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Environmental Significance  

Elucidating the long term environmental impact of quantum dot (QD)-enabled consumer products depends upon 

identifying the nature and toxicity of fragments released as a consequence of photochemical weathering.  To 

address this question, a polymer (PMMA) containing Cd-based QDs was exposed to different periods of artificial 

accelerated weathering.  Nanoparticle-containing fragments, released into solution as the polymer matrix 

degraded, were detected and analyzed with confocal laser scanning microscopy and dark-field hyperspectral 

imaging.  The toxicity of these released fragments towards Shewanella oneidensis MR-1 increased as weathering 

advanced.  These findings identify analytical techniques suitable for characterizing QDs in polymer-containing 

fragments and the role that different forms of released nanomaterials (e.g. ions vs. QD-containing fragments) have 

in terms of biological impact.  
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Release, detection and toxicity of fragments generated during artificial accelerated 

weathering of CdSe/ZnS and CdSe quantum dot polymer composites 

 

 

 

 

Miranda J. Gallagher
a
, Joseph T. Buchman

b
, Tian A. Qiu

b
, Bo Zhi

b
, Taeyjuana Lyons

c
, Kaitlin M. Landy

b
, Zeev 

Rosenzweig
c
, Christy L. Haynes

b
, and D. Howard Fairbrother

a
* 

 

a
 Department of Chemistry, Johns Hopkins University, Baltimore, MD, 21218, United States 

b
 Department of Chemistry, University of Minnesota, Minneapolis, MN, 55455, United States 

c
 Department of Chemistry, University of Maryland Baltimore County, Baltimore, MD, 21250, United States 

 

 

 

 

 

 

 

 

 

 

 

 

* Corresponding author 

E-mail: howardf@jhu.edu 

Page 2 of 40Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv
ir
on
m
en
ta
lS
ci
en
ce
:N
an
o
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

is
he

d 
on

 3
1 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
is

co
ns

in
 - 

M
ad

is
on

 o
n 

05
/0

6/
20

18
 0

2:
04

:2
7.

 

View Article Online
DOI: 10.1039/C8EN00249E

http://dx.doi.org/10.1039/c8en00249e


 2

Abstract  

Next generation displays and lighting applications are increasingly using inorganic quantum dots (QDs) 

embedded in polymer matrices to impart bright and tunable emission properties.  The toxicity of some heavy 

metals present in commercial QDs (e.g. cadmium) has, however, raised concerns about the potential for QDs 

embedded in polymer matrices to be released during the manufacture, use, and end-of-life phases of the material.  

One important potential release scenario that polymer composites can experience in the environment is 

photochemically induced matrix degradation.  This process is not well understood at the molecular level.  To 

study this process, the effect of an artificially accelerated weathering process on QD-polymer nanocomposites has 

been explored by subjecting CdSe and CdSe/ZnS QDs embedded in poly(methyl methacrylate) (PMMA) 

composites to UVC irradiation in aqueous media.  Significant matrix degradation of QD-PMMA was observed 

along with measurable mass loss, yellowing of the nanocomposites, and a loss of QD fluorescence.  While ICP-

MS identified the release of ions, confocal laser scanning microscopy and dark-field hyperspectral imaging were 

shown to be effective analytical techniques for revealing that QD-containing polymer fragments were also 

released into aqueous media due to matrix degradation.  Viability experiments, which were conducted with 

Shewanella oneidensis MR-1, showed a statistically significant decrease in bacterial viability when the bacteria 

were exposed to highly degraded QD-containing polymer fragments.  Results from this study highlight the need to 

quantify not only the extent of nanoparticle release from a polymer nanocomposite but also to determine the form 

of the released nanoparticles (e.g. ions or polymer fragments). 
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Introduction  

Nanomaterials often have unique physicochemical properties compared to bulk materials that make them 

attractive for use in consumer products.  Currently, the Project on Emerging Nanotechnology by the Woodrow 

Wilson International Center estimates that over 1800 products contain nanomaterials.
1
  The nanomaterials 

incorporated into polymer-based consumer products are generally chosen to impart specific functionalities.  For 

instance, polymers are modified by the inclusion of nanodiamond or carbon nanotubes (CNTs) for strength,
2,3

 

silver nanoparticles for antibiotic properties,
4
 and quantum dots (QDs) to impart particular optical properties.

5
 

 The unique optical properties of QDs are a consequence of the size of the particle being smaller than the 

Bohr radius of the atom, giving rise to a quantum confinement effect.  Accordingly, the emission wavelength of 

the QDs can be precisely tuned by adjusting the size, shape and composition of the QD.
6
  Popular inorganic QDs 

which contain II-VI elements such as CdS, CdSe and CdTe
7
 are often capped with a shell (e.g. ZnS is used as a 

cap on CdSe QDs), which increases the emission quantum yield by passivating trap sites at the surface while also 

providing protection against environmental (e.g. photo-oxidative) degradation.  CdSe/ZnS core/shell quantum 

dots display size tunable narrow emission peaks with high emission quantum yield across a broad range of the 

visible spectrum; as such, they encompass a significant market share of light display technologies.
5
  In these 

applications, CdSe/ZnS quantum dots are embedded into a proprietary conductive polymer matrix that makes up 

the screen of smart displays, such as the Amazon Kindle Fire 7" HDX.  In other applications, CdSe/ZnS-polymer 

LEDs, (QLEDs) are used as solid state lighting components, for example, in indoor farming as less heat is 

produced than from conventional lamps.  QLEDs are fabricated by either mixing QDs into the LED structure 

during processing for electrically induced emission
8
 or functionalizing an existing LED substrate for optically 

induced emission,
9, 10

 as used here.  As an optically transparent polymer with good chemical stability, poly(methyl 

methacrylate) (PMMA) is an ideal polymer matrix in which to incorporate QDs for lighting purposes.
11

  In this 

study, CdSe and CdSe/ZnS quantum dots were embedded in PMMA to simulate a substrate-functionalized 

QLED. 

 When nanomaterials are used to create new products, it is necessary to evaluate their potential adverse 

impacts on the environment and human health.  Cd-containing QDs are toxic to cell lines and organisms at 

various trophic levels.
12-14

  The toxic effect is ascribed to the release of Cd
2+

 ions and the generation of reactive 
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oxygen species (ROS).  For example, apoptosis of human HL-60 cells was caused by Cd
2+

 ions.
15

  In saltwater 

dwelling P. tricornutum ROS production by CdSe/ZnS is evidenced by the measured increases in superoxide 

dimutase and catalase expression.  Detected with a dichlorofluorescein assay, production of P. tricornutum 

intercellular ROS increased as the concentration of CdSe/ZnS in solution increased.
16

  Furthermore, production of 

ROS superoxide by PEGylated CdSe/ZnS aqueous QDs has been quantitatively measured ex situ with EPR,
17

 

while other ROS have been observed when organisms including D. melanogaster, human neuroblastomas, and 

mice livers are exposed to CdSe/ZnS QDs.
18-20

  Previous studies have also shown that the presence of a ZnS shell 

often reduces toxicity, possibly due to a decrease in the photooxidation rate and/or the extent of Cd
2+

 ion 

dissolution from the core.
14  

 

Nanoparticles, such as QDs, contained in consumer products, can be released at any stage of product life 

cycle (i.e. during manufacture, use, or end-of-life/disposal).  For nanoparticles embedded in polymer composites, 

four potential mechanisms of release have been identified by Duncan et al.: i) diffusion, ii) desorption, iii) 

dissolution, and iv) matrix degradation.
21

  The first three are passive forms of release which occur in the absence 

of polymer degradation.  An example of passive release from QD-polymer composites was observed in a study 

designed to model nanoparticle release characteristics from food packaging.
 22

  This potential release scenario was 

examined in an accelerated leaching approach by exposing nanocomposites composed of CdSe/ZnS QDs 

embedded in low density polyethylene (LDPE) to acidic and oxidative environments at elevated temperatures 

