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1 

 

ABSTRACT 

 

Cadmium-containing luminescent QD are increasingly used in display, bio-imaging, and energy 

technologies; however, significant concerns have been raised about their potentially adverse 

impact on human health and the environment.  This study makes use of a broad toolkit of 

analytical methods to investigate and increase our understanding of the interactions of 

luminescent cadmium-containing (CdSe) and cadmium-free (ZnSe) quantum dots (QD), with 

and without a passivating higher bandgap energy ZnS shell, with phospholipid vesicles 

(liposomes), which model bacterial membranes, and with Shewanella oneidensis MR-1, an 

environmentally relevant bacteria. A unique feature of this study is that all QD types have the 

same surface chemistry, being capped with uncharged polyethylene glycol (PEG) ligands. This 

enables focusing the study on the impact of the QD core on liposomes and bacterial cells. The 

study reveals that QD association with liposome and bacterial cell membranes is imperative for 

their adverse impact on liposomes and bacterial cells. The QD concentration dependent 

association with liposomes and bacteria destabilizes the membranes mechanically, and leads to 

membrane disruption and lysis in liposomes, and to bacterial cell death. The study also shows 

that cadmium-containing QD exhibit a higher level of membrane disruption in bacterial cells 

than cadmium-free QD. ZnSe QD have low membranal impact and coating them with a ZnS 

shell decreases their membrane disruption activity. In contrast, CdSe QD exhibit a high level of 

membranal impact, and coating them with a ZnS shell does not decrease, but in fact further 

increases their membrane disruption activity. This behavior might be attributed to higher 

affinity and association of CdSe/ZnS QD with liposomes and bacterial cells, and to a 

contribution of dissolved zinc ions from the ZnS shell to increased membrane disruption 

activity.  

 

Keywords: quantum dots, liposomes, Shewanella oneidensis MR-1, membrane association, 

membrane disruption  
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2 

 

INTRODUCTION 

 

In the last two decades luminescent semiconductor quantum dots (QD) have been incorporated 

into a broad range of applications including bio-imaging, solar cells, and display technologies.
1-

7
 Luminescent QD provide an attractive alternative to organic fluorophores in these applications 

because of their unique optical properties, including broad absorption peaks with high molar 

extinction coefficients, size-dependent narrow emission peaks, high emission quantum yield, 

and high chemical stability and photostability.
8
 Historically, cadmium and lead-containing QD 

have been widely used because of their excellent photo-physical properties and relatively simple 

syntheses.
1, 9, 10

 However, concerns about the broad use of toxic metal-containing nanomaterials 

have limited large-scale development and use of QD technologies, and led to efforts to replace 

cadmium and lead-containing QD with alternative non-toxic QD.
10-12

 For example, ZnSe QD 

have been explored as a non-toxic alternative to CdS and CdSe QD.
7, 13, 14

 This substitution 

comes with ease since ZnSe QD are structurally similar and prepared using the same synthetic 

methodology as CdSe QD. This enables us to replace cadmium with zinc in the QD cores while 

maintaining the same surface chemistry for all four QD types used in our study.  It should be 

noted that other optical nanomaterials, for example, InP
15

, graphene
16

, and silicon
17

 QD have 

been explored as nontoxic alternatives to cadmium-containing QD in QD-based technologies, 

but variations in their surface chemistry make it difficult to compare their impact on liposomes 

and cells.
18

 

 

To date, a number of toxicity studies have demonstrated that ZnSe QD are less toxic than their 

cadmium-containing counterparts.
12, 19

 The adverse effects of cadmium-containing QD on cells 

and organisms were attributed to a combination of factors including the association of the QD 

with cell membranes, QD ion dissolution, and reactive oxygen species (ROS) generation 

