E3P suspended in 0.1
mM KCI with pH adjusted with acetic acid. Error bars represent the standard deviation of three
measurements
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3.8.7 Fluorescence of QDs after exposure to pH 2-8
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Figure S3-16: Fluorescence spectra of QDs aged at pH 2-8 after 1 hour (A), 1 day (B), 3 weeks
(C,D) using acetic acid and under aerobic conditions. After 3 weeks, settling of the QDs
occurred, and therefore spectra were taken of the supernatant solution (C) and the solution after
mixing (D).
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Figure S3-17: Intensity of fluorescence spectra at 588 nm after QDs aged at pH 2-8 after 1 hour,
1 day, and 3 weeks using acetic acid and under aerobic conditions. After 3 weeks, settling of the
QDs occurred, and therefore spectra were taken of the supernatant solution and the solution after
mixing.

3.8.8 CellTiter-Glo HepG2 cell viability curves and ICso data
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Figure S3-18: Cytotoxicity of cadmium ion in HepG2 cell model. A) Representative cell viability

measured using CdCl. B) Representative cell viability measured using Cd(NOs3).. C) Comparison
of 1Cso values calculated using CdCl, and Cd(NO3)a.
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Graph represents the mean and standard deviation from three biological experiments.
Unpaired t-test confirm no significant difference (p = 0.38) between the 1Cso measured using these

two different cadmium compounds.
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Figure S3-19: Cytotoxicity of zinc ion in HepG2 cell model. A) Representative cell viability
measured using Zn(SO4) B) Representative cell viability measured using Zn(OAc)2. C)
Comparison of 1C50 values calculated using Zn(SO4) and Zn(OAc)2.

Graph represents the mean and standard deviation from three biological experiments.
Unpaired t-test confirm no significant difference (p = 0.59) between the ICso measured using

these two different zinc compounds.
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Figure S3-20: Representative cell viability results for determining the cytotoxicity of PEI&E30
in the HepG2 cell model.
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Figure S3-21: Representative cell viability results for determining the cytotoxicity of pristine
QDs in the HepG2 cell model.

HepG2 cell were seeded onto cover slips in a 6-well microplate. Specifically, the
coverslips were autoclaved and kept sterile before being put into wells. 600,000 cells were
seeded in each well and left to attach to the coverslips in 2 mL media. After 24 hours, the media
was carefully replaced with fresh media containing QDs and HepG2 cells incubated for 24 hours.
QDs were then removed and cells were washed carefully with PBS. Cells were fixed using 4%
PFA and stained with 300 nM DAPI for 5 minutes followed by rinsing with PBS and mounting
with ProLong™ Gold Antifade Mountant on a slide for confocal imaging. Images were taken

using a TCS Leica SP8 Multiphoton and analyzed with ImageJ.
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Figure S3-22: HepG2 cells were incubated for 24 hours with (A) cell media alone or with
concentrations of QDs (B) below and (C) above the ICso. Cells were washed, fixed, stained with
DAPI and analyzed by confocal laser scanning microscopy using a TCS Leica SP8 Multiphoton.
Images were analyzed with ImageJ 1.47c. Blue = DAPI; Red = QDs.
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Figure S3-23: Percent recovery of PEI&E3P in 3 kDa filter after ageing for 1 day at pH 2-8.
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Figure S3-24: Representative cell viability results for determining the cytotoxicity of aged,
filtered QDs in the HepG2 cell model.
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Figure S3-25: Representative cell viability results for determining the cytotoxicity of ions and
ligands leached from QDs in the HepG2 cell model.
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Figure S3-26: Representative cell viability results for determining the cytotoxicity of the full
aged model of QDs in the HepG2 cell model.

Table S3-3: ICso values from each trial and the calculated average and standard deviation.

PEI-
CdClz2 | Cd(NOs3)2 | Zn(SO4) | Zn(OAc)2 | E3P | Pristine | Filtered | lonsand | Full
(mg/L) (mg/L) (mg/L) (mg/L) (g/L) QDs QDs Ligands | model
Triall | 0.73 0.28 36 26 0.23| 0.13 0.25 0.14 0.23
Trial 2 0.6 0.51 39 19 0.26 | 0.17 0.27 0.2 0.16
Trial 3 | 0.59 0.73 17 33 0.17 | 0.16 0.36 0.16 0.18
Average 0.64 0.51 30.67 26.00 0.22 | 0.15 0.29 0.17 0.19
StDev | 0.08 0.23 11.93 7.00 0.05| 0.02 0.06 0.03 0.04
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4 Linking transformation of cadmium-containing guantum dots in

simulated human digestive system to toxicity.

K. Xu, A. Bechu, N. Basu, S. Ghoshal*, A. Moores*, S. George* “Hazard profiling of
components constituting a commercially-relevant functional quantum dot revealed synergistic
interactions between heavy metals and polymer” Chem. Res. Tox. 2021 (submitted Nov. 10

2021, ID: tx-2021-00382n)

Bechu & K. Xu. N. Basu, S. Ghoshal*, A. Moores*, S. George* “Linking transformation and
toxicity of Cd-containing quantum dots in the simulated human digestive system” manuscript in

preparation.

4.1 Connecting text

With the synthesis of this commercially relevant QD, we explored the impact of oxygen
and pH in dark aqueous conditions. There are many other species in the environment that could
interact with QDs, such as light and humic acids. As we mentioned in the introduction, there has
been significant work with these environmental factors, but less work in biologically relevant
environments. We identified a particularly interesting environment, the human digestive system,
as the next environment for these QDs. We partnered with toxicologists to find out whether the
commercial QDs were more toxic than their components to intestinal epithelial cells. Then, we
decided to probe the transformations of QDs in a simulated human digestive system.

4.2 Abstract:

Nanomaterials are increasingly complex and increasingly ingested by the general
population, which exposes the nanomaterials to a new environment and set of human cells. These
complexities cannot be explored for each circumstance — there are simply too many

nanoparticles and factors relating to digestion. We therefore used a well-characterized multi-
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component nanomaterial (quantum dots) to explore complexities inherent to nanomaterial
structure. We compared synergistic toxicity effects of coating and inorganic shells of pristine
samples. With this baseline, we then tracked the transformation the nanoparticles in a simulated
human digestion system to identify key transformations. We observed dissolution and increased
dispersion of quantum dots and association of quantum dots with biomolecules in solution. We
propose that these transformations are necessary to interpret the changing toxicity of
nanoparticles throughout human digestion. This work enabled further investigation on toxicity by
our collaborators.

4.2.1 Introduction:
Cytotoxicity of quantum dots (QDs) was first reported in the early 2000s.! Almost 20

years later, mechanistic questions still remain because of the complex nature and shifting
applications of QDs. Initially designed as biosensors? and for probing fundamental behaviors of
excitons,® quantum dots are now commercially used as color converters in electronic display
screens.* This expansion of applications is partly due to the tunability of the core, shell, and
coating of quantum dots. This tunability has enhanced the light emission and stability of QDs

and allowed for their dispersion into various media.

The varied uses of QDs makes it important to assess their safety to human health. The
cytotoxicity and subcellular effects of a diverse set of QDs has therefore become more
heterogenous as well. Early on, a decrease in cytotoxicity was linked to the addition of ZnS
shells.® Studies have also shown that the coating of QDs with positive charges increases
cytotoxicity.® Such studies are difficult to compare to one another to determine which component
of a quantum dot (shell, coating etc.) has the largest impact. This is due to the different
conditions of the studies, such as organism, dose, and specific QD structure. Analyzing many
QD toxicity studies to determine trends has been partly addressed by thorough meta-analyses of
toxicity data of QDs.”® These studies combed through 307-517 studies of QD toxicity and
extracted key attributes such as QD structure, dose, organism and exposure time. They then
calculated LDso 7uy6uuuuui8and ran a random forest or Bayesian network analysis to determine
which attributes had the largest impacts on the outcome. Depending on the analysis method used

though, slightly different prioritizations have been assigned (e.g. the shell is more important than

126



the ligand in one analysis, but not the other). In addition, these meta-analyses do not tend to
focus on QDs currently used on commercial applications. Quantum dots in commercial
applications were primarily designed for long term stability and integration into plastics, rather
than benign behavior in biologically-relevant situations.

We established a commercially relevant quantum dot model in our previous work® that was
based on a patent for QDs in devices.'? This particle, CdSe/ZnS-P&E had a CdSe core because
this material can be tuned to emit at specific green and red wavelengths desirable for display
applications.'® The CdS/ZnS shells allowed for enhanced stability of the core, compared to a ZnS
shell.}! Lastly, the polymer P&E was synthesized from polyethylene imine and 1,2-epoxy-3-
phenoxypropane.l® This polymer allowed for integration of the CdSe/ZnS QD into plastic films

needed for display applications.°

This complex nanoparticle, CdSe/ZnS-P&E, can have toxicity and subcellular impacts
arising from either different components, or a combination of these components. We define
component as one part of the CdSe/ZnS-P&E (Figure 4-1). The simplest components are CdSe
and ZnS QDs (no polymer) as well as the polymer alone (P&E). Combining two of these
simplest components yielded CdSe-P&E, ZnS-P&E and CdSe/ZnS. We ran a series of toxicity
and subcellular effect tests to establish the toxicity of different components. To quantitively
compare these combinations, we applied a combination index (CI). Cl compares the modeled
additive toxicity of components to the actual toxicity of a mixture to determine whether
components had interactions that led to higher or lower toxicity. This method is commonly used
for additive effects of mixtures of drugs, but we hypothesized that its application to
nanomaterials can also help to decipher the relative importance of different components. This

work will be presented in the first section of this chapter.
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Figure 4-1: Schematic of commercially-relevant CdSe/ZnS-P&E as well as its basic components
(P&E, CdSe, and ZnS) and combinations of 2 basic components (CdSe-P&E, ZnS-P&E, and
CdSe/zZnS).

The objective of this first section was to quantitatively examine the impact of different
components of quantum dots onto intestinal epithelial cells. This first objective prompted the
question as to whether, in a real-world scenario, pristine quantum dots could encounter cells in
the human intestine. The short answer is no. Only QDs transformed by the Gl tract environment
(or other nanoparticles) would encounter cells in the human intestine in a real-world scenario.
The Gl tract can be simulated using three different environments: salivary, gastric, and intestinal

phases.!?

The incorporation of certain nanoparticles into foods and food packaging is currently allowed
by regulatory bodies in most countries.®® For example, TiO2 and SiO, for whitening and anti-
clumping agents, FeO used for nutrition, and Ag used as an antimicrobial.** In North America,
the lack of regulation pushing for nanoparticle designation in food ingredients has complicated
exact ingestion estimates. Concurrently, risk assessment methods for nanoparticles in the
intestinal system remaining under development.t®> A recent review of studies probing the toxicity
of nanomaterials in the digestive tract found that only 12% of studies considered the dissolution
kinetics of nanoparticles.'® Most of these studies are therefore disconnected from the

transformation of nanomaterials from simulated human digestion.
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In general, nanoparticle toxicity can be altered after transformation in certain environments
due to a change in speciation, dissolution, or hetero-aggregation (i.e. the formation of an eco-
corona).!” Such transformations have been noted for nanomaterials exposed to simulated human
digestive system. For example, the formation of an enzyme corona has been observed for
magnetite nanoparticles.® The dissolution of ZnO and SiO2 (and subsequent reprecipitation of
Si0,) has also been observed.!® Abdelkhaliq et al. recently reported on the transformation and
toxicity of Ag NPs, finding that a significant amount of Ag dissolved and that transformed NPs
(100% cell viability at 2,500 pg/L) were less toxic than the equivalent amount of pristine Ag NPs
(80% cell viability at 2,500 pg/L).2° Abdelkhaliq et al.’s work laid important grounds for this

study, but we propose examining transformation at each digestion step separately.

Subsequently, the objective of the second part of this chapter is to identify transformations of
CdSe/zZnS_P&E in the simulated digestive system at each step that could be correlated to toxicity
changes in subsequent studies. We focused on changes in nanoparticle dissolution and dispersion
in the gastric phase that are maintained in the intestinal phase. Later studies by our collaborators
[data not shown here] will associate changes in toxicity of CdSe/ZnS_P&E as they travel through
the simulated human digestive system. We hope that this work can serve as an example of
pairing transformation and toxicity to strengthen studies probing the safety of nanoparticles in

the digestive system.