(75°C).  Results showed the release of ions into the surrounding media occurs by dissolution of embedded QDs, 

with ZnS shells dissolving first followed by CdSe cores.  The extent of ion release was also found to depend on 

the size of the QDs, with smaller QDs releasing more ions than larger particles over the same timescale and under 

the same solution conditions.
22

  In another passive release case study, a commercial QD-acrylate nanocomposite, 

QuantumLight™, was degraded by a solvent infiltration mechanism distinct from surface leaching.
9
  The 

CdSe/ZnS-containing QuantumLight™ released no nanoparticles and only ions into solution in quantities that 

were strongly dependent upon the solution conditions.  Results from this study found significant cadmium release 

only occurred in strong acidic conditions, nitric acid (pH 0.16) and gastric acid (pH 1.12), indicating a general 

resilience to leaching of the polymer nanocomposite through passive release.
9
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 5

 In contrast to passive release, active release from polymer nanocomposites occurs when nanoparticles are 

released as a result of the polymer matrix itself degrading, during processes such as mechanical abrasion or 

photodegradation.
21

   Motivated by the desire to assess changes in product efficacy and the effective lifetime of 

the product, polymer degradation studies have tended to focus on the effect of degradation upon the material itself 

with little effort to collect released materials.
23

  The need to better understand the potential hazards posed by 

nanoparticles in the environment has, however, provided the motivation for several active release studies in the 

past few years focused on identifying the nature and extent of nanoparticles and nanoparticle-containing 

fragments released from nano-enabled products as a consequence of weathering,
24

 including TiO2 from an acrylic 

urethane coating
25

 and CNTs from polymer nanocomposites.
26,27

  Active release of QDs from polymer composites 

has, however, not been previously studied.  

 In principle, the weathering of a polymer nanocomposite can occur during the use or the end-of-life 

phase.  Although polymer photodegradation can be studied by exposing samples to solar irradiance (e.g. at a hot 

desert test site),
28

 natural photodegradation in the environment is typically too slow to be followed experimentally 

(e.g. timescale of years).  Consequently, the most common experimental approach is to use accelerated or 

artificial weathering conditions.  Specific methods and experimental designs vary; for example, polymer samples 

have been exposed to accelerated weathering using an ASTM G90 Fresnel-Reflecting solar concentrator-

Accelerated Weathering Machine,
29

 an Atlas Xenon Weather-Ometer,
30,31

 or the SPHERE at the NIST 

Accelerated Weathering Laboratory in Gaithersburg, MD.
32

  Each method uses an intense light source (ex. 

concentrated solar, xenon arc lamp, mercury lamp) that contains a broad spectrum of visible and UV light. 

 In the present study, the artificial accelerated weathering
33

 of polymer nanocomposites composed of CdSe 

and CdSe/ZnSe quantum dots embedded in poly(methyl methacrylate), (C5O2H8)n, has been performed.  Previous 

wavelength-dependent studies have established that PMMA is photodegraded by <320 nm light as a result of 

polymer chain scission and direct photon absorption by the carbonyl chromophore.
34

  Given that the fraction of 

solar flux reaching the Earth’s surface below 320 nm is very small, the natural photochemical weathering of 

PMMA is extremely low, and accelerated PMMA polymer matrix photodegradation using an intense light source 

is necessary for laboratory studies.
35

  For this reason, we conducted artificial accelerated weathering of PMMA 

composites with 254 nm UVC light.    
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 6

 Three different QD-polymer nanocomposites were studied: CdSe-PMMA, CdSe/ZnS-PMMA, and 

quantum dot-free PMMA.  Polymer nanocomposites were placed in phosphate-buffered 18 MΩ⋅cm water and 

photodegraded with UVC light in an open system.  The released particles were collected in the water and 

analyzed over time with inductively coupled plasma mass spectrometry (ICP-MS), confocal laser scanning 

microscopy (CLSM) and darkfield microscopy.  The effect of irradiation on the polymer nanocomposites was also 

studied over time with an array of analytical techniques, including scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), attenuated total internal reflection Fourier-transform infrared spectroscopy 

(ATR-FTIR), and CLSM.  A particular point of emphasis in this study has been the detection and environmental 

impact of polymer fragments containing QDs.  

  ICP-MS can identify the nature and/or concentration of dissolved ions released into water during 

polymer matrix degradation, including ions released from QD-polymer composites.
21,9

  When combined with 

centrifugal filtration separation techniques, ICP-MS can also quantify the ratio of released nanoparticles to 

released ions.
9
 Single-particle ICP-MS (spICP-MS) can discriminate and quantify ions and nanoparticles.  spICP-

MS can, however, only discern the presence of nanoparticles with an element-dependent size limitation of 11-20 

nm for cadmium, 21-80 nm for zinc, and >200 nm for selenium.
36,37

  These lower limits are, unfortunately, in 

excess of the 1.32 and 2.26 nm-diameter quantum dots used in this study and in most commercial products. 

 In addition to ions and discrete nanoparticles, fragments released during the active photodegradation of 

polymer nanocomposites are also hypothesized here to contain nanoparticles embedded within polymer 

fragments.  The observation, analysis, and quantification of these species is significantly more challenging than 

for ions or nanoparticles.  Thus, spICP-MS detection of nanoparticles within polymer composites has yet to be 

reported, as extensive separation techniques would be needed.  Transmission electron microscopy (TEM) was 

used to locate released CNTs-polymer fragments
26 

in a four-laboratory study by Wohlleben et al., where CNT-

polymer composites were irradiated with a xenon-arc lamp for 2000 h (ISO 4892-2).  Although TEM has the 

requisite sensitivity, can directly image and confirm the presence of nanoparticles, as well as resolve composition 

(individual CNTs vs. embedded in polymer fragments), it is a vacuum-based technique which often involves 

extensive sample preparation and has low sampling efficiency.   
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 7

 This work focused on the use of two microscopy techniques to detect the presence of nanoparticle-

containing polymer fragments released into aqueous solution.  Specifically, CLSM was used to detect the 

presence of released photoluminescent quantum dots embedded within polymer fragments.  Unfortunately, 

emission-dependent techniques like CLSM cannot be used to detect transformed nanomaterials, such as QDs, 

which have lost their nascent photoluminescence after photodegradation.  This type of released fragment can be 

discerned, however, using dark-field microscopy, where nanoparticles are detected based on light scattering.  In 

particular, CytoViva® dark-field hyperspectral imaging (HSI) microscopy has been recently implemented to 

determine the location of NPs in biological tissues,
38,39

 such as silver nanoparticles within S. oneidensis.
4
  HSI 

provides a tool for identifying QDs in complex matrices such as biological tissues
38,39

 and bacteria
4
 without 

relying on photoluminescence.  Here, scattering spectra were collected, spectral libraries were constructed, and 

pixels containing materials of interest (i.e. QDs) were located using the spectral angle mapper (SAM),
40,41

 an 

integrated function within the CytoViva® imaging system. 

 In addition to identifying the nature of the released PMMA, CdSe-PMMA and CdSe/ZnS-PMMA 

fragments, a primary toxicity screen was conducted.  For these purposes, Shewanella oneidensis MR-1 (S. 

oneidensis) was chosen as a model bacterial system because of the ubiquitous presence of genus Shewanella in 

different environments, such as soils, sediments, and marine habitats, making it likely to be exposed to released 

nanocomposite fragments.  S. oneidensis has an important environmental role by contributing to geochemical 

nutrient cycling due to its ability to reduce a wide range of metals.
42

  For instance, S. oneidensis reduces selenite 

to Se
0
 through its use of anaerobic respiration reductases,

43
 but less is known about its ability to interact with the 

cadmium and zinc present in QDs.  Any impact of the fragments generated during the photodegradation of QD 

nanocomposite on S. oneidensis therefore, provides information that could be used to assess the more general 

impact of QD-PMMA fragments on the environment.  