(particularly when the QD are irradiated with a UV light); all factors with the capability to 

negatively impact model membranes and bacterial cells.
12, 19

 Several studies have found that 

coating luminescent semiconductor QD with a higher energy bandgap shell decreases the 

toxicity of cadmium-containing QD towards cells and living organisms by inhibiting ROS 

generation and ion dissolution.
15, 20-22

 Other studies revealed that coating cadmium-containing 

QD with a passivating shell only delays adverse interactions of luminescent QD with cells and 
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3 

 

living organisms.
21, 23-28 

Cadmium dissolution is often described as a main contributor to QD 

toxicity.
21, 28-30

 In contrast, the role of zinc dissolution from commonly used CdSe/ZnS QD has 

not been considered as a main contributor to the toxicity of cadmium-containing QD since the 

ZnS shell is often assumed to be inert.
25  

 

Our study describes the interactions between luminescent CdSe and ZnSe QD with 

phospholipid vesicles (liposomes), which model the membrane of gram-negative bacteria, and 

with Shewanella oneidensis MR-1, an environmentally relevant gram-negative bacterium which 

is often used as a model organism for bioremediation research due to its metal-reducing 

capabilities.
31, 32

 ZnSe, ZnSe/ZnS, CdSe and CdSe/ZnS QD were synthesized using nearly 

identical synthesis methods to insure that the QD have the same surface chemistry and only 

differ in their cores. The synthesis, characterization, and careful control of surface chemistry of 

luminescent QD, rather than relying on commercially available QD with unknown surface 

content, is imperative to understand their interactions with model membranes and bacterial 

cells. Our study reveals that cadmium-containing QD have greater membrane disruption activity 

than cadmium-free QD, most likely due to increased membrane association and a higher rate of 

ion dissolution which destabilizes the liposome and bacterial cell membranes. Surprisingly, 

coating QD with a ZnS shell does not always decrease their membrane disruption activity. In 

CdSe/ZnS QD, structural irregularities, particularly when the QD are coated with a thick shell, 

lead to an increased dissolution rate of the ZnS shell.  While zinc ion control measurements 

reveal that the liposomes are stable in the presence of zinc ions in the sample solutions, it is still 

possible that the increased rate of zinc ion dissolution adversely impact the membrane of 

liposomes and bacterial cells when the CdSe/ZnS QD dissolve after they associated with the 

liposome or cell membranes.  
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4 

 

MATERIALS AND METHODS 

 

Reagents. Zinc stearate (ZnSt), 1-dodecylphosphonic acid (DPA, 95%), zinc formate (98%), 

and zinc acetate were purchased from Alfa Aesar. 1-Octadecene (ODE), diphenyl phosphine 

(DPP), sulfur powder, trioctylphosphine (TOP, 97%), tetramethylammonium hydroxide solution 

(TMAH, 25 wt.% in methanol), tetradecylphosphonic acid (97%), cadmium acetylacetonoate 

(CdAcAc, 99.9%), sodium chloride, LUDOX TMA colloidal silica (34 wt. % suspension in 

H2O), and hexamethyldisilathiane ((TMS)2S, synthesis grade) were purchased from Sigma 

Aldrich. Selenium powder (Se, 99.5%), 1-hexadecylamine (HDA, 90%), oleylamine (C18 

content 80-90%), and sodium hydroxide were purchased from Acros Organic. BD Difco™ 

Dehydrated Culture Media: LB Broth, Dulbecco's Phosphate-Buffered Saline (without calcium 

and magnesium), BD Difco™ Dehydrated Culture Media: Granulated Agar, Corning Cellgro 

DPBS (1X), chloroform, toluene, methanol, HEPES Buffer (1M), and nitric acid (Trace Metal 

Grade) were purchased from Fisher Scientific. Instrument Calibration Standard 2 (5% HNO3/ 

Tr. Tart. Acid/ Tr. HF) for inductively coupled plasma mass spectrometry (ICP-MS) was 

purchased from Claritas PPT SPEX CertiPrep. DHLA-PEG750-OCH3 was prepared and 

purified with slight modifications to a previously reported protocol.
33, 34

 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (sodium salt) (POPG), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-

nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-POPE) were purchased from Avanti 

Polar Lipids, Inc. Calcein disodium salt (calcein) was purchased from Fluka. Shewanella 

oneidensis MR-1 BAA-1096 was purchased from American Type Culture Collection. 