4.3 Results and Discussion:

4.3.1 Pristine Toxicity Study

Our first goal was to investigate the toxicity of specific components of quantum dots.
Each component was synthesized independently (Figure 4-2). The complete quantum dot system
has a CdSe core protected by a ZnS shell and is coated with a polyethylene imine-based polymer
(P&E) from a previous study. For this study, we considered three of its components; CdSe
guantum dots, ZnS quantum dots, as well as the P&E alone. These components were combined
into CdSe-P&E or ZnS-P&E as well.
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D Zeta Potential | Diameter
(mV) (DLS, nm)

CdSe P&E 15+6 85+6
ZnS_P&E 7+4 66+ 6
: S CdSe/ZnS 14+6 141 £33
$28 Yoo P&E
Y%wt Cd 13 2 0 0 30 2 0
%wt Zn 0 0 31 1 15 1 0
%wt P&E 0 83 0 95 0 93 100

Figure 4-2: TEM images of (A) CdSe QDs, (B) ZnS QDs, (C) CdSe/ZnS QDs. The zeta potential
and hydrodynamic size of the polymer-capped QDs (D) is presented. E) Cd and Zn contents were
measured with ICP-OES and P&E contents were calculated from the synthesis. The remaining
percent weight of the compounds is composed Se and/or S and different organic ligand resulting

from the synthesis

Next, Human Intestinal Epithelial Cell-6 (HIEC-6) cells were exposed to each of these
components. The dose-response (mortality) relationship of these components was then measured
(see SI 4.7.1 for results gathered by Ke Xu). The EC2 (20% of the effective concentration that
caused mortality over the fixed exposure time of 24h) was then determined from these dose
response curves (

Table S4-1). For our purposes EC2o serves as a benchmark to compare each of the components
(see Sl 4.7.2). This comparison is done quantitatively using a combination index, CI?! (eq. 1)
which compares the expected contribution of toxicity of a component (using its ECxand
concentration in the mixture) to the entire mixture (using the mixtures EC2o).

Cim Com CnMm
CI — 1 2 n (1)
Ec,/EmMm Ecy,/EmMm  Ec, /Em

Where C, is the concentration of the component in the mixture. The denominator is Ecn

/Em which represents the ratio between the benchmark toxicity of the component to the total
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toxicity benchmark of the mixture. In the case of additive toxicity (i.e. no synergism or
antagonism) this number should be the same as Cn, which is the concentration of the component
in the mixture. In summary, the expected contribution of toxicity of a component is in the
numerator, while the actual contribution of the component in the mixture is in the denominator.
Therefore, if the mixture is more toxic than the sum of its individual components (denominator >
numerator) then the CI<1, indicating that the components had a synergistic effect on toxicity. A
synergistic effect occurs when the two components dosed together are more toxic than the
toxicity of the expected sum of the individual components. This calculation indicated that QD

combinations that included the polymer (P&E) has synergistic interactions (Figure 4-3).

Antagonistic Combination Index determined
interactions synergistic interactions
1.2 s P&E
L. zn$ )

= Additive . _
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508 Y&
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k= ZnS T P&E
506 (7]
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0
CdSe/ZnS CdSe P&E ZnS_P&E  (CdSe/ZnS_ P&E

Figure 4-3: Combination Index of QD mixtures, with synergistic interactions (Cl<1) and
antagonistic interactions (CI>1) indicated on the left side of the graph. Cls are based on toxicity
data gathered by Ke Xu (see appendix).

Interestingly, we found that the CdSe/ZnS-P&E combination had highest synergistic
effects (Cl=0.2), even though CdSe/ZnS had slightly antagonistic effects (Cl=1.1). An
antagonistic effect (CI>1) occurs when the toxicity of a mixture is less than that expected from
its components. In this study, we observed slight mediation of toxicity by the addition of one
component (a ZnS shell, Cl=1.1). However, adding the polymer P&E, decreased the Cl to 0.2,
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demonstrating synergistic interactions. We decided to investigate whether this decrease in Cl

(i.e. synergistic toxicity) could be linked to increased cell uptake of CdSe/ZnS.

Therefore, we measured the uptake of the inorganic elements of the CdSe/ZnS_P&E into
the cells (Figure 4-4). CdSe/ZnS-P&E demonstrated 6x higher uptake than CdSe/ZnS at the
same dose (25 ng/mL after 3h exposure). This same dose of the QD mixture, however, indicates
a different dose Cd because of the different percentage of Cd in the two mixtures (30% vs. 2%
for non-polymer capped and polymer-capped, respectively, see Figure 4-2). When considering
only Cd, we calculated that the uptake of Cd is 77-fold higher when Cd is present in polymer-
capped QDs compared to Cd in non-polymer capped QDs. Although the different initial dose of
Cd in this Cd-only comparison could play a role in the higher Cd uptake of the polymer-capped
QDs, we concluded that the presence of the polymer increases the uptake of CdSe/ZnS QDs.
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Figure 4-4: Cellular uptake comparison of polymer-capped and non-capped CdSe/ZnS quantum

dots compared to a blank and CdCl> controls after exposure for 3h to 25 pg/mL.
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Changing nanoparticle coatings to mediate uptake is a well-known technique for both
nanoparticles?? and well as different drugs.?® Polyethylene imine, which is the base structure in
the P&E polymer, is also a well-known gene transfer agent, albeit with a higher than desirable
cell toxicity.?* However, it is often difficult to compare the exact increase in uptake due to the
vast differences in nanoparticle and coating syntheses.’ For this study, we quantitatively

determined that the P&E coating is the main driver for increased QD toxicity.

With the quantitative CI, we also conclude that CdSe/ZnS_P&E has more synergy than
just CdSe/P&E. We hypothesize that a reason for this could be that CdSe/ZnS_P&E dissolve in
the low pH environments of the cells (but not before), delivering more Cd than CdSe_P&E,
which is less stable and could leave Cd outside of the cell. This insight can inform nanoparticle
design as well as provide a quantitative structure to comparing the toxicity of complex

nanoparticle mixtures.

4.3.2 Simulated digestion system overview and sampling method:

The simulated digestion of CdSe/ZnS_P&E was then employed to explore the
transformation of these particles and the impact of that transformation on the toxicity. For the
remainder of this chapter, CdSe/ZnS_P&E will be referred to as simply QDs, since we only
tested this complex particle (rather than components). The digestion method employed was the
standardized Infogest procedure,'? with a starting concentration of 1250 ppm quantum dots in
non-serum media (Figure 4-5). This starting concentration was chosen such that the final
concentrations after work-up would match the previously discussed pristine toxicity tests [data

not shown here].
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Salivary Gastric | Intestinal
stage aliquot stage aliquot stage aliquot
B Dig. Stage: Salivary Gastric Intestinal
Biomolecule Salivary amylase Pepsin Pancreatin, Bile
Biomolecule concentration 0.005 mg/mL 6.0 mg/mL 30, 15 mg/mL
Tonic Strength (mM) 38 98 142
CdSe/ZnS P&E 1.250 mg/mL 0.625 mg/mL 0.313 mg/mL

Figure 4-5:(A) Simulated digestion steps, with aliquot (1/2 total sample) removed at every stage.
(B) Brief description of added components each stage, which was adapted from Infogest and the
activity of enzymes of this specific study. lonic strength calculated from the added salt solutions.
Concentrations of CdSe/ZnS_P&E were set such that toxicity tests could be compared to pristine
CdSe/ZnS_P&E toxicity tests.

4.3.3 Transformation of QD metals in simulated digestive system:

After each stage of the simulated digestion, we investigated changes to the structure of
the quantum dot (Figure 4-6). Fluorescence was used because it traditionally indicates changes in
the shelling of quantum dots,*! or non-radiative recombination increases as ligands are
exchanged 2 (Figure 4-6A). We analyzed the portion of quantum dots that remained by
centrifugal filtration with a >3 kDa cutoff (Figure 4-6B). This method separates CdSe/ZnS_P&E
that are >1 nm from dissolved ions in solution, and we have previously proven that the presence

of the polymer does not impact its effectiveness (> 95% recovery of ions and 100% recovery of
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NPs).® We discovered that this separation technique is slightly complicated by the presence of
enzymes, which will be elaborated on below.

Dig. Stage:  Salivary Gastric Intestinal

A ———SSF ——SGF ——SGF+QD
7 SIF
: 250 QD 250 SSF+QD 2500
e SF-+QD S GF+QD SIF+QD

x 10000

Counts x 10000

(=1
(=2
(=2
=
200 “200 2000
2 oy
=] <
o )
150 150 1500
100 100 1000 \
50 5[) N \/\ﬁ
0 : 0 0
425 525 625 725 425 525 625 725 425 525 625 725

Wavelength (nm) Wavelength (nm) Wavelength(nm)

B. 100%

80%

60%

40%

Cd 20%
0% —

]
E/n

Percent
>3 kDa

Salivary Gastric Intestinal

Figure 4-6: (A) Fluorescence of CdSe/zZnS_P&E (labelled QD) at each digestion stage. Note that
the peak at 450 nm represents phenol red from non-serum cell media. (B) Percent of the metal
constituent of CdSe/ZnS QD in nanoparticle form, measured using centrifugal ultrafiltration. The

remainder of the metal constituent of the CdSe/ZnS QD was in ‘dissolved’ form (<3 kDa).

Fluorescence and dissolution of CdSe/ZnS_P&E demonstrate changes to the surface of
individual QDs (Figure 4-6A,B). A 100% loss of CdSe/ZnS_P&E fluorescence occurs at the
gastric stage, where the peak at 600nm indicating QD fluorescence disappears. This loss of

fluorescence is accompanied by the dissolution of 95% of the Zn-containing shell (Figure 4-6B).
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Although this dissolution was initiated at the salivary stage (with 40% dissolution), we
hypothesize that the almost complete loss of the Zn-shell at the gastric stage is due to low pH. In
our previous work, 80% of the Zn-shell was lost after 24 h exposure to acetic acid at pH 3.° In
this study, despite these changes to the surface of the quantum dot, the preservation of 95% of
Cd in nanoparticle form (i.e. >3 kDa) indicates that the core of the particles is still almost
completely intact in the gastric stage. This would also align with past work, which did not
demonstrate >10% dissolution of Cd after 24h exposure to acetic acid at pH 3.° Therefore, we
hypothesize that Cd-containing nanoparticles remain intact after the gastric phase.

The complete recovery of >3 kDa Cd and Zn at the intestinal could indicate re-
precipitation of these metals or the absorption of these metals onto biomolecules in solution.
Simulated digestions with only Cd and Zn ions only (no QDs present) indicated that 100% and
75% of ions, respectively, were >3 kDa after the intestinal phase (see Figure S4-10). Therefore,
the intestinal would cause either CdSe/ZnS_P&E or dissolved ions to be in the >3 kDa fraction.
The intestinal phase has a higher concentration of biomolecules than the gastric (Figure 4-5B).
One of these biomolecules, bile, has been shown to absorb Cd ions,?® so we hypothesize that
association between bile and QDs with Cd-containing surfaces could occur. Due to a neutral

intestinal pH, we also hypothesize that Cd in QDs will persist in nanoparticle form.

We also examined Cd with single particle inductively coupled mass spectrometry (spICP-
MS). The size detection limit for spICP-MS was 2.66 x 1017 gram of Cd per nanoparticle, which
we calculated to equate to an aggregate of ~210 CdSe/ZnS QDs (see Sl for calculation). Due to
the unknown behavior of the polymer P&E in these solutions, we only estimate sizes of the
inorganic CdSe/ZnS portion of QDs. spICP-MS generated data regarding the size of Cd-
containing nanoparticles in solution (Figure 4-7B) as well as the percentage of quantum dots that
were aggregated into aggregates of >210 CdSe/ZnS QDs (Figure 4-7A). These techniques are
also presented at each digestion stage for clarity.
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Figure 4-7: (A) Percentage of Cd aggregates over 210 CdSe/ZnS QDs compared to total amount
of Cd measured in the sample. (B) Lognormal fitting of size range of inorganic portion quantum
dots (calculated) based on spICP-MS data of cadmium at each digestion stage. Median particle
size and standard deviation are reported in number of CdSe/ZnS QD aggregates. Note that the Y-
axis are set such that the maximum is %2 of the previous stage, which would represent the
maximum expected amount of particles in the aliquot.

The examination of Cd-containing nanoparticle revealed two key points. First, 70% of
Cd-containing nanoparticles are initially aggregated in the salivary stages into clusters that are
larger than 210 QDs (Figure 4-7A, Figure S4-11). This changes during the gastric stage. At the
end of the gastric stage, only 15% of Cd is measured to be in aggregates of larger than 210
CdSe/ZnS QDs. This small amount of Cd in aggregates of larger than 210 QDs gets slightly
smaller after the intestinal phase (to 10%). Second, the size of the large aggregates of CdSe/ZnS
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QDs observed (Figure 4-7B) remains consistently higher than the limit of detection (4.7E+04-
5.7E+04 compared to 2.1E+02).