 

Experimental 

Particle Synthesis and Characterization 

CdSe/ZnS core-shell QDs were synthesized using a hot-injection method for core growth, followed by the 

sequential, layer-by-layer growth of the shell using the successive ionic layer adsorption and reaction (SILAR) 
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 8

synthesis.
44

  The synthesis of CdSe/ZnS core/shell QDs was carried out following a well-established protocol 

which is described in more detail in a previously published manuscript.
45

  Briefly, a selenium precursor solution 

was prepared in a 20 mL scintillation vial, which was then sealed, heated and sonicated to ensure complete 

dissolution of the Se.  The mixture was then degassed under vacuum and backfilled with nitrogen gas.  A Cd 

precursor solution was prepared, added to a 50 mL three-necked round-bottom flask, and repeatedly heated and 

degassed under vacuum.  The Se precursor solution was rapidly injected into the Cd precursor once it was heated 

to 300 °C.  The reaction mixture was quickly cooled to 50 °C and allowed to anneal overnight.  The QD cores 

were then purified three times using 1-butanol, acetone, and methanol.  Finally, the purified QD cores were 

suspended in toluene.  

 The SILAR method was then used to add the ZnS shell to the CdSe QD cores.
44

  A fraction of the QD 

cores was purified and dissolved at 100 °C in a mixture of 1-octadecene, oleylamine, trioctyl phosphate (TOP), 

and dodecylphosphonic acid in a three-neck round bottom flask.  The mixture was degassed under vacuum to 

remove water and oxygen and then backfilled with nitrogen gas.  The solution was then heated to 160 °C under 

reflux conditions, and a Zn precursor solution (0.05 M zinc formate in oleylamine) was slowly added to the 

solution using a syringe pump.  Subsequently, a sulfur precursor (0.25 M hexamethyldisilathiane in TOP) was 

slowly added to the solution, also using a syringe pump.  The reaction mixture was kept under these conditions for 

30 min to allow the formation and annealing of the ZnS monolayer.  The temperature was increased to 170 °C, 

and the process was repeated to add a second and then a third monolayer shell.  The temperature was increased by 

10 °C for each added monolayer shell.  The resulting QDs were capped with trioctylphosphine oxide (TOPO) and 

suspended in hexanes.  

 The core and core/shell QDs were purified and resuspended in chloroform to determine the molarity using 

absorbance measurements and established molar extinction coefficients.
46

  The size of the spherical QDs was 

calculated using absorption and emission data as well and determined to be 1.32 nm (FWHM=32nm) for CdSe 

and 2.26 nm (FWHM=39nm) for CdSe/ZnS.  Absorption data are graphed in Fig. 1(A) and were collected with an 

Evolution 201 UV-Vis Spectrophotometer (Thermo Scientific) and a Quantum Master 400 (PTI).  

Fabrication of QD-Polymer Nanocomposites  
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 9

QD-PMMA polymer composites were fabricated by solution blending.  The batch of CdSe cores was used to 

manufacture the CdSe-PMMA and, after shelling, the CdSe/ZnS-PMMA polymer nanocomposites.  For QD-

PMMA, this involved mixing 32 mL chloroform (HPLC Grade, EMD Millipore) with 800.7 ± 0.3 mg of 

poly(methyl methacrylate) (MW= 120,000) (Aldrich) and 8 mL of 1.7 µM QDs suspended in chloroform (Fig. 

1(B,C)).  This casting solution was then poured into four 20 mL, 1.5" diameter, aluminum dish molds (Fisher 

Scientific) and dried overnight in ambient conditions.  Circular composites were removed from the molds and 

soaked in 18 MΩ⋅cm water for one day, dried in ambient conditions, and then cut with a razor blade into six ½" x 

¼ " samples; see Fig. 1(D,E) for photographs of slide-mounted QD-PMMA nanocomposites.  PMMA polymer 

controls were prepared in a similar fashion with 40 mL of chloroform.  These rectangular samples had an initial 

mass of: 9.9 ± 0.6 mg (N=24) for CdSe/ZnS-PMMA, 9.5 ± 0.5 mg (N=24) for CdSe-PMMA, and 7.4 ± 0.3 mg 

(N=24) for PMMA alone.  Samples were stored in ambient conditions until use. 

Photodegradation of QD Polymer Nanocomposites  

Samples were secured to a ½" glass side with ¼" PTFE tape (Swagelok®) and placed vertically into 15 mL quartz 

test tubes, each of which were then filled with 12 mL 3 µM phosphate buffer, pH 7, in 18 MΩ⋅cm water (Fig. S1 

in the ESI†).  The reaction vessel was then capped with a Suba-Seal® septa (Sigma-Aldrich, U.K.) and capped 

with aluminum foil.  The septum was pierced with a 26G needle (BD™, Franklin Lakes, NJ) to create a system 

open to the atmosphere.  

 Polymer composites were degraded in a 16 lamp Rayonet Photochemical Reactor© with RPR-2537A 

lamps of 254 nm UVC light (Southern New England Ultraviolet Company, Branford, CT).  The photon flux was 

determined by actinometry to be 2.31 x 10
21

 quanta s
-1 

m
-2

 with a power density of 1.81 kW m
-2

, where peak solar 

radiation is defined as 1 kW m
-2

.
47

  Dark (negative control) samples were wrapped in aluminum foil and placed in 

a 30°C water bath.  Samples were irradiated for 210.5 h, 336 h and 504 h, hereafter called 1.25, two and three 

weeks, respectively.  For each irradiation time, PMMA and QD-PMMA samples were started at the same time.  

After photolysis, the glass slides with the QD-polymer nanocomposites were removed from the reaction vessels 

and air-dried for at least 24 h prior to analysis.  
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 10

 The solution in the reaction vessel was partitioned for analysis as follows: 2 mL for pH determination, 7 

mL for acidification and subsequent ICP-MS analysis in an acid-washed 15 mL conical, while the remaining 3 

mL was used for microscopy and bacterial viability studies.  

Characterization of QD Polymer Nanocomposites 

Confocal laser scanning microscopy (CLSM):  Solid CdSe/ZnS-PMMA and PMMA samples were analyzed by 

CLSM before and after photodegradation.  In these analyses, 142.86 µm
2
 images were acquired at 2048 x 2048 

resolution.  CLSM images were acquired from the composite surface of the QD-polymer nanocomposites and up 

to a depth of 5 µm below the surface on a Zeiss LSM 510 META confocal microscope (Zeiss, Jena, Germany) 

using 488 nm excitation.  A 505 nm band pass emission filter was chosen to avoid any UV absorption of degraded 

PMMA.  CLSM images were processed in Zen2009 and LSM image browser (Zeiss, Jena, Germany) and 

transformed in ImageJ (NIH, Bethesda, MD).  To visualize the QD emission from within the QD polymer 

nanocomposites before and after photodegradation, 512 x 512 resolution Z-stack images were constructed up to a 

depth of 64 µm below the surface.  

Photoluminescence (PL):  The PL of solid QD polymer composites before and after exposure to UVC irradiation 

was recorded on a Photon Technology International system using a Newport RSP-1T solid sample holder.  In this 

apparatus, samples are positioned at a 90° angle between the incident LPS-220B lamp power supply (xenon arc 

lamp source (USHIO Inc., Japan)) and the 814 photomultiplier detection system.  Samples were excited at 400 nm 

and emission collected from 700-425 nm, 1 nm step size, with a 1 nm excitation slit and 1 nm emission slit.  To 

ensure consistency, PL data was collected with the same slit width, on the same day, and are graphed on the same 

y-axis. 