 

ZnSe and ZnSe/ZnS QD Synthesis. ZnSe and ZnSe/ZnS QD were synthesized according to a 

previously reported procedure.
14

 The reaction was carried out in a 25 ml three-neck round 

bottom flask under stirring. The zinc precursor solution was prepared in the round bottom flask 

by dissolving 632 mg (1 mmol) ZnSt powder in 5.0 mL of ODE at 120°C under inert nitrogen 

gas. The three-neck flask was vacuumed out for 30 minutes and then backfilled with nitrogen 

gas while heating the solution to 280°C. A selenium precursor solution was prepared by 

dissolving 7.9 mg selenium powder in a solution containing 17 µl DPP and 670 µL toluene 

(selenium concentration of 0.15 M). This selenium solution was injected rapidly into the 
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5 

 

reaction mixture and allowed to react for 5 minutes at 280°C before cooling the flask to room 

temperature. A second selenium precursor solution was prepared by dissolving 78.9 mg 

selenium powder in 800 µl TOP (selenium concentration of 1.0 M). This selenium precursor 

solution was injected into the reaction mixture at room temperature. The reaction mixture was 

heated and kept at 280°C for 20 minutes, then cooled down to room temperature. The formed 

ZnSe QD were immediately coated with a ZnS shell or stored in their reaction mixture at room 

temperature and away from light. Two precursor solutions were prepared for the ZnS shelling: 

1) 32.1 mg sulfur powder in 1 ml TOP (sulfur concentration of 1.0 M), and 2) 632 mg (1.0 

mmol) of zinc stearate dissolved in 8 ml ODE. The ZnS shell precursor solutions were injected 

into the reaction mixture at room temperature. The reaction mixture was then heated, kept at 

280 °C for 20 minutes, and finally cooled to room temperature. The resulting ZnSe/ZnS QD 

were stored in the reaction mixture at room temperature and away from light. Prior to their 

immediate future use, QD were washed multiple times to remove excess reactants. 

 

CdSe and CdSe/ZnS QD Synthesis. CdSe QD were synthesized according to a previously 

reported procedure.
35

 The reaction was carried out in a 50 ml three-neck round bottom flask 

under stirring. A cadmium precursor solution was prepared by dissolving 5.0 grams 

hexadecylamine in a 10 ml TOP solution that also contained 2.1 mmol tetradecylphosphonic 

acid, and 1.0 mmol of CdAcAc. The solution was heated to 100°C under inert nitrogen gas for 

the reactants to fully dissolve. The flask was vacuumed out for 30 minutes then backfilled with 

nitrogen gas. The solution was heated to 250°C, cooled back down to 100°C and vacuumed 

again for 30 minutes. After backfilling with nitrogen, the vessel was heated to 300°C. A 5 ml 

selenium precursor solution, which contained 0.84 M selenium powder in TOP, was injected 

rapidly into the reaction mixture. The CdSe QD formed instantly and the reaction mixture was 

cooled to 80°C for overnight annealing. The resulting CdSe QD were stored in the reaction 

mixture at room temperature and away from light. CdSe/ZnS QD were synthesized using 

successive ionic layer adsorption and reaction (SILAR). SILAR calculation and shelling was 

carried out following a previously described protocol where 0.3nm radius monolayers of a ZnS 

shell are added one at a time.
36

 0.15 µmoles of washed CdSe QD were added to a solution that 

contained 6 ml ODE, 4 ml TOP, 6 ml oleylamine, and 10 mg of dodecylphosphonic acid in a 50 

ml round bottom flask under nitrogen gas. The solution was heated and kept at 100°C under 
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6 