The changes in aggregation extent at the different stages reflect another aspect of the
transformations of CdSe/ZnS QDs in the simulated digestive system. When CdSe/ZnS QDs are
aggregated (i.e. salivary stage), they also demonstrate a stable fluorescence and some ZnS shell
stability. However, during the gastric stage, CdSe/ZnS QDs become more dispersed while
loosing the remaining ZnS shell and fluorescence. Although the intestinal phase brings with it a
higher pH and a higher ionic strength, CdSe/ZnS QDs do not form aggregate into aggregates of
larger than 210 CdSe/ZnS QDs. We hypothesized that this could be due to the association of
QDs with biomolecules in solution. To understand the interplay between QD and biomolecules,
we tracked red traces of QD fluorescence with the presence of biomolecules using confocal

microscopy (Figure 4-8).
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Figure 4-8: Confocal microscopy images of (A) three digestion stages without QDs present and
(B) three digestion stages with QDs present, with QD presence indicated by red fluorescence

(red channel).
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These confocal images demonstrate the co-localization of QDs (red fluorescence signal)
with biomolecules in solution (dark grey shapes). The salivary stage indicates brighter quantum
dots because of the preserved fluorescence at this stage (see Figure 4-6A for aggregate
fluorescence). At the salivary stage, there is also a lack of dispersion in the fluorescence, which
aligns with the spICP-MS results. The particles observed in the salivary stage (~1 wm) correlate
to CdSe/ZnS QD aggregates of >2E+06 QDs, which would be above the size range of spICP-MS
data in this work (calculation is done assuming random close packing of CdSe/ZnS QDs into a
spherical aggregate).

The gastric phase shows QDs co-localized with the gastric biomolecules. The presence of
biomolecules and cell culture media does not significantly impact the particle size of ENPs
measured by spICP-MS due to the dilution needed before sample introduction.?” The intestinal
stage shows a higher dispersion of both biomolecules and QDs, even though the signals for QDs
are more muted. We hypothesize that the association of QDs to biomolecules could be stronger
than the homo-aggregation of QDs that can be observed by spICP-MS, especially in the
intestinal phase.

4.4 Conclusions:

Although nanoparticle structures and transformations in the digestive system are
inherently complex, the use of a well-characterized model nanoparticle can help to distinguish
the key changing contributions to toxicity. The multi-component, commercially-relevant model
of CdSe/zZnS, complete with its separately synthesized components, was exposed to intestinal
epithelial cells. The resulting set of EC20s was compared using a combination index to
determine that the polymer imparts a higher synergistic effect than the inorganic shell. The
polymer-capped zinc-shelled CdSe had more synergistic toxicity (and a lower EC20) than the
non-shelled polymer-capped CdSe.

This initial study led to questions regarding the integrity of the coating after
transformations in the digestive system. We chose a simulated human digestive model and fine-

tuned an aliquot work-up so that polymer-capped CdSe/ZnS could be exposed to intestinal cells
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after transformation. We determined that the gastric stage was a key stage for the transformation
of quantum dots — leading to surface defects (i.e. loss of fluorescence), loss of the ZnS shell, and
decreased proportion of Cd-containing aggregates larger than 210 CdSe/ZnS QDs. These
transformations seem to be preserved in the intestinal stage. These transformations will then be
correlated to our collaborator’s observations of increased intestinal cell toxicity of transformed

QDs compared to pristine QDs, which are to be reported elsewhere.

4.5 Methods:
4.5.1 Cellular Uptake:

Cells were exposed to 25 pg/mL of each component for 6 h. The supernatant media was removed
(cells adhered to the 24 well plate). Cells were then washed 3x with fresh serum-free culture media.
Cells were then trypsinized and centrifuged (Eppendorf 5430R Refrigerated centrifuge, 255%g, 5
min). The pellets were then digested with 400 puL 70 % (v/v) HNOgz in open 15ml DigiTUBEs at
90 °C using a heating block for 1 h, followed by 400 pL H>O> digestion in the same condition.
The digestion product was diluted with Milli-Q water to 1.3% (v/v) HNO3 acid for ICP-MS
analysis. Total amounts of Cd, Se and Zn in the cells were determined in Perkin EImer NexION
300X ICP-MS at 82, 66, 114 for Se, Zn, Cd respectively.

4.5.2 Simulated Human Digestion:

The simulated salivary, gastric, and intestinal digestions were carried out according to Recio et
al,*? and are described briefly below. QDs were initially dispersed in non serum containing
media at 1250 ppm. Then, 1 mL of this solution was mixed with the same volume of simulated
salivary fluid (SSF) in the salivary digestion stage (2 mL final volume). The mixture was placed
on an orbital shaker (Forma Scientific 420) and incubated at 120 rpm at 37°C for 2 min. Samples
were taken as SSF digested QDs, and the mixture was further mixed in 1:1 ratio with simulated
gastric fluid (SGF) and incubated on the shaker for 2 h. After incubation, the pH of the solution
was adjusted to pH=7 with 1M NaOH before samples were taken. Then, simulated intestinal
fluid (SIF) was mixed at the ratio of 1:1 with the solution in previous step. The mixture was

kept in the incubated orbital shaker for another 2 h at 120 rpm, 37°C. To stop enzyme digestion,
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samples take at each stage were subjected to heat-shock treatment (placed in boiling water for 5

min) to inactivate enzymes.

Potassium chloride (>98%), monopotassium phosphate (99%), sodium bicarbonate (>99.7%),
sodium chloride (> 99%), magnesium chloride (99%), calcium chloride (>99%),

sodium hydroxide (99.99%), and hydrochloric acid (37% v/v) were purchased from Sigma and
used as received. These chemicals were used to make stock solutions, which were then combined

into electrolyte-only simulated digestive fluids (see Table 3 in Recio et al.'?)

Enzymes (and their activities) used in the digestions were salivary amylase (400 U/mg solid),
pepsin (400 U/mg solid), pancreatin (4 U/mg solid) and bile salts (0.78 mmol of bile salts/g bile).
These enzymes were used as received. Except for salivary amylase, enzymes were stored at -
20°C as dry powders until the day they were suspended for use in a simulated digestion. Salivary
amylase was suspended in solution at the concentration needed for digestion then stored at -
20°C.

The amounts of electrolyte-only solutions, enzyme solutions, acid, and base used in the
digestions are outlined in the table below (modeled after Table 2 in Recio et al. *?). Each
digestion step was preformed with prewarmed solutions (10 minutes) at 37°C, and each digestion
step itself was preformed at 37°C after mixing solutions at room temperature. Digestions were

carried out in 20mL glass vials.

4.5.3 Centrifugal filtration of QDs aliquots after digestion

Samples were separated using Amicon Ultra 3 kDa centrifugal units. These tubes were
spun for 45 minutes at 4500 rpm. The <3 kDa fraction is referred to as the filtrate (or dissolved),
while the >3 kDa fraction is the retentate.

After separation, the sample was acid digested with DigiTubes. The filtrate was added to
a 50 mL tube, followed by 1 mL of H.O.(Sigma, 50% reagent grade), and the resulting solution
was digested at 95°C for 30 minutes. Then 1 mL of HNO: (99.999%, Trace Metal Grade) was
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added and the solution was digested at 95°C for 1 hour. After the two digestions the samples
were diluted to 15 mL with water and transferred to tubes for ICP-OES analysis.

When the retentate sample was examined, H.O.was first added to the filter and allowed to
sit for 10 minutes. Then, it was transferred to the digestion tube for digestion at 95°C for 30
minutes. 1 mL of HNO:; was also added to the filter for 10 min before being transferred to the
digestion tube for digestion at 95°C for 30 minutes.

ICP-OES was performed on a Perkin Elmer Optima 8300 using wavelengths 206.20 nm
and 228.80 nm for Zn and Cd, respectively. Zn and Cd standards of 1-1000 ppb were made

from TraceCERT standard solutions.

45.4 Fluorescence:

The emitted fluorescence intensity of the digested QDs sampled at each stage of the
simulated digested was measured with a Spectramax i3x plate reader (Molecular Devices, San
Jose, USA) at excitation 400 nm and presented as emission spectrum. At each stage of digestion,
the spectrum of both the digestive fluid and the QD containing digestive fluid were measured
and compared. Serum free media and the undigested QD suspended in serum free media were
also used as negative and positive control, respectively. For SGF-QD, pH was adjusted to 7

before measurement.

4.5.5 Confocal Microscopy

The aliquots from each digestion phase were de-activated (5 min boiling) then drop-cast
onto a microscope slide. The dried samples were then analyzed with the LSM 710 confocal laser
scanning microscopy (Carl Zeiss, Oberkochen, Germany).

45.6 splCP-MS:

spICP-MS was conducted on a PerkinElmer NexION 300X ICP-MS running Syngistix

software (VV1.1). Dwell time for experiments was set at 100 us with a sampling time of 100s.
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Flowrate and transport efficiency were measured daily. Transport efficiency (8.9 + 0.9%) was

assessed using 30nm Au NPs ultra-uniform with PEG-carboxyl in 2 mM sodium citrate,

nanoComposix (53 mg Au/L) diluted to 26 ng Au/L in deionized water. Dissolved calibrations
(0.05 — 10 ppb Cd) were prepared with 1% nitric acid (PlasmaPure Plus 67 — 70%, SCP Science,
Canada) and Cd standard solution (TraceCert, 10000 mg/L).
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4.7 Supporting information:

4.7.1 Cell Toxicity Data: (Collected by Ke Xu)
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Figure S4-9: Cell toxicity data (as % viability of HIEC-6 cells) compared to the dose of the QDs
and QD mixtures (n=3, *p<0.05)

The % viability of HIEC-6 cells was measured with the resaszurin assay (Abcam, USA)
after an exposure time of 24h. The % viability of HIEC-6 cells is derived from the measured
viability of cells exposed to QDs compared to the viability of a cell culture without particle

exposure.
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4.7.2 Combination Index Calculation:

Curve fitting was performed using 4 parameter logistics equation between the

concentration of the sample (x) and the % viability (y) (Equation 3), the 4 parameters (A1, A2, x0

and p) were then used to derive ECx (Equation 4). Fitting and parameter calculation were

performed by Origin Pro 2018 software (version 95E [2018]; Originlab)

A1-A2
1+ ()

log(0.25)

y = A2 +

ECzo _ 1Olog(x0)+

Specific values of the combination index and ECxg are presented below (
Table S4-1).

Component or combination EC2 (ug/mL) | Combination Index

CdSe 150 N/A
ZnS 28.98 N/A
P&E 11.98 N/A
CdSe/znS 55.37 1.06
CdSe_P&E 10.86 0.79
ZnS_P&E 4.89 0.4

CdSe/znS_ P&E 2.47 0.2

Table S4-1: ECy and CI of QD components and combinations
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Figure S4-10: Percent >3 kDa for ions (no QDs present) and polymer throughout digestion.

4.7.3 Calibration of spICP-MS:

The calibration of the single particle mode requires two key calibrations and method
validation. The first key calibration step is transport efficiency. We used 30 nm Au NPs from
NIST because preliminary tests of QDs in water indicated that their size range was ~25nm. We
verified that transportation efficiency of gold nanoparticles would not change significantly

depending on the digestion stage (all were within the average 8.9 + 0.9%).

The next calibration necessary for measuring Cd in single particle mode is the dissolved
ion calibration, which was achieved with an R? = 0.9999. However, Cd ions were not stable in
de-ionized water, so spiking and recovering dissolved Cd in the presence of Cd-containing QDs
was adjusted. Inspired by the work of Gao et al,?® we added 100 ppb EDTA to solutions of 10
ppb Cd ions in deionized water and stirred at 100 rpm for 2 h. Although this only kept ~10% of
Cd ions in solution, subsequent dilutions into DI water were stable and we used these Cd ion

solutions to spike solutions of QDs in different diluted digestion solutions (Table S4-2)
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Table S4-2: Recoveries of ions, nanoparticle size, and nanoparticle concentration after the
addition of 0.5 ppb of Cd ions.

Sample Matrix

Recovery of spiked
dissolved ion as

dissolved ion in reading

Recovery of same
particle size of QDs

after ion spike

Recovery of same
particle concentration
of QDs after ion

spike
Media N/A 96% 96%
Salivary 111% 98% 99%
Gastric 112% 83% 98%

These results demonstrate that nanoparticle size and concentration were very stable in the

presence of spiked Cd ions. The expected ionic content of the solution was 10% higher than

expected, so this consistent increase was accounted for in subsequent calculations for the main

text.
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Figure S4-11: (A) Amount of QD aggregates in media > 210 QDs and (B) distribution of
aggregates in the diluted media.