Attenuated Total Internal Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR):  Changes to 

the chemical bonding within QD polymer composites was determined with a Nicolet iS5 FT-IR Spectrometer 

equipped with iD5 ATR accessory with a diamond laminate crystal (Thermo Fisher Scientific, Waltham, MA).  

Data was averaged over 64 scans with a 0.8 cm
-1

 resolution, background subtracted, and baseline corrected.  Three 

random spots on the polymer surface were tested to ensure that similar spectra were recorded.  

X-ray Photoelectron Spectroscopy (XPS):  Surface analysis of QD-polymer composites was accomplished 

using a PHI 5600 XPS system equipped with a Mg Kα X-ray (1253.6 eV) source detected at 0.125 eV step size 
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 11

with a Pass Energy of 59.7 eV (Physical Electronics, Chanhassen, MN).  For XPS analysis, ¼" x ¼" sections of 

polymer sample were secured to sample stubs with double sided copper tape (3M
TM

 St. Paul, MN) while 

suspension-phase QDs were dropcast onto Si substrates.  Calibration of the XPS to the C(1s) peak position of 

hydrocarbon species at 285.0 eV as well as baseline corrections, peak fitting and determinations of atomic 

concentrations was carried out with CasaXPS software. 

 Scanning Electron Microscopy (SEM):  ¼" x ⅛" sections of polymer samples were mounted onto aluminum 

stubs with double-sided carbon tape (3M
TM

 St. Paul, MN) and sputter coated with platinum to minimize charging 

(Quorum Technologies Polaron SC7640 Auto/Manual High Resolution Sputter Coater, 12mA/800V plasma 

current, 200s, East Sussex, UK).  Images were obtained at 10 or 20 keV, ~8.0 nm WD on a 6700F SEM (JOEL 

USA, Inc. Peabody, MA). 

Solution Characterization after Photolysis:  The pH of the solutions after reaction was determined with an 

Accumet® XL20 pH Meter (Thermo Fisher Scientific Waltham, MA) equipped with a 9103BNWP electrode 

calibrated with pH 4, 7 and 10 buffers (Ricca Chemical Company, Arlington, TX) or pH paper.  The 

concentration of Cd ([Cd]ttl) released into solution as a result of photodegradation was measured using ICP-MS.  

This involved triplicate sampling of acidified solutions using an ElanDRCII ICP-MS (PerkinElmer, Waltham, 

MA) with argon carrier gas and a nitric acid carrier solution.  A calibration curve was made for every 20 samples 

by serial dilutions of 1000 µg/L standard solutions of Cd, Se, Zn, S, P supplied by NIST traceable standards 

(Inorganic Ventures, Christiansburg, VA) to 1, 5, 10, 20, 50, 100 µg/L concentrations; where necessary the 

calibration curves were extended to 170 µg/L and 240 µg/L.  The released cadmium concentration represents the 

sum of QDs embedded in polymer fragments, ions and QDs.  

 Imaging of aqueous solutions containing photodegraded fragments generated by irradiating PMMA, 

CdSe-PMMA and CdSe/ZnS-PMMA composites were acquired using high S/N ratio, dark-field Cytoviva® 

hyperspectral imaging (HSI) (Cytoviva®, Auburn, AL).  In these experiments, sample solutions were drop-cast 

(~3-4 µL) onto a glass slide, which was then sealed with a cover slip and clear nail polish.  Slides were examined 

at 100x magnification with an oil immersion lens under an Olympus BX-41 microscope.  Scattering spectra were 

acquired with a Cytoviva® spectrophotometer and integrated CCD camera in both the visible and near-infrared 

range (400-1000 nm).  Spectral analysis of the HSI spectra was performed by the Environment for Visualization 
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 12

software (ENVI 4.4 version).  Spectral libraries of CdSe in chloroform, CdSe/ZnS in chloroform, and degraded 

PMMA fragments were collected and then used by the SAM to identify QD-containing fragments released during 

photodegradation (Fig. S2 in the ESI†).
48

  To determine if photoemissive fragments were released on a time scale 

shorter than 1.25 weeks, CdSe/ZnS-PMMA and PMMA fragments, which were released after one day of 

photodegradation in a separate experiment, were analyzed by CLSM in the Zeiss LSM 510 with the same sample 

preparation as for HSI.  

Bacterial Assay:  To measure toxicity of species released from QD-PMMA nanocomposite photofragments to S. 

oneidensis MR-1, the bacterial prep and toxicity analysis using drop plate colony counting were adapted from 

Feng et al.
49

  Bacteria were stored at -80 °C until ready for use, where some of the frozen stock was transferred to 

an agar plate to grow overnight at 30 °C.  Then, 15 colonies were transferred to 10 mL of Luria-Bertani (LB) 

broth and grown for four hours at 30 °C with 300 rpm shaking to reach the late-log phase (OD ~ 0.6-1).  The 

bacteria in LB broth were centrifuged at 750×g for 10 min, and the pellet was resuspended in Dulbecco's 

phosphate-buffered saline (DPBS), which was kept on a nutating mixer at room temperature for 10 min.  The 

bacteria were again centrifuged at 750×g for 10 min and then resuspended in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (2 mM HEPES and 25 mM NaCl, at pH 7.4).  The bacterial culture 

was diluted to an OD=0.02, which is approximately 2×10
7
 colony forming units (CFUs)/mL.  

 The culture was further diluted to 1×10
4
 CFUs/mL, prior to exposure to 5-fold dilute supernatants from 

QD-PMMA nanocomposite degradation samples, or with Cd
2+

 at various concentrations (1, 5, 10, 50, 100, 200, 

500 ppb).  80 µL of bacteria were exposed to 80 µL of the diluted supernatants or Cd
2+

 solutions for 60 min, and 

then six 10 µL aliquots were dropped onto an agar plate for colony counting evaluation.  

 The agar plate was first prepared by drying for 30 min in a 30 °C incubator before being irradiated with 

UV light for 15 min to ensure sterility.  After the bacteria-containing drops were fully absorbed into the agar, the 

plates were incubated overnight (for ~20 h) at 30 °C.  The viability after each exposure was reported as a ratio to 

the control.  Where the three material replicates showed consistent Cd release, as revealed by analysis with ICP-

MS, data from these colony counting experiments were combined and subjected to two-way ANOVA to check for 

statistical significance of the photodegraded samples compared to their dark controls. 
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Results 

Materials Characterization of QD and QD-Polymer Nanocomposites Prior to Irradiation 

Core and core-shell QDs were suspended in chloroform due to functionalization with TOPO and were also 

miscible with PMMA dissolved in chloroform (Fig. 1(B,C)).  The resultant solution-blended CdSe/ZnS-PMMA 

and CdSe-PMMA polymer nanocomposites, fabricated from the same batch of QD cores, emitted orange and 

green, respectively (Fig. 1(D,E)), consistent with the color of the respective QDs in solution (Fig. 1(A)).  In 

contrast, the control, PMMA, was transparent and colorless.  Following polymer composite synthesis, and after 

several days of drying and slide mounting, the CdSe cores embedded within the CdSe-PMMA were observed by 

eye to lose emission brightness, which was expected due to oxidation of the cores without the protective ZnS 

passivation layer.  The QDs in the CdSe/ZnS-PMMA polymer composites, however, maintained emission for the 

eight months of this study and continue to emit two years later. 

 Polymer thickness was determined with a Leica DMi8A microscope by subtracting the Z-height measured 

when the top of the sample was in focus from the Z-height measured when the mounting slide was in focus.  In 

this way, thicknesses of samples used in dark control studies were determined to be 114 ± 15 µm (N=9) for 

CdSe/ZnS-PMMA, 104 ± 15 µm (N=9) for CdSe-PMMA, and 110 ± 20 µm (N=9) for PMMA samples.  