 

high vacuum. The flask was backfilled with nitrogen gas. Then, the first aliquot of zinc 

precursor (0.05 M zinc formate in oleylamine), which was calculated from the core size to add a 

0.3 nm radius monolayer of a ZnS shell, was injected over 15 minutes. The reaction mixture 

was heated and kept at 160°C, and an aliquot of sulfur precursor (0.25 M (TMS)2S in TOP) was 

injected over 15 minutes to form the first monolayer of ZnS shell. The QD were then annealed 

at 160°C for 20 minutes. The reaction mixture was heated and kept at 170°C while the process 

of adding zinc and sulfur precursors over 15 minutes and annealing over 20 minutes was 

repeated. The shelling process was repeated, each time at 10°C higher temperature until the 

desired ZnS shell thickness was realized. Finally, the reaction mixture was heated and kept at 

200°C and 0.5 ml oleic acid was added dropwise over one hour. The reaction mixture was then 

allowed to slowly cool to room temperature.  

 

Capping Luminescent QD with DHLA-PEG750-OCH3 Ligands. Luminescent QD were 

capped with DHLA-PEG750-OCH3 ligands (MW= 927 g/mol) to enable their aqueous solution 

miscibility. The ligand exchange process used to prepare the DHLA-PEG750-OCH3 coated QD 

removed some TOPO ligands from the QD surface and shield the remaining ones from 

interacting with liposome membranes and bacterial cells.
37

 This is an imperative step to 

minimize the ligand contribution to QD toxicity since TOPO ligands have been shown to be 

highly toxic.
38

 The ligand exchange was carried out by following a previously reported 

procedure.
39

 The DHLA ligand (0.25 mmol), 0.5 mmol sodium hydroxide, 0.13 mmol zinc 

acetate, and 1 mL of methanol were sonicated together in a septum-closed vial filled under 

nitrogen gas. 10 nmol of purified QD were dissolved with a minimal amount of chloroform, 

dried under vacuum, and put under a flow of nitrogen. The DHLA ligand solution was added to 

the QD solution, and then left overnight at 50 °C under nitrogen gas. The next day 1 mL of 

ethyl acetate and enough hexane to separate solvents into two distinct layers were added to the 

QD, stirred, and allowed to separate. The hexane layer was removed to waste. The QD in the 

ethyl acetate layer were dried under vacuum, and then dispersed in Millipore water. The QD 

solution was passed through a 0.45 SFCA syringe filter into a 30,000 MWCO spin filtration 

device for washing using three centrifugation cycles at 2000xg for 5 minutes at room 

temperature. 
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7 

 

 

Absorbance and Fluorescence Instrumentation. UV-Vis absorption spectra were obtained 

using a Thermo Scientific Evolution 201 UV-Vis spectrophotometer. Fluorescence 

spectroscopy measurements were carried out using a PTI-Horiba QuantaMaster 400 fluorimeter, 

equipped with an integration sphere for emission quantum yield measurements, and with a 

PicoMaster TCSPC detector for fluorescence lifetime measurements. A Molecular Devices 

SpectraMax M5 Microplate reader was used to observe of changes in fluorescence emission 

over time. 

 

Preparation of Calcein-Containing Liposomes. 10:1 molar POPC: POPG liposomes filled 

with calcein dye were prepared via a dehydration/rehydration method.
40

 In a 500 mL round 

bottom flask, 2 mL of 25 mg/mL POPC and 0.50 mL of 10 mg/mL POPG in chloroform were 

stirred together under nitrogen gas to create a dry phospholipid film. The flask was further 

vacuumed overnight to remove all organic solvent. A 5 mL stock solution containing 5 mM 

calcein disodium salt in 2 mM HEPES and 25 mM sodium chloride at pH 7.4 was prepared. 3 

mL of the calcein solution was added to the dried lipids. The flask was immersed in dry ice-

acetone bath until the solid film began to dissociate from the bottom of the flask. The flask was 

then placed in a water bath at room temperature to form the liposomes. This process was 

repeated ten times to ensure dye encapsulation in the liposomes. 1 mL of the liposome solution 

was extruded 15 times through an Avanti Polar Lipids 50 nm pore mini extruder with a 

polycarbonate membrane. The liposome sample was then run through a Sepharose CL-4B silica 

column (10 mm x 100 mm) with free HEPES buffer to remove free fluorophore molecules from 

the dye-containing liposomes.  