4.7.4 Calculating number of QDs in aggregate compared to Cd particle size

4
37(dca/2)%pea
Nop = fra /Mgp

Where the Ngp is the number of QDs in the aggregate, dcq is the diameter of the Cd particle
(generated by spICP-MS), pc4 is the density of Cd, f 4 is the weight fraction of Cd in the QD,
and mp is the mass of one QD. Please note that these calculations only account for the
inorganic portion of QDs, and do not include the polymer coating. This calculation allowed for
the correlation of the Cd particle LOD to the LOD of QD aggregates (Figure ).
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Correlate core size (spICP-MS) to QD aggregate
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Figure S4-12: Relationship between Cd in Cd particle (spICP-MS result) and number of QD in
aggregate (calculated).
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5 Are substitutes to Cd-based quantum dots in displays more
sustainable, effective, and cost competitive? An alternatives
assessment approach

A. Bechu, S. Ghoshal, A. Moores,* N. Basu* “Are substitutes to Cd-based quantum dots in
displays more sustainable, effective, and cost competitive? An alternatives assessment approach”
ACS Sustainable Chem. Eng. 2022, 10,7, 2294-2307.
https://doi.org/10.1021/acssuschemeng.1c04909

Also available on ChemRxiv: https://doi.org/10.26434/chemrxiv-2021-sjv53

5.1 Connecting text

The previous chapter explored the possible transformations in the simulated human digestive
system, with the goal of probing transformations to inform the design of safer NPs. However, as
noted in the introduction, the commonly employed green chemistry metrics do not link hazard to
design. Therefore, we decided to explore the use of an alternatives assessment to probe the
safety of the next generation of emissive materials. We designed the alternatives assessment

such that it would be accessible to researchers developing materials.

5.2 Abstract

Light emissive organics and inorganic nanoparticles are substance classes competing for
applications in displays in the form of organic LEDs (OLEDs) and quantum LEDs (QLEDs),
respectively. Upcoming substance classes (perovskites) and Q-OLED displays also contain novel
nanomaterials and organics for these applications. However, the sustainability of these emissive
substances is difficult to assess quickly and broadly because of their complexity, their inherently
different structures, and their rapid evolution in the literature. We propose the use of an
alternatives assessment to compare the hazard, cost, and performance of these possible substitute
substances, with a focus on replacing cadmium-containing quantum dots. This assessment type is

used in industry and government to inform chemical substitution. It uses available information,
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while pointing out important data gaps, for decision making. The cost assessment highlights
competitiveness of OLEDs because of their low amounts needed per display, but performance
assessments do not identify a preferred alternative. The hazard results indicate there is no clear
alternative either, with each novel nanomaterial or organic substance having different negative
aspects. These results identify the need for a low-hazard high-performing alternative substance,

and the assessment provides a framework for researchers to evaluate their own novel substances.

5.3 Introduction

Globally, the fate of 83% of electronic waste (E-waste) is unknown, likely dumped or
dismantled in potentially hazardous circumstances.! This undocumented E-waste (44 million
metric tons generated in 2019 alone) has embedded chemicals and substances that are commonly
released into the environment.! One type of electronic good with increasingly diverse chemicals
are screens and monitors, which currently make up 12.5 wt% of global E-waste. Contrary to
global E-waste trends, the total weight of disposed screens and monitors is decreasing slightly
(by 1% over 4 years). This shift is attributed to the replacement of traditional heavy cathode ray
tube (CRT) monitors with lighter flat panel displays in waste streams.! These two screens rely on
different technologies and heavy metals, with CRT relying heavily on lead while flat screens
have a cocktail of heavy metals.? This technology shift has represented an overall decrease in

certain end-of-life impacts,? although unknown risks remain.

The next generation of flat screen televisions currently has many different emissive
substance classes vying for dominance.® These classes use novel substances that convert charge
or light into specific colors. The main substance of concern is cadmium-containing quantum dots
(Cd-QDs), due to the known toxicity of Cd.* This substance of concern has led to numerous
studies reviewing the sustainability of the Cd-QDs and competing substances.® For example, life
cycle assessments (LCAS) have been performed to compare the cumulative energy demand of
Cd-QDs and indium-containing QDs (In-QDs).® After updating these assessments with new data
on the amount of materials in televisions, In-QDs were found to require approximately 13 times

more energy (MJ cm2) than Cd-QDs.” LCAs have also been used to point out areas of concern in
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the manufacturing of Cd-QDs into quantum light emitting diode displays (QLEDS), such as the

aquatic acidification and ecotoxicity of a Cd-QD encapsulating polymer.®

Another substance class of interest to displays, perovskites, have attracted significant
research attention for their use in photovoltaic panels, and sustainability assessments have mostly
focused on that application. Studies have weighed the risks of using lead in perovskites versus
lead alternatives using a variety of metrics, with some concluding that lead-based perovskites
performance outweighs the possible risk,® while others encourage the development of lead-free
materials.’® Lastly, QLEDs are functionally matched by organic LEDs (OLEDs), which rely on
specific organic emitters (OEs). In sustainability assessments, however, OLEDs are commonly
compared to traditional liquid crystal displays (LCDs). OLEDs require less energy over their
lifetime,* but assessments focused on the end of life of these materials caution the higher
toxicity potential.'? In summary, these Cd-QD, In-QD, perovskite and OLED assessments have

pointed out sustainability concerns unique to each substance class.

The sustainability studies mentioned above employ LCA, which has provided in-depth
and useful comparisons between two substance classes. However, there are challenges with LCA
in assessing all emissive substances that are still at the research stage.!® For example, modelling
a scale-up scenario is time consuming and involves various assumptions to cover missing impact
data. 3 In addition, the toxicity profiles of these research-stage nanomaterials of complex
composition are not often known and cannot be easily predicted by models.™® These challenges,
and many others, hinder the use of LCAs for nanomaterials at the research stage.!**® A high-
level yet simple evaluation is needed that encompasses all substance classes while remaining

accessible to researchers developing these substances.

The alternatives assessment framework was developed by the US EPA to help identify
safer and effective alternatives to a chemical of concern.'®” Alternatives assessment is a
powerful method in the context of sustainable chemistry and engineering because it enables
research on the design and synthesis of safer alternative molecules and materials, even emerging
ones that have not yet left the laboratory.!® This methodology prioritizes reducing the potential

harm of new substances, while also recognizing only the alternatives that are feasible (e.g. in
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terms of cost and performance). It works with available data and available substitutes, while

pointing out the need for additional data or substitutes.

This framework was built to help enable decision making, yet it is also a great too to and
to identify areas where further research would be useful. Alternatives assessment is established
in chemicals regulations in both the United States!®?° and Europe?!-?? so that manufacturers and
government officials can survey different available substitutes for hazardous chemicals with
chemical safety in mind. In short, alternatives assessment is a key piece of industry and

government’s response to pressing sustainability challenges linked to substances of concern.

This framework is not commonly used in academic literature, but it has great potential as
a holistic assessment of emerging substances that is accessible to researchers. In industry, it is
used during R&D and early manufacturing to inform chemical substitution, which is the replace
a hazardous product with the use of a process or substance that decreases hazard without

compromising function.

The established framework is not to be confused with risk assessment or life cycle
assessment common in academia, although it is complimentary. While both alternatives
assessments and life cycle assessments rely on similar data, they differ in the scope of their
analysis, with AA bringing cost and function in to the evaluation. The focus of alternatives
assessment is also on the comparison of competing technologies. AA thus help identify
promising substance classes, while pointing at the need for further investigation via LCA or
other sustainability assessment methods. In short, alternatives assessment is a great way to
narrow down the focus of research on most promising candidates in terms of sustainability (as
well as function and cost), while offering information about the areas to improve to reach better

performances on these points.

It is a flexible assessment that allows for comparison of numerous options and materials
classes if desired. For example, Gilbertson and Ng compared organics to minerals to
nanomaterials in a search for alternatives to brominated fire retardants.?® We have previously
published an alternatives assessment on 46 perovskites in solar cells, which has identified the

least hazardous alternative as well as the steps needed for that alternative to be more competitive
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with the highest-performing lead-based material.>* We hypothesize that this flexible assessment
could also be used by substance researchers to identify promising responsible replacements for
Cd-QDs for displays.

The objective of this study is to analyze Cd-QDs and its possible replacement substance
classes with an alternatives assessment to foster a broad understanding of the field. We followed
the US National Research Council guidelines'’ and made the assessment fit for the purpose of
analyzing emissive substances in displays. We produced three evaluations: performance, cost,
and hazard. Using substance syntheses and reported performance metrics as inputs, we output a
score in each evaluation. Then, we compared the scores of different substance classes with the
goal of finding a viable substitution. We also qualitatively examined possible regulatory barriers
for the different substances. We aimed to structure this alternatives assessment so that materials
researchers can add in their own chemicals (in a reasonable timeframe) and compare them to
other emerging substance classes. In short, an alternatives assessment for emissive substances

can help point researchers to an informed substitution of Cd-QDs.

5.4 Methods

This assessment follows the steps of the US National Academy’s Framework to Guide
Selection of Chemical Alternatives.!’ Steps 1-4 are outlined in the following section “Identify
substance class of concern & scoping problem formulation”. Step 5-7 and 9 encompass the Cost,
Performance and Hazard assessments sections of the methods. Step 8 involved integrating life
cycle analysis, which we did not pursue due to the early research stage (and therefore high
uncertainty) of some analyzed substances. Step 10 and 11 involves bringing together all
evaluations to compare and identify an acceptable alternative. These steps are addressed in the
“Multiparameter Evaluation” section. All steps and methods sections are represented

schematically below (Figure 5-1), and details will be reported in the following sections.
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General NAS framework steps (left) applied to emerging emissive substances (right)
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Figure 5-1: Outline of substance class of concern and alternatives packages examined in this
alternatives assessment. Step 1 identifies the substance class of concern, Cd-QDs, which are

integrated into displays. Step 2 points out two different boundaries employed in this assessment.

Four key terms are bolded in the large table of steps 3

and display types. These terms are all significant to categorizing alternatives. Steps 5-7 & 9

illustrate the three different evaluations conducted for
hazard. Steps 10-11 indicate that these three evaluatio

each package.
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5.4.1 Identify substance class of concern & scoping problem formulation

The first four steps of this framework involve (1) choosing a substance of concern, (2)
formulating the boundaries of the assessment (3), identifying alternatives, and (4) screening the
alternatives. We decided to abide by the following three decision rules as boundaries to the
assessment. First, the foundational data for this assessment is based on public knowledge.
Second, the alternatives presented are emerging substance classes, which are highlighted to spur
development. Third, the scaling up of the production of these alternatives is not considered.

The four steps mentioned above were informed by a search of both the scientific
literature and press releases from display and QD companies. Literature was searched before
April 2021 and considered for use in this assessment if it met the following criteria: (1) use of
developed substance in a device; and (2) explicitly outlined steps and procedures in chemical and
device fabrication. Since only a few substances could be chosen, we chose the best performing in
terms of external quantum efficiency or quantum yield for each substance class (See Sl for all
papers screened). Patents were excluded from the search. We also consulted with scientists
developing these substances as well as those assessing the degradation and subsequent toxicity of

these substances through the McGill Sustainability Systems Initiative (MSSI).

As noted in the introduction, we aim to identify responsible replacements of Cd-QDs in
displays using alternatives assessment. We defined Cd-QDs as a substance class that is made up
of many substances (different Cd-containing QDs from different syntheses). We chose two
different syntheses of cadmium-containing quantum dots, therefore having Cd1-QDs? and Cd2-
QD? substances. We chose two syntheses to demonstrate possible differences inherent to one
substance class (in the case of QDs there are different shell compositions and precursors). We

chose these two syntheses specifically because they both produce high performing Cd-QDs.

To connect these substances to their end use in displays and rely on uniform
nomenclature, we organized the assessment according to four key designations (highlighted as
A-D in this paragraph, also displayed in Figure 5-1). (A) Substances are individual single or

multiple mineral phases or organic compounds that achieve a desired function (emitting red,
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green, or blue light in this case). Substances belong to a (B) substance class. A substance class is
composed of substances that are generally similar in structure. For example, Cd-QDs are a
substance class. Returning to (A) substances, we chose to group red, green, and blue emitting
substances together because they make up the three colored pixels in displays (Table S5-1). Each
such group was designated as a (C) package. These packages will essentially be the units
analyzed in this alternatives assessment. Lastly, there are (D) display types. We decided to
integrate display types because these are known by consumers and marketed by the industry. The
Cd-QDs substance class is used in a display type (QLEDs). QLEDs have blue substances that
emit light from charge, and red and green substances that emit light by down-converting blue
light.

According to the above definitions, Cd-QD substance class cannot make up a package on
its own because it must have a blue emissive material. To complete the package, we added
InGaN substance as a blue emitting material.?”?® InGaN also provides the blue backlight
necessary for QDs, which down-convert the light.° InGaN is therefore an integral part of the
display type, QLED. In summary, the substance class of concern was grouped into two packages:
Cd1-QLED and Cd2-QLED. These packages are labelled such a way that the display type
(QLED) and the substance class (Cd-QDs) can be identified. The 1 and 2 refer to different
synthetic methods for slightly different chemical compositions of the substances (Cd1-QDs and
Cd2-QDs).