 CLSM was used to explore the dispersion of the core-shell QDs within the PMMA matrix.  A 

representative top down and side view image of the dispersion of CdSe/ZnS nanoparticles throughout the polymer 

matrix within a 142.86 µm x 142.86 µm Z-stack of 64 µm is displayed in Fig. 2.  The CLSM images were 

constructed from 80 top down images, acquired with a 0.08 µm step size, stacked on top of each other.  Analysis 

of Fig. 2 revealed the presence of quantum dot agglomerates distributed throughout the polymer matrix.  To 

characterize the size of the QD agglomerates, all emission signals from one high-resolution surface slice of the 

CdSe/ZnS-PMMA (see Fig. S3 in the ESI†) were classified to determine the size and spatial distribution of QDs.  

In ImageJ, this image was globally thresholded and then analyzed with a particle size transform indicating that the 

2574 QD agglomerates contained within the 1517 µm
2
 area had an average agglomerate size of 0.6 ± 0.6 µm

2
.
50

 

 XPS analysis of the CdSe/ZnS nanoparticles and CdSe/ZnS-PMMA nanocomposites revealed the 

presence of Cd(II) species, evidenced by Cd 3d
5/2 

peaks at 404.8 and 404.9 eV, respectively (Fig. S4 in the ESI†).  

XPS also reveals the presence of S, Se and Zn before and after solution blending at values close to previous 
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literature assignments for CdSe and ZnS.
51,52

  After eight months storage at 5 °C in air in the dark, the CdSe/ZnS 

QDs had oxidized as determined by the S 2p
3/2 

peak at 168.3 eV, consistent with the formation of sulfate species.  

In contrast, the CdSe/ZnS QDs embedded in PMMA and stored in dark ambient conditions for eight months did 

not exhibit a shift in the S 2p
3/2

 peak, indicating that the PMMA prevented oxygen diffusion (Fig. S4 in the 

ESI†).
51

  In addition to the elements expected for the CdSe/ZnS QDs, and PMMA (oxygen and carbon), residual 

chlorine from the solvent, chloroform, was detected in the XPS, due to the strong acid-base interaction of acidic 

chloroform with the basic polymer, PMMA.
53

  A small amount of phosphorous was also detected, at a P 2p 

binding energy of 133 eV, in starting materials, dark controls and degraded polymers, likely due to the use of a 

phosphate buffer or TOPO ligand (Fig. S4, S5, S6 in the ESI†) TOPO has a P 2p binding energy of 133 eV
54

 and 

sodium phosphate and hydrogen phosphate have an average P 2p binding energy of 133.1 ± 0.2 eV (N=6).
55

  

Similar results were seen for CdSe-PMMA (Fig. S6 in the ESI†). 

ATR-FTIR analysis of PMMA and QD-PMMA polymer nanocomposites revealed that the inclusion of QDs did 

not change the chemical bonding in the PMMA (Fig. S7, S8, S9 in the ESI†). 

Polymer matrix degradation 

Visual inspection (Fig. S1) as well as bright-field, dark-field, and SEM (Fig. 3) images revealed that after three 

weeks of UVC irradiation, the transparent-orange CdSe/ZnS-PMMA composite became yellowed and opaque 

with a severely roughened surface topography.  The change in visual coloration can be ascribed to the effect of 

matrix degradation and UV-induced cross-linking that accompanies the photochemical cleavage of the ester 

groups in PMMA.
35,56

  Moreover, SEM images revealed an irregular porous surface was created following 

photodegradation with UVC. 

 The mass loss observed from PMMA, CdSe/ZnS-PMMA, and CdSe-PMMA samples after different 

periods of photolysis is reported in Fig. S10 in the ESI.†  Although there is some variability, the mass losses 

among all three types of samples were within at least three standard deviations of each other, with most of the 

mass loss occurring between 1.25 and two weeks.  Mass loss data indicate neither the rate nor the extent of 

photodegradation was changed by the presence of QDs in the PMMA.  

 In XPS analysis of 1.25 week-, two week-, and three week-irradiated CdSe/ZnS-PMMA composites, the 

presence of carbon and oxygen were revealed, but none of the elements associated with QDs, even after 90 mins 
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of Ar
+
 sputtering, were apparent.  In contrast, Cd, Zn and S were detected by XPS in the CdSe/ZnS-PMMA 

composites immersed in water in the dark for 1.25 weeks.  Although the Cd signal level was lower than that 

observed in the as-prepared CdSe/ZnS-PMMA nanocomposites, the Cd signal increased upon Ar
+
 sputtering.  

This initial low Cd signal level was ascribed to the deposition of a thin layer of adventitious carbon on the surface 

as a result of samples having been immersed in buffered water and subsequently air dried prior to XPS analysis.  

For samples that had been immersed in water for two or three weeks, no Cd or Zn signals were observed, 

presumably due to the presence of a thicker adventitious carbon layer than for the 1.25-week sample.  It should be 

noted that the absence of any detectable Cd release from these dark control samples, see the ICP-MS data in Fig. 

4, also supports the idea that the decrease in Cd signal observed by XPS is not due to the dissolution of QDs in the 

near surface region. 

 The CdSe/ZnS-PMMA, CdSe-PMMA and PMMA ATR-FTIR spectra were compared to corresponding 

spectra after 1.25, two and three weeks of photodegradation (Fig. S7, S8, S9 in the ESI†).  A broad -OH stretch 

appeared at 3500 cm
-1

 for all three genres of composites.  Characteristic PMMA vibrational modes, such as the 

CH3 at 2985 cm
-1

, were lost.  The C=O stretch at 1721 cm
-1

 and C-O stretch at 1236 cm
-1

 lost intensity and 

broadened.
57

  Finally C-O-C band reduction occurred at 1190 cm
-1

.
58

  

Photoluminescence Degradation 

The orange dotted line in Fig. S11 of the in the ESI† shows a comparison of the PL spectra acquired from solid 

PMMA to a solid CdSe/ZnS-PMMA nanocomposite after being immersed in water in the dark for 1.25 weeks.  

The fluorescence of CdSe/ZnS QDs embedded in PMMA was retained, as evidenced by the emission peak 

centered at 575 nm λmax (N=3).  This represents an ~20 nm blue-shift from the 594 nm λmax peak observed from 

the CdSe/ZnS QDs when suspended in chloroform (Fig. 1(A)).  The 575 nm peak, due to QD emission, is more 

clearly seen in the difference spectra
59

 between the PMMA and CdSe/ZnS-PMMA nanocomposite (black line, 

Fig. S11 in the ESI†).  As expected, no fluorescence was detected in the PL or CLSM for the nanocomposite 

samples that contained either the weakly fluorescent CdSe QD core controls or the PMMA control.  

 Following photodegradation, the PL spectra of CdSe-PMMA and CdSe/ZnS-PMMA samples were found 

to be similar, with a broad peak centered at ~500 nm.  The signal of the broad peak increased in intensity as the 

duration of photodegradation increased, from 1.25-week to two-week.  The presence of this broad feature was 
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also detected in the degraded PMMA samples.  Notably, for the photodegraded CdSe/ZnS-PMMA samples, the 

emission peak at 575 nm no longer appears, indicating no emissive QDs were left on the surface (Fig. 5(A)).  

 The three-week irradiated and dark control CdSe/ZnS-PMMA samples were imaged in Lambda mode 

with the CLSM wavelength-dependent detector, where emission was detected every 10 nm.  Two representative 

CLSM images acquired at 584 nm and 530 nm are shown in Fig. 5; the full 10 image spectrum is provided in the 

ESI† in Fig. S12.  After three weeks in the dark, the CdSe/ZnS-PMMA sample exhibited discrete features at 584 

nm as seen in Fig. 5(A), close to the expected emission λmax = 594 nm and indicative of the presence of embedded 

QDs.  In contrast, no emission was detected at 530 nm.  After three weeks of photodegradation, however, there 

was no evidence of any emission at 584 nm.  In contrast, at 530 nm diffuse emission was now detected in the 

photodegraded CdSe/ZnS-PMMA and PMMA samples (Fig. 5(A) and Fig. 5(C) respectively) due to fluorescence 

associated with photodegraded PMMA. 