 

Calcein-Containing Liposomes Lysis Assays. Liposome lysis analysis used the time-based 

function of the PTI-Horiba QuantaMaster 400 fluorimeter. The excitation wavelength was set to 

480 nm, the absorbance maximum of the dye. The emission of calcein was observed at 515 nm, 

until the fluorescence intensity stabilized typically after 15 minutes. The emission of leaked 

calcein after interactions with each test sample was observed for 20 minutes total, with stirring, 

at these parameters: 1-2 minutes to determine background fluorescence of liposomes, 15 

Page 8 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

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



8 

 

minutes for substrate to interact with liposomes, 2-3 minutes for maximum liposome lysis to be 

determined after a 40 µL injection of 1% Triton X-100 in Millipore water. 

 

Preparation of Dye-Free Liposomes. 10:1 molar POPC: POPG dye-free liposomes were 

prepared via the same methods, with the exception that lipids dried overnight were hydrated 

with 3mL of 2 mM HEPES and 25 mM sodium chloride solution, followed by 

dehydration/rehydration and extrusion.  

 

Preparation of NBD-labeled Liposomes. 10:1:0.1 molar POPC: POPG:NBD-POPE liposomes 

were prepared for a ~1% mol ratio of labeled to unlabeled lipids.
41

 In a 250 ml round bottom 

flask, 400 µL of 25 mg/mL POPC, 100 µL of 10 mg/mL POPG, and 100 µL of 10 mg/mL 

NBD-POPE in chloroform were stirred together under nitrogen gas to create a dry phospholipid 

film. The flask was further vacuumed overnight to remove all organic solvent. The next day, 

7.5mL of 2 mM HEPES and 25 mM sodium chloride at pH 7.4 was used to hydrate the lipids to 

a 2mM lipid concentration. The flask was taken through ten freeze/thaw cycles. Finally, 1 mL at 

a time, the liposome solution was extruded 15 times through an Avanti Polar Lipids 50 nm pore 

mini extruder with a polycarbonate membrane. 

 

NBD-labeled Liposomes Fluorescence Lifetime Assays. NBD-labeled liposome steady state 

fluorescence was observed from 495-650nm, with the excitation wavelength set to 470 nm. The 

fluorescence lifetime of the dye was observed at 515 nm.
42

 Steady state and emission readings 

were conducted of the NBD-labeled liposomes alone, immediately after the addition of 0.5nM 

QD, 4 hours after the addition, and 8 hours after the addition. Only data for 4 hours after the 

addition of QD is shown.  

 

Bacterial Culture and Colony Counting when Exposed to QD. Shewanella oneidensis MR-1 

bacteria were cultured by streaking an LB-agar plate with bacteria and then incubating the plate 

in a 30 °C incubator overnight. Liquid cultures were grown by transferring colony inoculants 

from the plate to 10 mL of LB broth and incubating for 4 hours at 30 °C in an orbital shaker, to 

their mid-log phase. Cells were then harvested by centrifugation for 10 minutes at 2000xg, 

washed in Dulbecco's phosphate-buffered saline (D-PBS) buffer, and suspended in a HEPES 
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9 

 

buffer (2 mM HEPES and 25 mM NaCl, at pH 7.4). The cultures were then diluted to 0.2 OD at 

600 nm (OD600) to achieve a cell density of approximately 2 x 10
8
 colony-forming units 