5.4.2 ldentify and screen alternatives

In a similar manner as the substance class of concern, alternative substance classes were
grouped in packages of red, green, and blue emissive materials. Alternatives to Cd-QDs were
chosen to represent three different emerging substance classes: In-based QDs, perovskites, and
organic emitters (OEs). Chosen alternative substances were high performers in their respective
substance classes (see S| excel sheet for complete list of alternatives screened). Performance was
based on high quantum yield (QY) and external quantum efficiency (EQE), both of which
indicate that the material is adept at transforming light or charge into a given wavelength.

In-based QDs are currently replacing Cd-based QDs in some displays because of their
lack of Cd, due to the latter’s toxicity concerns. The synthesis of In-based QDs is less mature
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than that of Cd-based QDs, and was challenged by initially with a lower quantum yield and
broader emission.?® Two In-based QD substances were explored, and since they need an InGaN
backlight (and therefore QLED display type), they are identified as In1-QLED*® and In2-
QLED.®

Perovskites are presented in literature as having a similar emissive tunability as QDs, but
with simpler syntheses. These materials are promising because of their defect tolerance and high
rates of emission, but the development of a blue material lags behind green and red ones.®? Two
green/red perovskite alternative substances were chosen, one which contains lead,*® while the
other is lead-free.®* Although the lead-based perovskite alternative has high performance, we
anticipate the presence of lead could create a similar situation as Cd, as both elements are heavy
metals with known adverse health effects covered by the same EU regulations.®® There are
various lead-free perovskites, which our group recently assessed for use in solar panels. 2* The
most promising lead-free alternative in terms of display performance was a cesium antimony
halide.3* These perovskites also retain the InGaN backlight, and are identified as Per1-QLED%
and lead-free Per2-QLED.**

OEs are currently being developed as alternative substances and have the advantage of
generating all colors from charge, rather than needing a blue color excitation which must be
down converted. This means that OEs have their own display type: OLEDs. OEs are a rapidly
evolving field, but recent developments can be approximately categorized according to their
method of exciton recombination: phosphorescence (Ph) and thermally activated delayed
fluorescence (TaDF).% These categories are thoroughly explored in several reviews®’3°, but we
chose to focus on the best-performing materials identified by Brése et al.*® For OEs, a green,
red, and blue chemical substance of each generation were chosen for packages 2-OLED***2 (Ph)
and 3-OLED**® (TaDF). It is unclear which alternative substance is used by industry, but we
decided to investigate these because of their impressive performance in academic papers.

Lastly, we looked ahead to upcoming market-ready developments (which we could
emulate here) to showcase the versatility of the alternatives assessment approach. The
development of Q-OLEDSs aimed to address separate issues with QLED and OLED display types
by combining different substance classes.*® This substance class promises “lower cost, higher

brightness, improved power efficiency and more accurate color reproduction”.* In this next
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generation substance class, blue OEs substances are matched with emerging green and red
substances.*® For our assessment, we consider these emerging substances from the In-QDs or
perovskites substance classes. This creates the following alternative packages: In1-Q-OLED,3%
In2-Q-OLED,*'*® Per1-Q-OLED,***® and Per2-Q-OLED.3*%°

In short, there are 12 packages evaluated in this assessment (see Table S5-1 for
summary). There are 2 packages of known concern, Cd1-QLED and Cd2-QLED. There are 4
packages of alternative QLED displays based on In-QDs (In1-QLED and In2-QLED) and
perovskites (Perl-QLED and Per2-QLED) substance classes. There are 2 packages based on the
alternative OLED display types which use OEs (2-OLED and 3-OLED). Then there are 4
packages of Q-OLED display types, which use a combination of OEs for blues and either In-QDs
or perovskites for green and red (In1-Q-OLED, In2-Q-OLED and Per1-Q-OLED, Per2-Q-
OLED). In total, these 12 packages span different display types and substance classes.

5.4.3 Price Assessment

We followed the method set up by Chen et al.3! to estimate the costs of each alternative
package. The amounts of each alternative substance was calculated based on the needs to cover 1
cm? of screen area, and then added to the cost of the other substances in the package. This
calculation involved finding the cost of each chemical used in the synthesis, estimating the yield
of the synthesis, and determining how much of each chemical is used in 1 cm? of screen area.
Without adequate stability metrics (see discussion in performance assessment section), we did
not factor the lifetime of the substance in the screens into the cost. This cost assessment involved
certain assumptions described below.

After the precursors of each substance were identified, their cost was found by searching
for the chemical on Sigma Aldrich 2021 catalogue and choosing the price ($ CAD) of the largest
container size (up to 1 kg for solids or 4L for liquids). The purity examined matched that
described in the syntheses. The costs of manufacturing different alternatives were not considered
due to the large differences between small-scale syntheses and industrial operations.

After the price of each precursor was established, the final price of the alternative

material was estimated based on certain yields. The yields of OLED materials are stated in the
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literature,*®*> however the yield of QDs and perovskites are not stated in the cited
papers.2>30:33.3447.48 Tq account for this, we averaged the yield in all steps of the OLEDs
synthesis and applied this yield to the limiting reagent in the QDs and perovskites syntheses (see
Sl spreadsheet for each calculation). For InGaN, the reagents were chosen based on fundamental
knowledge of the syntheses?®4° and the same OLED-based yield was applied (no one limiting
reagent).

With the cost of 1 kg of each alternative material calculated, costs were combined with
estimated costs of other materials into a given package (of red, green, and blue materials). We
assumed QDs concentrations from concentrations of Cd and In from commercial televisions.’
We assumed that perovskites would be present in displays at the same concentrations as Cd-
QDs. For OLEDs, we assumed that the amount of In present aligned with estimates by Zink et
al.>® We also assumed that In-free OLED alternatives would be present in the same molar
concentration as In-containing OLEDs. For InGaN, we chose the amount necessary in a display

based of a detailed life cycle assessment. 28

5.4.4 Performance Assessment

Successful materials for color generation in television must meet a variety of
performance requirements. Two favorable characteristics are widely reported; 264851
photoluminescence quantum yield (QY) and narrow emission spectra as quantified by full width
at half maximum (FWHM). We chose these as two out of three performance metrics. FWHM
can also be translated into color purity (see SI and online tool for calculation). We decided to use

FWHM rather than color purity to simplify this assessment.

In addition, it is key to determine if the material produces the exact wavelength necessary
for displays. ITU-R Recommendation 2020 (Rec. 2020) color standard is the benchmark of
colors possible in a display based on a combination of the ideal red, green and blue pixels.>? To
calculate whether a material meets this standard, the peak wavelength of emitted light was
converted to X,Y space in the CIE color graph (Commision Internationale de L’Eclairage).
These (X,Y) values were then plotted on a graph and the overlap with Rec. 2020 color standard

was calculated (see online tool®® and S| for details). Although there are numerous examples of

163



>90% coverage of Rec. 2020 with certain combinations of QDs,> and perovskites,* 100%

coverage has not yet been achieved (to the best of the our knowledge).

These three metrics (quantum yield, FWHM, and percent coverage Rec 2020) were
collected for each material from their respective sources. InGaN performance information was
gathered from the Ullman Encyclopedia of Industrial Chemistry (QY and peak wavelength)?” as
well as the review by T. Wang (FWHM).>® These values did not contain associated errors, so

error values are not included in this assessment.

For each package, the red, green, and blue values for each metric were averaged. For
example, an alternatives’ FWHM values for red (30 nm), green (50 nm) and blue (60 nm) were
combined such that the FWHM value for the alternative package would be 46.7 nm. Then, each
averaged metric for each package was compared, with the best value ranked as 1 and the worst
0.1. For quantum yield and percent coverage Rec 2020, the highest percentages were considered
best, while for FWHM, the lowest value was considered best. Then, each metric score was added
together to obtain the final performance score. For example, if a package had the most Rec 2020
coverage (rank =1), the highest quantum yield (rank = 1) and the lowest FWHM (rank = 1), then
its combined performance score would be 3.

5.4.5 Hazard Assessment

Hazard assessments are difficult to construct due to lack of data for most chemicals in
commerce. Following a study by Llanos et al.,?* precursor substances were selected as the
inputs to the hazard assessment. This aligns with certain chemical regulations, which determine
the inherent hazard of a product from its chemical inputs at the manufacturing stage, rather than
possible end of life issues.>® We also assume that the correct use of PPE cannot be guaranteed,

which aligns with recent methodology of the US EPA.%’

Hazard data was obtained using the Toxics Use Reduction Institute’s Pollution
Prevention Options Analysis System Tool.%® This tool process data from Safety Data Sheets and
the GHS into subcategory and category scores for different hazards for each chemical (See SI
excel sheet for full list of subcategories and categories). The most hazardous score for each
subcategory was 10, the least hazardous was 2, and if data was missing, we entered in O (see Sl
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excel sheet for full assessment). The worst variable in each subcategory score of the P20Asys
analysis was used as the final subcategory score (irrespective of exposure route). The score of
each category was the average of the subcategory scores. The most common assessors of hazard
present in the Safety Data Sheets studied were combined into three metrics; Human Health,
Environment, and Physical Properties (see Sl Table S5-2 for category combinations for each). In
short, human health encompasses all exposure routes causing acute and chronic effects on
humans. The environment metric covers the acute and chronic effects on aquatic organisms, as
well as persistence and bioaccumulation potentials. Physical properties covers flammability,

reactivity, corrosivity, and volatility.

The use of GHS metrics as the basis for this assessment makes error analysis difficult.
Errors involved in the various toxicity metrics (some based on expert judgement), or physical

properties hazards (specific tests) are not communicated on safety data sheets. >

5.4.6 Multiparameter Evaluation:

The cost, performance and hazard assessments were combined to highlight the overall
feasibility of the packages. This was done by first ranking the scores of the packages per
evaluation on a scale of 1 (best) to 0.1 (worst). The best scores were awarded to the most cost
attractive, the highest performing and the safest. A theoretical package, that scored best in all

evaluations, would score a 3 (1+1+1) in the multiparameter evaluation.

5.5 Results and Discussion

5.5.1 Cost assessment

Figure 2 presents the cost in Canadian dollars of each substance and each package per
cm? of display area. These costs vary dramatically, from $1.30 to $0.001 CAD/cm? (Cd2-QLED
and 3-OLED, respectively). The cost of each individual material was not correlated to the
number of steps in the synthesis or the number of chemicals involved in the synthesis (Table
S5-1). We acknowledge that since the cost estimates were based on precursor prices in the Sigma

Aldrich catalog, these costs do not reflect the savings that manufacturers can achieve by buying
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chemicals in bulk or at slightly lower purity. Such purity adjustments to the syntheses could be
achieved in a later stage of development. For the purposes of this research-stage substance

assessment, we will focus on the trends and reasons for the relatively different costs of packages

(Figure 5-2).
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Figure 5-2: (A) Price assessment results, grouped by package of red, green, and blue pixels with
a logarithmic y-axis. (B) Total prices of the packages, again on a logarithmic y-axis (see

spreadsheet for table of values).
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Most of the cost incurred by Cd2-QLED (and other QLEDS) arises from the blue
emissive material, InGaN. This material is costly to produce because its precursors are costly
deposition-grade metal organics (e.g. trimethylindium). In addition, the amount of InGaN per
television is ~20x more than the next highest amount of chemical (Red-Cd2-QLED) and
~70,000x more than the least amount of chemical needed (Blue-3-OLED). Therefore,
improvements in both the type or precursors and the amount of Blue-QLED would decrease the
cost of the material. It is unclear whether efforts to introduce micro-LEDs (p-LEDs) with smaller
area backlights of InGaN will reduce the total amount and cost of InGaN used in the product.

OLED materials (including the Blue-Q-OLED) have the advantage of needing ~100x less
mass of material compared to perovskites (Per) and InP QDs. These lower material requirements
absorb the high cost per gram of OLEDs precursors. Such estimates of material requirements

have been amended in the past due to examination of actual products.’

Figure 2 also demonstrates differences between specific procedures making the similar
materials. For example, Cd1-QDs costs >0.01 $CAD/cm? of display, while Cd2-QDs costs 0.60
CAD/cm? of display. These differences do not lie in the amounts of materials in the television,
but rather in the amount and price of the precursors compared to the yields of the syntheses. 80%
of the cost of Cd2-QDs is driven using trioctlyamine, a solvent which is ~10x more expensive
than the solvent used in Cd1-QDs (octadecene). In addition, Cd2-QDs uses ~3x as much solvent
as Cd1-QDs. Another example of a cost difference in the same material is between Perl-Green
and Per2-Green. Specifically, Per2-Green uses much less solvent than Per1-Green (13 mL
octadecene and 990 mL octane per gram of substance, respectively), which is reflected in the
price (18 and 1,514 $CAD/g substance, respectively). These specific precursors could be
substituted or reduced to significantly change the rankings in price. Such a substitution can be
informed by functional substitution methods,®® but the ultimate feasibility of these price-centric

substitutions will have to be tested by substance researchers themselves.