Solution Results 

Acid:  Initially set at pH 7, the solutions exceeded the buffering capacity of the matrix as significant mass loss led 

to the release of acidic species and CO2.  Consequently, the buffering capacity was found to remain for one day 

before dropping into an acidic range (See Table S1 in the ESI†). 

Cadmium release:  Over the three week period, the amount of cadmium released from solution remained stable 

for both the core control and core shell composites (Fig. 4).  The amount of cadmium released from the CdSe-

PMMA nanocomposites after 1.25 weeks was 325 ± 4 µg/L which was higher than the 187 ± 16 µg/L released for 

CdSe/ZnS-PMMA nanocomposites.  This trend was continued to two- and three-weeks with 361 ± 18 µg/L 

compared to 209 ± 9 µg/L and 330 ± 8 µg/L compared to 194 ± 10 µg/L, respectively.  No cadmium was detected 

in any of the PMMA, system controls or dark samples.   

Detection of QD-containing fragments – CLSM:  >505 nm emission ascribed to the QDs was detected within 

released polymer fragments with CLSM after one day of photodegradation.  Therefore, some of the cadmium 

detected in the ICP-MS was from quantum dots embedded in polymer fragments.  After one day of 

photodegradation, see Fig. 6(A,B,C), emission was detected from three CdSe/ZnS-PMMA fragments that were 

2.7 µm, 4.5 µm, and 6.4 µm in size.  No emission was detected in PMMA fragments, see Fig. 6(D), degraded 

under the same conditions.  
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Detection of QD-containing fragments – CytoViva®:  >505 nm emission could not be detected from 

nanocomposite fragments beyond one day of photodegradation.  Therefore, QDs in fragments were detected with 

another technique, HSI as described in the experimental section.  A representative image of QDs detected within a 

degraded PMMA fragment can be found in Fig. 7.  After three weeks of degradation, the suspension containing 

released species from the CdSe/ZnS-PMMA sample was imaged with both dark-field (Fig. 7(A)) and HSI (Fig. 

7(B)) microscopy.  Degraded polymer fragments were detected as bright spots in the dark-field images (Fig. 7(A)) 

due to scattered light: the toroidal appearance of the fragments is an artifact of the illumination scheme and the 

reflective nature of the fragments.  Any QDs were located by SAM within the polymer fragments by matching the 

pixel spectra in the HSI (Fig. 7(B)) to the references in the library yielding a map of CdSe/ZnS in yellow and 

degraded PMMA in cyan (Fig. 7(C)).  To observe detail, the boxed region in Fig. 7(C) was enlarged in Fig. 

7(D,E,F).  In contrast, when using the same spectral libraries, no QDs were detected in photofragments generated 

from pure PMMA (Fig. S13 in the ESI†).  When particles were illuminated under the same brightness conditions, 

CdSe/ZnS QDs peaks were strong and sharp while PMMA peaks were broad and of low intensity (as shown in the 

Fig. 7, region of interest (ROI) #1-4).  The spectral library filter function was used to validate that there was no 

spectral overlap between the QD libraries and the PMMA library (Fig. S2 in the ESI†).  Subsequently, taking 

advantage of SAM classification, degraded PMMA photofragments were detected amongst the photofragments 

created from all three weeks for CdSe/ZnS-PMMA and CdSe-PMMA (Fig. S14, S15, S16, S17, S18 in the ESI†).  

Many of the detected QDs in the HSImages are co-localized with degraded PMMA signals.  Hence, these 

localized images indicate released QDs can be differentiated from degraded PMMA with HSI using characteristic 

spectral libraries. 

Bacterial Data 

Using colony counting, the bacterial toxicity of the suspension containing fragments and species generated during 

the photodegradation of QD-PMMA nanocomposites and PMMA polymers was evaluated.  No reduction in 

viability was observed for the samples that had been degraded for 1.25 weeks (Fig. 8(A)), but after two weeks of 

degradation, the CdSe-PMMA nanocomposite degradants exhibited toxicity to S. oneidensis compared to the dark 

control (Fig. 8(B)).  For samples photodegraded for three weeks, both the degraded CdSe-PMMA nanocomposites 

and degraded CdSe/ZnS-PMMA nanocomposites showed significant toxicity to the bacteria (with p<0.01) 
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compared to dark controls (Fig. 8(C)).  In ion control experiments, see Fig. 8(D), Cd
2+

 was revealed to be toxic to 

S. oneidensis at concentrations of 200 µg/L and 500 µg/L.  In contrast, less than 200 µg/L of Cd
2+

 ion was 

contained within the 5-fold diluted degradant samples, see ICP-MS data, suggesting viability reduction due to 

degradants cannot be solely attributed to Cd
2+ 

ion.  The trend in toxicity of the nanocomposite degradants 

indicates that as the nanocomposites were subjected to photodegradation for longer time periods, the released 

fragments were further degraded to more toxic forms. 

 

Discussion 

The quality of the QD polymer nanocomposites was demonstrated by using a combination of microscopy and 

spectroscopy.  A comparison of the starting material data shown in Fig. 1, as well as Fig. 2 and Fig. S11 in the 

ESI†, demonstrate that the optical properties of the CdSe/ZnS QDs are conserved when embedded within the 

PMMA matrix through solution blending.  Visually, this is supported by the observation that both the orange 

emission and absorption color of the CdSe/ZnS QDs dissolved in chloroform (Fig. 1(B,C)), as well as the 

emission characteristics of the CdSe/ZnS QDs (Fig. 1(A)), are retained when the QDs are embedded in PMMA 

(Figure 1(D,E) and Figure S11).  Fig. 1(A) reveals the general retention of QD emission properties. The peak at 

572 nm peak in the CdSe/ZnS QDs PMMA solid composites (observed in the PL data in Fig. 5(B) and Fig. S11 in 

the ESI†), however, is blue shifted from the 594 nm emission peak of the CdSe/ZnS QDs in chloroform which 

might be attributed to solvent effects and sub-nanometer QD surface oxidation during the nanocomposite 

manufacturing process.
45,59

  Emission was rapidly lost from the CdSe QDs embedded in the PMMA, highlighting 

the importance of the ZnS shell in protecting the CdSe core.  Prior to irradiation, the presence of QDs dispersed 

within the CdSe/ZnS PMMA matrix is most clearly evidenced by the bright pixelated features detected in the 10 

nm detection windows centered around 584 nm and 594 nm in the CLSM images (Fig. 5(B) and Fig. S12 in the 

ESI†).  While a significant degree of QD aggregation was exhibited within the polymer matrix, as shown in the 

CLSM Z-stack (Fig. 2), the agglomerates are reasonably uniformly dispersed within the matrix, with no evidence 

of any large scale segregation (Fig. S3 in the ESI†).  Overall, the CdSe/ZnS-PMMA nanocomposites can be 

considered a reasonable representation of a QD polymer nanocomposite found in consumer products, such as 

LED lighting applications.  
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 Significant polymer matrix photodegradation and production of photofragments was caused by UVC 

irradiation, demonstrated by the mass loss data (Fig. S10 in the ESI†) as well as the SEM and light microscopy 

images (Fig. 3).  A high degree of photodegradation was also evidenced by the mass loss data with this 

experimental approach.  Micrometer sized holes in the surface of the material are clearly shown in the SEM image 