(CFUs) /mL. Serial 10-fold dilutions of this bacterial suspension were performed to achieve a 

cell concentration of 10
4
 CFUs/mL in HEPES buffer. The resultant diluted bacteria suspension 

was treated with QD, in a total volume of 150 µL, at varying concentrations. The QD-exposed 

cells were incubated on rotary shaker for 15 minutes, and then the viability of Shewanella 

oneidensis MR-1 bacteria was determined using a drop-plate colony-counting protocol.
43

 Six 10 

µL droplets of the exposed bacterial suspensions and untreated negative controls were dropped 

on an LB-agar plate, which were pre-sterilized under UV-illumination for 20 minutes. The 

droplets were dried under air flow in a biological cabinet, and then incubated at 30°C for 20 

hours before colonies were counted using a Bantex Colony Counter 920A.  

 

Inductive Couple Plasma Mass Spectrometry (ICP-MS) of QD, QD Ion Dissolution, and 

QD Association with Bacteria. Inductive coupled plasma mass spectrometry (ICP-MS) 

measurements of QD, bacteria, and QD-bacterial samples were carried out using a PerkinElmer 

NexION 300D single quad mass spectrometer.  The Instrument Calibration Standard 2 was used 

daily to prepare calibration curves from 0.1 ppb to 1 ppm for the different ion analytes 

(cadmium, selenium, zinc) which could be generated from dissolving the QD. Sample 

preparation for ICP-MS analysis was as follows: For QD in organic solvents, QD sample at 

predetermined concentration in chloroform was put into a scintillation vial containing acetone 

and centrifuged to precipitate out the QD. The QD were allowed to dry, nitric acid was added to 

dissolve the sample, and then Millipore water was added to QD-nitric mixture to dilute nitric 

acid concentration to 2% by volume. For QD in aqueous solution, QD samples of predetermined 

concentrations were dissolved by adding nitric acid to the solution. The solution was kept at 

room temperature overnight. Millipore water was added to the QD-nitric acid mixtures to dilute 

the nitric acid concentration to 2% by volume and a total sample volume of at least 5 mL. For 

investigation of QD dissolution, known concentrations of QD solution were centrifuged through 

30,000 MWCO spin filtration devices at 2000xg and the supernatant analyzed for ion content. 

The level of association of QD with Shewanella oneidensis was determined using ICP-MS 

measurements as follows:  Shewanella oneidensis bacterial cells were cultured in Luria-Bertani 

(LB) broth overnight. The resulting bacterial suspension was centrifuged for 10 min at 2000xg, 
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10 

 

washed in Dulbecco's phosphate-buffered saline (D-PBS) buffer, suspended in a HEPES buffer 

(2 mM HEPES and 25 mM NaCl, at pH 7.4) and the OD was adjusted to 0.8 at 600 nm 

(OD600). The diluted bacterial suspension was treated with CdSe and CdSe/ZnS QD at 

concentrations equivalent to Cd core concentrations of 0.5 mg/L, 1 mg/L and 2mg/L. Similarly, 

the treatment concentrations used for the ZnSe and ZnSe/ZnS QDs were equivalent to Zn core 

concentrations of 1mg/L, 2mg/L and 5 mg/L. After an exposure time of 15 mins for the bacteria 

and QDs, the cells were harvested as pellets by centrifugation at 2000xg for 10 min. At this low 

speed of centrifugation only bacterial cells were precipitated along with associated QD, and free 

QD in the supernatant were discarded. The QD-treated bacterial cell pellets were analyzed with 

ICP-MS to determine the levels of cadmium and zinc, to confirm QD association with bacterial 

cells.  

 

Hyperspectral Imaging of CdSe and CdSe/ZnS QD and Bacteria. Images of Shewanella 

oneidensis MR-1 bacteria following incubation with CdSe or CdSe/ZnS QD 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. Spectral data 

were acquired with a Cytoviva® spectrophotometer and integrated CCD camera in both the 

visible and near-infrared range (400-1000 nm). Analysis of the HSI spectra was performed by 

the Environment for Visualization software (ENVI 4.4 version). Spectral libraries of CdSe and 

CdSe/ZnS QD and Shewanella oneidensis MR-1 bacteria were used to help analyze HSI 

spectral angle mapper (SAM) spectral patterns and characterize association of the QD with the 

bacterial cells. 