We acknowledge that a key factor in the cost assessment is missing: the cost of
encapsulation. In other words, the cost of other layers in a display is not included, even though
certain layers may change depending on the package employed. For example, blue OLED
materials need to be more encapsulated than blue QLED,?! which increases costs.
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In addition, the cost of manufacturing the materials at scale is not considered because
these substances were analyzed at the lab scale. Purchasing bulk chemicals could also introduce
significant cost savings, as the “bulk” metric here is maximum 1 kg of precursor from Sigma
Aldrich. Scaling up could also change the purity of chemicals needed, as high-quality materials
can be synthesized from low quality precursors.®? The cost of manufacturing could increase if
there are many steps involved in a substance synthesis. For example, QDs need purification
between core synthesis and shelling steps.?2® The cost of manufacturing may also increase due
to the inherent instability of certain substances. For example, perovskites are air and water
sensitive,®® which could call for more specialized equipment at the manufacturing stage. The
manufacturing of these substances may also be spread across various stakeholders with different
amounts of experience. For example, we anticipate InGaN, as a mature backlight technology,
may not be produced by the same company producing QD color filters.

Another consideration of manufacturing are labor costs. Heben et al detailed the scale-up
costs of a cost-competitive perovskite solar cell, and found that labor accounted for 5% of the
total cost of production.®* We therefore did not include labor costs in the price assessment.

Lastly, a low cost does not necessarily equate to an available material on the market. For
example, the EU designated certain raw materials that were economically important, but had a
high supply risk in their list of Critical Raw Materials. A few elements present in this list are also
key to substances mentioned here: Gallium, Indium, Phosphorous, Iridium.% The substance
classes that have a high supply risk are therefore In-QDs and certain OEs. In addition, In and Ga
are the backbone to the blue substance in QLEDs, InGaN.

5.5.2 Performance assessment

The best performers had low FWHM, high quantum yield, and high Rec. 2020 overlap
(e.g. Cd2-QLED, Figure 5-3). The three highest ranking packages were Cd2-QLED, In2-QLED
and Per1-QLED. These three packages had favorable (i.e. low) FWHM and high Rec 2020

overlap.
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Figure 5-3: Performance Assessment results, grouped by FWHM (purple), Quantum Yield
(brown) and Rec 2020 overlap (yellow). The highest rank possible for each performance

indicator is 1 and the lowest is 0.1.

These linear rankings have the possibility of obscuring non-linear trends in each of these
performance metrics. However, we observed that the trends of ranking vs. performance metric
were relatively linear (R?= 0.93-0.98, see Figure S5-3). In other words, these rankings do not

hide a large disparity between packages, substance classes or display types.

However, the high performance of one package was not linked to high performance of
the other package of the same substance class. For example, In2-QLED performed well overall
(score of 2.2), but In1-QLED did not perform as well (score of 1.4). Different syntheses led to
very different performance scores.

For QDs or perovskites, we propose that the simplest improvement to overall
performance could be made by improving the Rec. 2020 overlap. The needed wavelengths to
meet this standard®® could be reached by these substance classes by changing particle size

(QDs)®” or elemental ratios (perovskites).*® For OEs, the tuning of emission is reliant on tuning
ligands.®®
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The performance assessment also highlights that there are differences between OLEDs
and QLEDs. Blue-OLEDs have higher quantum yields and worse (i.e., higher) FWHM values
than the Blue-QLEDs (which are InGaN based). In addition, the Blue-3-OLED (which is also the
blue color in Q-OLEDSs) has an emission at 480 nm, which lowers the Rec.2020 overlap (Figure
S5-2). These FWHM and emission peak (both attributed to the blue colors) decreased the overall
scores of the Q-OLEDs. This need for improvement in the blue emitters is highlighted by others

as wel|, 3269

The lowest performing packages were Per2-QLED and Per2-Q-OLED. These lead-free
perovskites had low quantum yields and low overlaps with Rec. 2020. These design
considerations are necessary to produce viable lead-free perovskite alternatives. Although only
one lead-free perovskite alternative was explored here, other lead-free perovskite alternatives
have been compared elsewhere for solar applications.?* These perovskite variations may be

applicable to displays as well.

This performance assessment did not encompass all possible measures of performance.
Low performance in metrics not measured here could lead to serious issues as substance classes
are evaluated for implementation at scale. One such performance metric not analyzed here is
stability. For each substance class, we found that researchers experienced issues with the stability
of the substances. 3% However, the discussions regarding stability of different substance
classes is often qualitative. We don’t have a quantitative way to compare these statements for the
specific substances assessed here— broadly applicable quantitative tests are needed for stability

evaluation.

In addition, encapsulation’s impacts on stability need to be well established for each
substance class. Encapsulation can also have impacts on the performance metrics reviewed here.
The quantum yield for substances in this assessment were measured in solution, not in the
powder form or embedded in plastic. This change in environment typically does not affect QDs
performance, but has been known to impact perovskites.®® Perovskites suffer from quenching in
powder and color segregation in mixtures (in other words, ion exchange which could muddle
colors). Encapsulation also affects InP QDs. In-QDs that do not have excellent electron

confinement (which originates from imperfect shell structure or incompatible ligands) can also
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have unwanted emission and loss of color purity (i.e. FWHM suffers). ? InP QDs mechanisms of
degradation are not as studied in the literature as those affecting Cd-QDs. Their structural
similarities between In-QDs and Cd-QDs have meant that often Cd-relevant designs for QLEDs
are used. A deeper understanding of InP-specific instability can help overcome this barrier.”? The
scaling up of technologies could also change their performance, but often these substance
adjustments are often considered trade secrets and concealed by broad language in patents (e.g.
for Cd-based QDs"3).

In summary, these performance metrics are not perfect, but they do highlight certain
essential properties of successful emissive materials. No one substance class had overall better
performance than the rest, indicating that an individual synthesis can be the key to high scores.

5.5.3 Hazard assessment

The hazard scores for each package were averaged (Fig. 4A) which broadly demonstrates
that there is no fully innocuous package. In addition, no package stands out as less hazardous
than the others. To investigate differences that could be averaged out, we chose to expand the
data into a heat map (see Table S5-3 for specific scores). A heat map that separates hazards by
type (health, environment, and physical properties) as well as by substance (red, green, and blue)

demonstrates the nuances in the data (Figure 5-4).
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Figure 5-4: (A) averaged hazard assessment results and (B) hazard heat map, where dark
indicates the most hazard, while light indicates the least hazard per substance (y-axis,

red/green/blue) in a package (x-axis)

Touted as more sustainable than Cd-QDs in industry,’* In-QDs do not score as less
hazardous in this assessment. Although In-QDs do score better than Cd-QDs in their

environmental safety by 1 point, In-QDs score an average of 0.3 and 0.1 worse in health and
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physical properties, respectively, than Cd-QDs. These results contradict the Cd-QDs and In-QDs
toxicity to human cells, which has been compared in a side-by-side manner by Pompa et al.”
These QDs demonstrated similar instability and ion release.” However, because In ions were
less toxic, so too were the In-QDs compared to Cd-QDs.”® These side-by-side toxicity
assessments are crucial, but the chemicals involved in the synthesis of QDs must also be less

harmful, which is not the case.

Lead-based perovskites (Perl packages) have low relatively health and physical
properties hazards (average is 4.9 compared to the average of other packages which is 7.0). In
contrast, they have a higher environmental hazard (average is 9 compared to the average of other
packages which is 7.5), which roughly translates to LCsp for a 96h exposure to fish that is < 1
mg/L. Surprisingly, the lead-free perovskite package (Per2 packages) was assessed here to be
just as hazardous to the environment as the lead-containing Perl packages. This is interesting
because the drop-in replacement for lead bromide, antimony (111) bromide, is less hazardous.
Therefore, one could expect Per2 to be less hazardous. However, there is increased hazard
associated with the use of cesium bromide in Per2, compared to cesium carbonate in Perl. Also,
various solvents in Per2 are harmful to the environment, such as oleylamine and octane, similar
to the solvents found in Perl. In conclusion, Per2 packages employ more hazardous solvents and
other precursors, increasing its average hazard. This conclusion illustrates that “lead-free”
perovskites need to be studied with as much scrutiny as lead-based materials. In addition, these
hazard conclusions about Perl and Per2 focus on the inputs of the substances, the possible end-

of-life impacts are not considered.

OLEDs were assessed here to be just as hazardous as the QLED alternatives. Although
the OEs are associated with organic precursors, some of their inorganic precursors were the most
hazardous precursors used in their synthesis. For example, palladium acetate and copper cyanide
precursors in OEs (from both packages 2-OLED and 3-OLED) scored the highest hazard
possible, 10. More broadly, 53% of the precursors for OLEDs that scored 10 (most hazardous) in
at least one category had metals present, while metals only made up 30% of the precursors. The

3" generation OLEDs (package 3-OLED), which are free of iridium, scored better or similarly as
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2"d generation OLEDs (package 2-OLED) in health and environmental hazard, but worse (by

1.7) in terms of physical properties.

The combined hazards in Figure 4 demonstrate the hazard data that was gathered from
safety data sheets (SDS) for this alternatives assessment. Missing data was not represented in
Figure 5-4, but a lack of data has led to regrettable substitutions in the past. Data missing from
this assessment is plotted in Figure 5-5.
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Figure 5-5: Initial missing hazard data results presented as a heatmap, where darker points
indicate more missing data. At the maximum of the scale, 80% indicates that 80% of the
precursors of a certain substance (color in the x axis) in a package (y-axis) had no data found in
the SDS corresponding to the specific hazard (e.g. Environment in the x-axis). 0% indicates that

all precursors of a substance had information regarding the specific hazard.

The least amount of missing data in Figure 5-5 is in the health hazard categories (see
Table S5-4 for values). On average, only 1% of the precursors in all substances had data missing
in both acute and chronic human health tests. This compares to 23-28% of the missing data for
the environment and physical properties hazards. This points to the general lack of

environmental hazard and stability data for many commercial chemicals.”

174



The largest amount of missing data is from the InGaN material, which forms the blue
material of QLED displays. We hypothesize that lack of environment data is due to the high
instability of the precursors (e.g. triethylgallium). These precursors decompose violently after
contact with air and water and have been the cause of numerous workplace incidents.””"8
Investigation into their possible byproducts after the reaction is complete (metal oxides) also
yielded missing environmental data.”® However, data gaps such as these should be addressed

before choosing such an alternative over another with a more complete dataset.

Also, it is important to note the data that is missing from the health, environment, and
physical properties categories. The P20OASys tool has three categories that were not integrated
into Figure 5-4 and Figure 5-5; Atmospheric Hazard, Process Factors and Life Cycle Factors.
These three categories had 75-76% missing data, which we deemed not robust enough for
inclusion in the results. Of course, other key sustainability impact metrics, such as greenhouse
gas emissions could also be explored further for promising alternatives using other sustainability
assessment methods, such as LCA. However, if an alternative is identified, these categories must
be explored more thoroughly to avoid regrettable substitutions.

Lastly, we acknowledge a lack of missing data about the end of life of these substances.
Nanomaterials (e.g. Cd-QDs, In-QDs, perovskites) are known to undergo transformations which
could impact their toxicity to humans, animals, or plants.® In addition, the encapsulation of these
emissive substances for use in displays could have large impacts on their eventual behavior in
the environment, and pose occupational risks to workers who tend to dismantle electronic
items.8! For ease of use of this assessment by other scientists, we decided to omit these end-of-
life considerations. We hypothesize that decreasing the inherent hazard of the precursors of

emissive substances could translate into less concern at their end of life.

5.5.4 Aggregation of Evaluations

With the three separate evaluations complete, the results were combined to determine if
one alternative presented an optimal combination of high performance, competitive cost, and low
hazard (Figure 6). To do this, the packages were assigned a rank per evaluation (e.g., the best

performing material received a 1, least hazardous received a 1 and the lowest cost received a 1).
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Then the three ranks were combined equally (Figure 5-6A). If a package scored a ‘3°, this would
indicate that it had the ‘best’/ideal combination of performance, cost, and hazard. However, this
was not the case for any package, and the best total score was 2.3 (In2-Q-OLED, Figure 5-6B),
closely followed by 2.2 (In2-QLED) and 2.0 (2-OLED). The lowest total ranks were 1.0 (Per2-
Q-OLED and Per2-QLED) and 1.1 (In1-QLED).