(Fig. 3(D)) which could be a possible source for the 5 µm fragments detected with CLSM (Fig. 6).  Furthermore, a 

cleavage of the ester group and subsequent cross-linking of the remaining polymer
35,56

 is indicated by a yellowing 

of PMMA (Fig. 3(E,F) and Fig. S1 in the ESI†).  In addition to these structural modifications, UVC irradiation led 

to a loss of spectral features usually seen in the fingerprint region below 1500 cm
-1

 according to the ATR-FTIR 

data (Fig. S7, S8, S9 in the ESI†).  The use of 254 nm UVC light in water as an accelerated weathering technique 

for simulating matrix degradation is supported by the similarity in the changes in the ATR-FTIR observed in this 

study and PMMA degraded at 260 nm, 280 nm and 300 nm in vacuum;
35

 specifically the reduction of the C-O-C 

band intensity at 1190 cm
-1

. Based on previous studies, matrix degradation can be assumed to occur principally as 

a consequence of absorption by the carbonyl group in the PMMA, leading to chain scission.
34

  The emission 

properties of the photodegraded PMMA and CdSe/ZnS-PMMA nanocomposites are also transformed according 

to the PL data in Fig. 5(A), where emission below 575 cm
-1

 was measurably increased due to photodegradation of 

the PMMA.  A similar increase was not observed in the dark control (Fig. 5(B)).  In the CLSM images shown in 

Fig. 5(A) and 5(B), this polymer degradation was manifested as an increase in diffuse emission at 530 nm.  Future 

research is merited to compare this photodegradation system with past results.  Acrylate monomer, CH3OH, and 

HCOOCH3 were the photoproducts produced by UVC PMMA film degradation (UHV, 25 °C), as detected by 

solvent dissolution and GC-MS. Chain scission was determined to be the main photoprocess, with a quantum 

yield of 0.05 as determined by HPLC.
57

 The degraded polymers in this study were utilized for surface analysis 

however, photoproducts and chain scission can be quantified by complete dissolution of the solid polymer into 

solvent followed by GC-MS and HPLC respectively.  The decrease in pH was most likely due to the release of 

carbon dioxide, which occurs during Norrish type I main chain scission reactions.  Due to the resistance of 

PMMA to acid degradation (<20% hydrochloric, <10% acetic and carbonic acids at 30 °C),
60

 any passive acid 

based leaching of cadmium ions from the polymer is theorized to be minimal compared to the active release from 

polymer matrix photodegradation     
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  Interestingly, although the rate and extent of polymer mass loss was independent of the presence of QDs, 

see Fig. S10 in the ESI†, the measured [Cd]ttl in the supernatant was consistently higher for the CdSe-PMMA 

nanocomposites, as compared to the CdSe/ZnS-PMMA composites, although the nominal [Cd]ttl in both types of 

composites was the same (Fig. 4).  This difference may be a consequence of the greater ease with which Cd ions 

are released from CdSe QDs as compared to CdSe/ZnS QDs, coupled with the likelihood of a greater efficiency 

for Cd detection by ICP-MS from Cd ions as compared to Cd contained in either intact QDs or in polymer 

fragments. 

 In addition to matrix degradation, the bright-field images shown in Fig. S1 in the ESI†, as well as the 

CLSM images shown in Fig. 5 and Fig. S12 in the ESI†, imply the absence of any emissive QDs after the 

composites are irradiated for 1.25 weeks.  This assertion is supported by the similarity in the PL spectra of 

irradiated PMMA and CdSe/ZnS-PMMA nanocomposites (compare PL spectra in the left-hand side of Fig. 5(A) 

and Fig. 5(C).  In the CLSM data, (compare the righthand side of Fig. 5(A) and Fig. 5(C)), the diffuse emission at 

530 nm observed in photodegraded CdSe/ZnS-PMMA nanocomposites is observed in photodegraded PMMA, but 

the initial 594 nm QD emission in non-photodegraded CdSe/ZnS-PMMA is absent after three weeks of 

photodegradation.  

 Fragments were released due to active polymer matrix photodegradation, as demonstrated by microscopy 

(Fig. 6, 7 and S13, S14, S15, S16, S17, S18 in the ESI†), which occurs in all three sample types: PMMA, CdSe-

PMMA and CdS/ZnS-PMMA.  Moreover, for CdSe-PMMA and CdSe/ZnS-PMMA, nanoparticles are contained 

within released polymer fragments in addition to ions detected in ICP-MS.  In contrast, only ions or ions 

attributed to discrete QDs were detected in previous passive release studies involving QD-polymer 

composites.
9,21,22

  Although the QDs introduced into the PMMA are initially coated with TOPO and insoluble in 

water, as a result of the polymer degradation process some of these nanoparticles become embedded in polymer 

fragments which appear to be mobile in aqueous media, and will therefore likely transport in aqueous 

environments.  This assertion is based on our experimental observations that in both the dark-field and Cytoviva 

microscopes, the QD-containing fragments were mobile.
61

  

 The species released in passive release studies, Cd ions and discrete QDs,
9,22

 have the potential to be toxic 

to a variety of different organisms.  In contrast, this study focused on identifying the nature and toxicity of QD-
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containing fragments that will be released during active polymer nanocomposite degradation processes such as 

weathering.  During the initial stages of matrix degradation, the release of polymer fragments containing emissive 

QDs was identified with CLSM (Fig. 6).  Although CdSe/ZnS QDs are efficiently photobleached by 1.25, two and 

three weeks of UVC photolysis, polymer degradation occurs in parallel evidenced by the significant observed 

mass losses (Fig. S10 in the ESI†).  Consequently, during the initial stages of polymer photodegradation, some 

optically-intact QD-containing fragments are released into solution and it is these fragments that are detected by 

CLSM in Fig. 6.  As the photodegradation process proceeds, however, QDs in the solid substrate polymer matrix, 

or in solution as released polymer fragments, will become photobleached.  Consistent with this argument, QDs 

embedded in PMMA substrates and fragments were rapidly photobleached.   

 QD-containing fragments were released into solution intact throughout weeks of accelerated artificial 

weathering.  Individual QDs would not be detected through the methods used, as the diffraction-limited resolution 

of CLSM is 200 nm.  Cadmium containing species, <0.45 µm in size, were detected with ICP-MS.  More 

cadmium was released for the CdSe-PMMA than for the CdSe/ZnS-PMMA due to the lack of protective ZnS 

passivation shell that exposed the core to oxidation.  If the QDs had fully dissolved into their ions, then there 

would have been no dark-field scattering signature in the HSI.  In the present study, CdSe QDs, which had lost 

their emission by exposure to oxygen,
44,45,62,63

 could be only be identified through their unique HSI spectral 

signature (Fig. S16, S17, S18 in the ESI†).  This is also true for CdSe/ZnS-PMMA fragments after one day of 

photodegradation.  The success of the HSI microscopy in identifying QD-containing fragments generated from 

CdSe-PMMA and CdSe/ZnS-PMMA suggests that this technique could be applied to other nanoparticle 

fragments generated from composite materials.  A unique scattering spectrum can be generated by each type of 

nanoparticle, which can then be used as a fingerprint in the training dataset.  In this way, the SAM function of the 

CytoViva® imaging system could locate either individual particles or agglomerates in complex environments via 

fast optical and spectroscopic identification.
38,39

  Specifically, HSI is shown to be capable of discriminating 

between pixels containing PMMA only and those containing CdSe/ZnS QDs (see Fig. 7) based on relatively small 

differences in the spectral response of these two materials.  An internal consistency check on the viability of this 

approach is also provided by the absence of any CdSe/ZnS-containing fragments being detected in fragments 
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generated by the photodegradation of PMMA (Fig. S13), which is a consequence of the different spectral 

signatures in the material library (Fig. S2). 