To demonstrate the versatility of the alternatives assessment, different weights were
given to each evaluation (Figure 5-6C), and the scores changed (Figure 5-6D). With the weights
being 1 for cost, 0.5 for performance, and 2 for environment, the highest possible score was 3.5.
This did not change the top and bottom ranked packages mentioned above, but it did slightly
increase the rank of Per1-QLED and decrease the rank of Per2-Q-OLED. Such a method could
also be applied to the hazard assessment, where different types of hazards (e.g. carcinogenicity)

could be weighted more than others (e.g. ecotoxicity).
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Figure 5-6: (A,B) Combined assessments with weight of 1 for each assessment (best in a
category has a score of 1) (C,D) Combined assessments with (starting from the bottom) a weight
of 1 for cost, 0.5 for performance, and 2 for hazard (best in the category has a score of 1, 0.5 and

2 respectively).
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These aggregate rankings both smooth out large differences in the packages (e.g. cost
where variation is 5000 fold, Figure 5-2) while increasing the differences between packages
(e.g., hazard, where all average scores are within 6% of the average). However, keeping these

factors in mind, it is still possible to draw a couple of conclusions.

First, there is no substance class that is better than the others based on the findings of our
assessment. The average score of all packages was 1.63, and each substance class had one
package that scored above this, and another that scored below. In other words, there is no
substance class with both packages having a better aggregate score than the other substance
classes. This, however, can be seen as an opportunity to develop safer, cheaper, higher-
performing synthesis in any substance class. The more mature substance class, Cd-QDs in
QLEDs, gave very similar aggregate scores, while newer substance classes like perovskites in
QLEDs gave different scores.

Second, there is variation within substance classes, except for Cd-QDs. Cd-QDs
containing packages scored within 0.5 of each other. The packages representing other substance
classes (In-QDs, perovskites, and OEs) scored father apart from each other. This indicates the
importance of individual syntheses. Since only 12 packages were chosen for analysis, there is the
possibility that a superior synthesis was overlooked. For this reason, the assessment is structured
such that it can be reproduced and updated with the latest innovation in these varied substance

classes.

The example given in Figure 5-6C,D illustrates how changing priorities can change the
overall score of different packages. This set of weights could be the priorities of a company that
wants to make a cheap, safe display that does not compete at the top of the line in terms of
performance. This set of priorities would probably lead to more development of In1-QDs, which
scored relatively well in both QLED and Q-OLEDs.

5.5.5 Regulatory Assessment

This regulatory assessment covers the United States and Canada and is meant to simply

identify specific substances that could encounter regulatory barriers from current policies. In
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Europe, Cd-QDs were initially exempt from regulations limiting Cd in electronic, but this
expired in 2018.82 Some companies work around this regulation by introducing low-Cd
alternatives, which includes mixing with In-QDs. Lead in perovskites could be regulated by the
same Restriction on Hazardous Substances (RoHSs) regulation as Cd, albeit at a higher amount
(100 ppm Cd vs 1000 ppm Pb).8 The electronics industry has made a regulatory-induced
transition away from Pb in its soldering materials, so the adoption of a new lead-containing
substance seems unlikely.®* Cesium and antimony, which are used in lead-free perovskite studied
here, are not restricted for use in electronics in the United States and Europe to the best of the

authors knowledge.

In-QDs are currently undergoing consultation as to whether to introduce restrictions
under RoHs in Europe.® A document submitted by Nanosys, a QD company, indicated that In-
QDs currently had no feasible substitutions and should therefore continue to be sold until a
substitution is found.*® Non-radioactive iridium (present in 2-OLED packages) is not currently
restricted by the RoHs or US EPA. The other OLED substances will have to demonstrate a
certain level of safety to be approved for use in Europe on an industrial scale. Substance
researchers can estimate possible hazards for OLEDs by using well established tools for toxicity

prediction of organic molecules.®

In conclusion, this qualitative discussion on regulatory barriers indicates large barriers for
Cd-QDs and Pb-containing perovskites. In-QDs are currently being examined, while the
remainder of the substances are not currently restricted. However, these substances will be
examined if they do prove to be commercialized substitutes for Cd-QDs. During that process,
alternatives assessment could be used to determine whether there are feasible and less hazardous

alternatives.

5.6 Conclusions

This alternatives assessment introduced different metrics for the emissive substance
scientist to consider when developing their materials. Along with performance, cost and hazard
are important considerations for the eventual manufacturers and end-users of these materials.
This study highlighted the cost, performance, and hazard of emerging emissive substance classes

by combining substances into packages. We found that the synthesis of the substance has a large
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impact on its performance and cost, while hazards (when averaged) were largely the same.
Combining these results highlighted that no one substance class is better than the others. This
was surprising to us given the excitement in the literature regarding the sustainability of

perovskites®® and In-QDs."

However, this alternatives assessment was not meant to conclusively rank all different
substance classes or substances in this field, but rather to illustrate a method that could be used to
assess new materials. There are many other nanocrystals and organic emitters that were not
covered in this work. For example, there are many different lead-free perovskites in development
for solar cells?* that have not been tested for use in display applications. These perovskites could
be safer and higher performing than the 1 lead free perovskite we analyzed here.

This method also has data gaps in each assessment that can be filled by other researchers.
In the cost assessment, we do not consider the possible impacts of encapsulation of each
material, or the amount that could be wasted during manufacturing. In the performance
assessment, there is no consideration of a materials stability because of a lack of standardized
reporting by the primary sources. In the hazard assessment, we acknowledge that the hazard of a
material is not simply the sum of its precursors and solvents. Work correlating the hazard of the
precursors of a substance to the actual hazard of that substance at its end of life is necessary.

There are also hazards such as contribution to climate change which were not considered.

Despite these gaps, this alternatives assessment did serve its original purpose of
identifying possible issues with alternatives for Cd-QDs. We identified that the presence of lead
in perovskites will introduce similar hazards as Cd and may cause the enforcement of same
metal-based regulations that stopped Cd-QDs. This work thus challenges the assumption
sometimes made by researchers that lead-based perovskites are inherently safer or greener
alternatives to Cd-QDs. Lead-free perovskites need major improvements in performance and a
decrease in use of hazardous precursors (both solvents and reactants). Other substances that need
substantial improvement in hazard are blue emitters, which can be difficult to design considering
only performance metrics. Currently, however, we conclude that all available drop-in
replacements for Cd-QDs may one day be considered regrettable substitutions.
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If this alternatives assessment had identified a preferable alternative, more research
would be needed. To improve this alternatives assessment, we designate stability metrics as well
as life cycle and expanded hazard metrics, as keys to the next steps to determine the suitability
for a substance’s use in displays. Different assessment methodologies, such as life cycle impact
analysis or risk analysis (considering exposure) must also inform decisions regarding the next

generation of emissive substances.

In addition, there are many more applications that have the potential to benefit from an
alternatives assessment to distinguish the most promising substance classes. Just as alternatives
assessment has guided industry and government regulation, we hypothesize that there is a place
for alternative assessment to drive sustainable (and functional and cost competitive) innovation

in an academic context.
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5.8 Supporting Information:

5.8.1 Specific substances used in packages

Table S5-1: Substances used to build the packages in this assessment

Package
Cd1-QLED
Cd2-QLED
In1-QLED
In2-QLED
P1-QLED
P2-QLED
2-OLED
3-OLED
In1-Q-OLED
In2-Q-OLED
P1-Q-OLED
P2-Q-OLED

Red-
CdSe/znst!
CdSe/CdS/ZnS/CdSzZnS*
INPZnS/ZnS°
InP/ZnSe/ZnS*®
CsPbl3’
Cs3Sh2Br9®
PyThir®
TPAPZCN?*?
INPZnS/ZnS°
InP/ZnSe/ZnS*®
CsPbl13’
Cs3Sh2Br9®

5.8.2 Cost: Detailed Methods

Green-
CdSe/znst
CdSe/CdS/ZnS/CdSZnS*
INPZnS/ZnS°
InP/ZnSe/ZnS*®
CsPbBr3’
Cs3Sh2198
2a10

CzDBAR
INPZnS/ZnS°
InP/ZnSe/ZnS*®
CsPbBr3’
Cs3Sh2198

Blue-
InGaN?3
InGaN?23
InGaN?3
InGaN?3
InGaN?3
InGaN?23
Ir-21
spiroAcTRZ
SpiroAcTRZ
spiroAcTRZ
spiroAcTRZ*
SpiroAcTRZ

1. See “Cost (CADg)” in spreadsheet. The substance prices are calculated in Rows 1-269,

while you can input your own substance in cells 270.

2. Identify the needed chemical names, their purity (column C,D)

3. Find a vendor online (column E), find the CAS numbers (column F), and link the website

(column G)

a. In this assessment, the largest package size (up to 100g for solids or 4L for

liquids) was used

4. Input the price of that package size (column H) and convert it to CAD (column I). Place

the size of the chemical ordered in Column J
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5. Calculate the price per unit (column K) by dividing column 1/ the integer in column J
6. Determine the amount used in the synthesis with its unit (column M)
7. Convert this amount to the specified unit, and add to column N
a. E.g., if the synthesis requires 1kg of NaOH but your ‘unit’ is grams, simply
convert to 1000 and add to column N
8. Multiply the CAD price per unit (column K) by the amount of the unit needed (column
N) to get the price for the amount used (column O)
9. Identify the limiting reagent in your synthesis
10. Choose the yield of your synthesis
a. In this assessment, where no yield was mentioned, the average of all the
mentioned yields was used (see cell R3 for calculation)
b. The following method was used for QDs yield at each step (using R- and G-Cd2-
QLED as an example, see cells V21-V37)

i.  Core materials were identified (Cd, Se)

ii.  Limiting reagent of in the core was identified (Cd)

iii.  Amount of Cd in the final product was calculated based on assumed
yield (cell T26)

iv.  The amount of Cd used in the next step was estimated. This was
estimated from the paper’s information that (A) a solution with an
absorbance of 0.1 was used and (B) core size is 2 nm and (C) 1 mL of
solution was used.

v.  Using these inputs and the exciton coefficient provided by Yu et al,*®
the molarity of CdSe QD used for shelling was calculated. (V21-V25)

vi.  Then, the mols of CdSe in one QD core was calculated (V26-V33)

vii.  These two inputs (molarity of QD core solution and mols of CdSe per
QD core) we combined to determine the mols of Cd used in the
synthesis.

viii.  Then, a ZnS shell was added. We assumed 68% yield of Cd in that step
(T33)

188



iX.  The same procedure as steps iv-vii was used to determine the mol of Cd
needed for the last shelling (Z21-Z36)

X.  The final yield of mol Cd from the cores was estimated based on a 68%
yield (T42)

xi.  This mol Cd was converted to grams of inorganic QD using the mol
ratios given in the paper (AG21-AG36), with result in T43

11. Integrate the yield at each step to determine the price of materials in the next step
a. The following equation was used to determine the price of the precursors used in
the following step (p2, see N26-027 or K136-0137) involving the price of the
precursors at the previous step (p1), the amount produced at that step (y1) and the
subsequent step amount needed (y-)
P2 = (P1* Y1)/Y2
b. The final cost per gram of material was calculated as a final step, where the
intended amount (y2) was 1g.
12. With the cost per gram of material calculated, this value was input into Row 8 of the
sheet “Cost (CADcm?2)
13. The ug/cm? of display of certain key elements (Cd, In, Ir) in the television was added to
Row 6
a. Inthe case of 3-OLED, there was no key element. However, since 2-OLED is a
similar material, we assumed that the average number of moles present/ cm? of
display in 2-OLED (K85) was the same as 3-OLED. Therefore, we multiplied
that average number of moles present/ cm? of display (K85) by the molar masses
of each of the 3-OLED compounds (N81-P81) to get the amount (g) of 3-OLED
compounds/ cm? of display.
14. The ug of compound/cm? of display was then calculated based on the percent of the key
element in the material (see Row 10 and below).
a. The percent of the key element in the material was calculated based on the
stoichiometry of the element in the material (perovskites, OLEDSs) or based on the
expected/calculated stoichiometry (QDs).
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15. The CAD/g of material was then combined with the ug of compound/cm? of display to
determine the CAD/ cm? of display for each material (Row 9).

16. The cost of InGaN was previously calculated in “Cost (CADg)” spreadsheet

17. Each material was combined in a package (T6-Y18)

5.8.3 Hazard: Detailed Methods

To reproduce the calculated hazards, access to the P2OASys - Tool (turi.org) is

necessary. The Hazards of each of the chemicals involved in the synthesis will be calculated

using this tool using the following steps:

1. Calculating hazard for every chemical. Repeat this step for each chemical involved in the
synthesis. Import into the spreadsheet
a. Load a “New Assessment” on the P2OAsys Tool, adding the CAS number and
name of the chemical.
b. Then add hazard data for this chemical into the tool using one of the “Enter Data”
buttons.
c. To the best of your ability (with chosen SDS), fill in as many hazard metrics as
possible.
d. Save these changes and click on the “Back” button
e. Click “Export Data to csv” from the main page, and the copy the column where
your chemical appears (i.e. column D) into the sheet “Hazard Raw Data”
f. Click “Score Summary” to access the calculated hazard scores for your chemical.
Click “Export all scores”
g. Inthis csv file, you will need to add a row under row 1. In that row, add the CAS
number of the chemical. This is key because chemicals are identified by their
CAS number in the excel sheet
h. Then, copy the necessary columns into the sheet “Hazard Scored Raw Data”
I. Check that your chemicals appeared in the “Hazard Subcategory Scores” sheet,

as this sheet is the source for the “Hazard Results Category Scores” sheet
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j.

Note, that this series of steps can be done for batches of chemicals, as the export
function in P20ASys tool can export multiple chemicals. Please keep in mind
though that leaving the P2OASys tool unattended may cause it to refresh (and
loose hazard data) so export often!

2. Calculate the hazards of one substance from its precursors.

a.
b.

Add the precursors to the material (column E) as well as their CAS #s (Column F)
Add the substance that the precursor is used for (Ex used in cell C158 as an
example) as well as the use of that precursor (Solvent, Reactant, Catalyst etc) if
desired.
Then, drag and drop the columns G-BT to autofill the contents (from sheet
Hazard_Subcategory_Scores)
Then add the package into the BX16 cell, as well as the red, green and blue colors
assigned to it.
These substances can also be input into cell BX35, but this is not necessary for the
assessment to work
The aggregate hazard scores should be filled in automatically (CD16) as well as
the fraction of scores missing (CD37).
Integrating the new package into the rank is a bit trickier. Please extend the
formula in cell CR16 (hazard scores) or CR37 (missing scores) up to cells CR4
orCR25, respectively.

i. This will reset the ranking to be out of 13 rather than out of 12, which was

the state of the paper when it was published.

3. Advanced: If ever the precursors pass Row 200.

a.

There are ‘named’ sets of data (e.g. Health, Environment, Physical Properties)
that extend to Row 200. If you surpass that row in data inputs, you may need to
extend these data sets.
Use the Formulas Tab -> Name Manager -> select the needed row and extend the
reference as needed (e.g. to 300)

i. The four names that will need to be extended are: Alt_ID, Health,

Environment, Physical Properties
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ii. If you simply extend Alt_ID, this will cause errors in all cells CE4-CQ15.
Then, extend the other three to see the columns successively update with

results.

5.8.4 Performance: Detailed Methods

1.
2.

Locate the quantum yield and the FWHM of the substance in the paper
With these three performance metrics in hand, add them to the excel sheet named
“Performance”

a. Add the name of the substance (C19), the QY (E19), the FWHM (F19)
Name a new package (C35) and indicate the red, green, and blue substances for that
package (D36-F36)

The FWHM and QY tables will auto fill (B39, B74)

For the emission peaks (B57), please fill in manually the wavelength of highest
emission intensity

Use the online tool to calculate the Rec. 2020 overlap for the emission peaks of the
package

a. https://www.mooresresearch.org/alternativeassessmentgdot

Input this value into cell P16

Next, adjust the rankings of all metrics (column L,N,Q,R) using the instructions in
box 125

The graph of all ranked performance metrics should adjust with these changes in
ranking (J31)
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5.8.5 Supporting Figures
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Figure S5-1: Lack of correlations observed for the (A) number of steps versus cost and (B)
number of chemicals versus cost (CAD/qg).
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Figure S5-2: Rec. 2020 overlap on (A) In2-QLED and (B) In2-Q-OLED. The resulting Rec.2020
overlaps are outlined in red, with the Rec. 2020 standard in dashed black lines. The only
difference between (A) and (B) is the inputs for the blue wavelength.
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Figure S5-3: Individual performance metrics of packages (y-axis) compared to the package rank
(x-axis).

This linear relationship demonstrates that there are no large disparities in performance metrics
that are obscured by a linear ranking, where the one difference between two packages (e.g.
between 3™ and 4™ place) is the same as another (e.g. 4" and 5" place). Note that PLQY & %
Overlap increase with increasing rank, while FWHM decreases. FWHM decreases because a

smaller FWHM means a higher color purity.

To correlate FWHM to color purity, we used the following equation by Zhang et al.*®

Ve —x)2 + (y — y)?
\/(xd —xi)?* + (g — yi)?

x 100

Color Purity (%) =

Where (X,y) are the CIE coordinates of the substance (generated from wavelength of emission
and FWHM), (xi,yi) refers to the white illumination on the CIE diagram (0.33, 0.33), and (xd,yd)
refers to the CIE coordinate for the “dominated wavelength” or the same wavelength as the

sample but with an ideal FWHM (5 nm for this study).

The correlation between color purity ranking and FWHM ranking is demonstrated below (Figure
S4). The standard deviation of the differences between the rankings is 0.06, which is much less

than the difference between the ranks of 0.12. This small difference in ranking stems from the
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green substance, which has a much wider range of color purity than red or blue (54-91% vs 75-
99%). This is a result of the larger area of the CIE diagram that is dedicated to green colors.
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Figure S5-4: Comparison between rank (y-axis) for color purity (blue) and FWHM (green) for
packages. See spreadsheet “Performance (Fig3)” sheet for calculations.

Table S5-2: TURI P20ASys category scores used to define the health, environment and physical
properties hazards illustrated in Figure 4B and 5 of the main text. Please see spreadsheet :
“Hazard Results (Figd+5)” sheet for subcategory information.

Aggregate categories | Health Environment Physical Properties
TURI P20ASys (1) Acute Human (1) Ecological (1) Physical
categories Effects Hazards Properties

(2) Chronic Human (2) Environmental

Effects Fate and Transport
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Table S5-3: Package scores for Hazard Assessment (demonstrated as a heat map in Fig. 4B)

UjesH
UiresH
UiresH
UjesH
abelany

UBWUOIIAUT
doid JeaisAud
UBWUOJIAUT
doid JeaisAud
UBWUOIIAUT
doud |eaisAyd
UBWUOIIAUT
doud |eaisAyd

°
Py
Py
®
®
%
®
®
®

724 726  6.75 7.08
760 752 @ 6.87 7.33
794 713 7.07 7.38
730 640 6.67 6.79

Cd1-QLED 691 739 5.63 6091
Cd2-QLED 745 7.78 580 7.45
In1-QLED 795 719 6.11 7.95
In2-QLED 7.00 6.0 550 7.00

P1-QLED 6.70 7.17 550 6.98
P2-QLED 6.64 7.07 733 7.49
2-OLED 7.84 787 555 799 7.4
3-OLED 7.82 7.94 6.61- 7.56

800 763 696 753
737 690 656 694
7.24 5.39 7.13
7.14 722 764

In1-Q-OLED ' 7.95 7.19 6.11 7.95
In2-Q-OLED 7.00 6.10 5.50 7.00
P1-Q-OLED 6.92 6.70
P2-Q-OLED  6.67 6.50 6.64
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Table S5-4: Scores for data missing in Hazard Assessment (demonstrated as a heat map in Fig.
5)
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uyesH
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UresH
abelany

JUSWIUOIIAUT
doud 1eaisAyd
1UBWIUOIIAUT
doid eaisAyd
1UBWIUOIIAUT
doud |eaisAyd
1UBWIUOIIAUT
doud |eaisAyd

R R R G G- G B B B

Cd1-QLED
Cd2-QLED
In1-QLED
In2-QLED
P1-QLED
P2-QLED
2-OLED
3-OLED
In1-Q-OLED
In2-Q-OLED
P1-Q-OLED
P2-Q-OLED
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6 Conclusions, Implications and Future Work

6.1 Connecting text

The previous chapter concludes the experimental and assessment work conducted in this thesis.

We developed an alternatives assessment to examine the next generation of emissive substances

— from perovskites to In-QDs to organic emitters. This assessment did not conclude that one of

the alternatives was more safe, cost-effective, and higher performing. We also concluded that

there should be a simple way to incorporate the transformation and toxicity data from previous

chapters. The following section will survey other conclusions, implications and future work

needed.

6.2 Summary

This thesis first explored the synthesis, transformation, and toxicity of commercially-

relevant QDs. Second, it assessed whether emerging substances were viable and safe

replacements for these Cd-QDs. The thesis’ 4 major findings are described below:

1)

2)

3)

Commercially relevant QDs were introduced as the basis for transformation and
toxicity tests. Using the design reported in a patent for the core, the graded shells, and
the large amount of well-characterized polymer, we synthesized QDs that were
representative of the ones currently found in displays in Chapter 3. The development
of this synthesis provided a versatile platform for analyzing each piece of the system,
and we subsequently synthesized QD components and combinations in Chapter 4.
Although commercially relevant QDs may loose their ZnS shells, these QDs are
stable in the long term. We studied both the dissolution and aggregation of QDs in
solutions of various pHs for 6 months in Chapter 3. At circum-neutral pH, we found
that Cd had remained in nanoparticle form (> 3 kDa) and had aggregated into ~100
nm tight aggregates. In the dark, the impact of dissolved oxygen was minimal,
suggesting at the dominance of a reaction that is different from the oxidations
observed under light conditions by other authors.

We demonstrated that Cd in QDs remain intact after simulated human digestion, but

their degree of dispersion changes significantly in Chapter 4. Using spICP-MS for
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6.3

4)

5)

the first time to examine QDs, we concluded that the cut-off was ~210 QDs and saw
the percentage of QDs above that threshold decrease dramatically after the gastric
stage. Despite the higher pH conditions in the intestinal stage, the same degree of
homo-aggregation was not recovered.

Throughout the examination of QD transformations, we partnered with toxicologists
to examine the implications of transforming QDs. In Chapter 3, we found that QDs
exposed to pH 2 for 24 h and separated from dissolved ions were less toxic than either
pristine QDs or a model that contained the same polymer and dissolved ion amounts.
In Chapter 4, we found that the ‘complete’ QD (CdSe/ZnS-P&E) had synergistic
toxicity, rather than simply additive toxicity of its components.

Emerging alternatives to Cd-QDs in displays are not yet safer and viable (i.e. cost-
competitive and high performing). The alternatives assessment method was adapted
to emerging emissive substances in Chapter 5. We developed a price, performance,
and adapted a hazard assessment for the examination of perovskites, In-QDs, and
organic emitters. Based on the 12 packages of red, green, and blue substances
examined, we concluded that the emerging alternatives were not less hazardous,
higher performing, or more cost effective overall. We identified that regulations could
also halt the implication of certain lead-based alternatives, as they had previously
restricted Cd-QDs.

Implications and Future Work

The implications and future work related to the four key findings reflect the four key
conclusions of this thesis. It must be noted that these four key conclusions must not be
generalized and applied to more complex systems. Our environmental transformation study
included different pHs and oxygen conditions, but not the influence of light, humic acids,
or changes in concentration of the QDs. The presence of any of these conditions could
change aggregation and dissolution trends. Similarly, the examination of QDs in the
simulated human digestive system were done on an in vitro system. In vivo, there is a

much more complex environment (including the presence of different foods) which may
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complicate the behavior of the QDs. Keeping these limitations in mind, the main

conclusions of this thesis are:

1) Relevant results start with relevant particles. Environmental and toxicity studies have a
moving target to reach as QDs continue to develop into a wide variety of research-stage
applications. This work brought currently commercially relevant Cd-QDs, but these Cd-
QDs will soon be replaced by Cd-free alternatives in televisions. The fates of these
alternatives will need to be examined with the same rigor. We recommend continued
collaboration between the researchers developing these substances and the researchers
examining the fate and toxicity of the same substances.

2) Long-term stability of QDs in nano-size aggregates could have implications for their
transport. These particles could be mobile over long distances in aquatic environments
and therefore be more bioavailable than large aggregates of other nanoparticles. Such an
implication should be tested with more real-world conditions that include ambient light
and other biomolecules in solution. We hope that these systematic studies can be
designed for incorporation into models that facilitate the examination of nanoparticles
with different safety and sustainability assessments.

3) QDs (and other small stable NPs) should be closely monitored in the human digestive
system. The increased dispersion in our study could point to association with
biomolecules that facilitate the uptake of QDs in the digestive system. There are a few
more layers to the digestive tract that were not examined in our study, such as the
microbial community or the mucus layer that protects epithelial cells. These factors
should also be included in future tests to determine whether increased dispersion
influences toxicity.

Acknowledgement of hazard is needed as emerging emissive substances are developed. These
considerations were made accessible to the chemists and materials scientists that are developing
new substances through AA. Although risk assessments and LCA may need specialists,
relatively simple hazard analyses are attainable through the adaptation of AA. We also identified
stability metrics, bulk chemical costs, and unknown life cycle impacts that were missing from

our assessment — all of which should be explored in the future.

202