 The quantification of the size and concentration of photodegraded water-soluble microplastics is a 

developing field. This study was focused on the detection of quantum dots within released polymer 

nanocomposites, however further research is needed to quantify the concentration of these released fragments.  As 

the concentrations of fragments in released solutions and 10x diluted released solutions were below the detection 

limit of the DLS and UV-Vis, microscopy was utilized to identify the existence of released material in the form of 

microplastics. A review of quantification methods in marine debris studies found 6 of 68 papers utilized a pre-

massed 1-1.6 µm to capture and mass the >1 µm fragments in marine samples, which would be the best method to 

quantify the concentration of 5 µm PMMA fragments like those found here.
64

  

 The viability of S. oneidensis was studied when exposed to released photofragments which are a 

combination of released polymer composite fragment colloids, photobleached QDs, and aqueous species such as 

cadmium, selenite, zinc, and sulfate ions.  In terms of toxicity, cadmium ions are generally considered to be the 

most important species in quantum dot toxicity with bacteria,
62,65

 however, in our studies the viability reduction 

seen in S. oneidensis after exposure to photodegraded nanocomposites occurs in the absence of any change to the 

[Cd]ttl and therefore is not entirely due to Cd
2+

 ions.  Specifically, Fig. 8 shows a statistically significant toxicity 

of CdSe-PMMA and CdSe/ZnS-PMMA nanocomposites photodegraded for two and three weeks (Fig. 8(B,C)) 

and three weeks (Fig. 8(C)), respectively.  In contrast, no evidence of toxicity towards S. oneidensis was shown 

for the degraded PMMA samples for the duration of the experiments.  S. oneidensis has been shown to be 

insensitive to zinc and selenite, the most abundant form of dissolved selenium,
62

 at the concentration relevant in 

this study.
66,67

  Hence, the main species responsible for the increased toxicity is postulated to be the released QD-

containing fragments.  The increase in toxicity of the released fragments as a function of UVC exposure, despite 

the absence of a change in the [Cd]ttl, is interpreted to indicate weathering changed the toxicity of the QD-

containing polymer fragments.  As the nanocomposites are continually exposed to UVC light, we speculate the 

size of the fragments decreased, exposing more QDs to the fragment surface.  Uptake of either 1.32 or 2.26 nm 

QDs or 5 µm QD-containing fragments (see Fig. 6) would, most likely, not occur with S. oneidensis, as proven 

with TEM for similarly-sized gold nanomaterials.
49,68

  4-nm-diameter nanoparticles, however, can associate with 
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the outer bacterial membrane of S. oneidensis, as observed by TEM in Buchman et al.
68

  Similarly, QD-containing 

polymer fragments could attach to the outer surface of S. oneidensis.  These smaller fragments, with more QDs at 

the surface, could be a source for high local concentration of QDs and/or Cd
2+

 at the bacterial membrane as they 

degraded.  

 

Conclusions 

 Micron-sized polymer fragments containing nanoparticles, such as QDs, will be released from polymer 

nanocomposites during active release scenarios like weathering and abrasion.  In this study, HSI and CLSM 

imaging have been shown capable of observing this type of QD release into solution.  Identification of these 

nanoparticle-containing fragments is far more challenging than the detection and quantification of ions.  The 

current study also demonstrates the ability of HSI to detect QD-containing polymer fragments and to distinguish 

them from polymer-only fragments.  Importantly, HSI does not require QDs to exhibit photoluminescence to be 

detected because their presence can be identified through a unique light scattering spectral signature.  The major 

mechanism of ion and nanoparticle fragment release in this study was through photodegradation of the PMMA 

matrix, which occurred through chain scission and cross-linking. Although this model polymer nanocomposite 

was synthesized in a laboratory environment, the conclusions are nevertheless applicable to commercial 

nanocomposite products. With respect to polymer nanocomposites that have been discarded at product end-of-life, 

studying the environmental impact of nanoparticles, which have undergone transformation, such as 

photodegradation, is clearly important in the study of the environmental impact of the pristine nanoparticles used 

to manufacture the original product.  Having identified the release and mobility of QD-containing polymer 

fragments it would be useful in future studies to determine the fate and transport of QD-polymer fragments in 

porous media, as well as the stability of QD-containing polymer fragments towards dissolution and fragmentation 

in various aqueous environments.  In the present study the toxicity of polymer fragments towards the model 

organism S. oneidensis was demonstrated.  To obtain a complete picture of ecotoxicity, it would be valuable to 

test QD-containing polymer fragments upon more metal sensitive bacteria such as A. baylyi and P. aeruginosa. 
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 1 

 

 
Fig. 1 (A) CdSe nanoparticle (solid lines) and CdSe/ZnS nanoparticle (dashed lines) absorbance and emission in chloroform 
prior to incorporation into PMMA, where CdSe/ZnS were formed from the CdSe cores indicated here.  (B) Ambient and (C) 
365 nm UV illuminated images of casting solutions in chloroform and (D) ambient and (E) 365 nm UV illuminated images of 
polymers after solvent evaporation, being cut to size and attached to glass slides with Teflon® tape.  The clear PMMA 
polymer control (left), the green CdSe core control in PMMA (middle) and the orange CdSe/ZnS quantum dots in PMMA 
(right).  
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 2 

 
Fig. 2 142.86 μm x 142.86 μm CLSM 64 μm Z-stack image of CdSe/ZnS-PMMA polymer nanocomposite obtained with 458 
nm excitation.  Any emission detected above a 505 nm cut-off filter is shown in orange, which includes the QD λmax=594 nm. 
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 3 

 
Fig. 3 (A) SEM (B) brightfield (C) and darkfield images of the CdSe/ZnS-PMMA nanocomposite surface before (top) and 
after (bottom) three weeks of UVC irradiation. 
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 4 

 
 

 
Fig. 4 Total cadmium released from QD-PMMA as detected by ICP-MS for CdSe-PMMA (green), CdSe/ZnS-PMMA 
(orange dashed), PMMA (grey triangle) and Light System Blank (black) after 1.25, two and three weeks in the Rayonet© 
reactor photodegraded with UVC light (N=3). 
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 5 

 

 
 
Fig. 5 (Left hand side) Photoluminescence (PL) spectra and (right hand side) CLSM images of solid samples: (A) CdSe/ZnS-
PMMA after UVC irradiation, (B) dark CdSe/ZnS-PMMA, and (C) PMMA after UVC irradiation.  PL spectra were acquired 
after 1.25 and two weeks of UVC irradiation ((A) and (C)) or at 30 °C in the dark (B), while CLSM images were acquired 
after three weeks.  The 142.86 μm2 CLSM images of the three different polymer surfaces were obtained using a 405 nm laser 
and 10.0% power in Lambda detection mode.  Other experimental details can be found in the text. 
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 6 

 

 
Fig. 6 CLSM images of fragments released from CdSe/ZnS-PMMA (A,B,C) and PMMA (D) after one day of UVC 
irradiation, where orange indicates any emission detected above 505 nm. 
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 7 

 
Fig. 7 (A) Dark-field image and (B) hyperspectral image (HSI) of CdSe/ZnS-PMMA fragments released after three weeks of 
UVC irradiation.  (C) The HSI was searched for degraded PMMA signal (teal) and CdSe/ZnS nanoparticle signal (yellow).  
The red zoomed in box shows (D) the co-localization of the signals, (E) the signal from CdSe/ZnS nanoparticle only and (F) 
the signal from the degraded PMMA only.  The region of interest (ROI) spectral profiles below correspond to the labeled 
fragments #1, #2, #3 and #4 in (D). 
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 8 

 

 
Fig. 8 Toxicity of the degradant products of accelerated QD-PMMA degradation to S. oneidensis MR-1 as determined by 
colony counting using nanocomposites that were degraded for (A) 1.25 weeks, (B) two weeks, and (C) three weeks.  (D) The 
toxicity of Cd2+ ions (ion source: Cd(NO3)2·4H2O) at varying concentrations to the bacteria.  The error bars show the range of 
the data, with the boxes indicating the second and third quartiles of the data. 
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