 

High Resolution Transmission Electron Microscopy of QD. High resolution transmission 

electron microscopy (HR-TEM) images of QD were obtained using a Titan 80-300 S/TEM, 

operating at 300 kV with a Gatan OneView imaging camera. QD samples were drop coated 

onto mesh copper grids with ultrathin carbon film on holey carbon support film (Ted Pella, Inc.) 

Grids were then placed in vacuum oven overnight before analysis. 
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Biological Transmission Electron Microscopy of Bacteria Incubated with QD. Biological 

transmission electron microscopy (BioTEM) images of bacteria exposed to QD were obtained 

using a FEI Tecnai T12 TEM after the following preparation. Shewanella oneidensis bacteria 

were cultured in LB broth overnight. The next day, bacteria were washed with DPBS buffer, 

diluted to an OD of 0.8 (OD600) in HEPES, then exposed 1mg/L of CdSe/ZnS QD for 15 

minutes. This bacterial suspension was centrifuged down to a pellet, washed thrice with 0.1 M 

cacodylate buffer solution, then resuspended in a fixation buffer of 2.5% glutaraldehyde in 0.1 

M sodium cacodylate buffer and fixed for 50 minutes. The fixed bacterial cells were then 

centrifuged, washed with sodium cacodylate buffer, and dehydrated stepwise with increasing 

concentration of ethanol (30, 50, 70, 80, 90, 95, and 100% ethanol in water). After the ethanol 

rinsing steps, the pellet was washed with propylene oxide three times. The resin infiltration 

steps were performed in the following manner. The pellet was soaked first in a 2:1 propylene 

oxide: epoxy resin mixture for 2 h, and then in a 1:1 propylene oxide: epoxy resin mixture 

overnight. Next day, the 1:1 propylene oxide: epoxy resin mixture was removed and replaced 

with a fresh batch of 1:1 propylene oxide: epoxy resin mixture for 5 h, and finally incubated in a 

pure resin mixture and infiltrated overnight. The resin sample was then cured in a 40 °C oven 

for one day and then 60 °C oven for two days. Leica UC6 microtome and Diatome diamond 

knife was used to make ultrathin sections (65 nm) of this resin-embedded bacterial sample, and 

uranyl acetate and lead citrate was used to stain them. These sections were placed on copper 

TEM grids (Ted Pella Inc.). 
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RESULTS AND DISCUSSION 

 

Characterization of Cadmium-Containing and Cadmium-Free QD. Cadmium-containing 

CdSe and cadmium-free ZnSe QD were synthesized by the commonly used “hot injection” 

method.
14, 35

 The CdSe and ZnSe QD were coated with a ZnS shell following previously 

reported procedures.
14, 36

 UV-Vis absorption and emission spectra of CdSe and CdSe/ZnS QD 

are shown in Figure 1A. The UV-Vis absorption spectra show excitation peaks at 505 nm for 

CdSe QD, and a red-shifted excitation peak at 552 nm for CdSe/ZnS QD. The emission spectra 

show corresponding emission peaks at 522 nm for CdSe QD and 580 nm for CdSe/ZnS QD. 

The emission quantum yields of CdSe and CdSe/ZnS QD were measured to be 13% and 43%, 

respectively. The full peak width at half maximum (FWHM) of CdSe and CdSe/ZnS QD were 

27 and 34 nm, respectively. The UV-Vis absorption and emission spectra for ZnSe and 

ZnSe/ZnS QD are shown in Figure 1B. The UV-Vis absorption spectra show excitation peaks at 

410 and 418 nm for ZnSe and ZnSe/ZnS QD, respectively. The emission spectra show 

corresponding emission peaks at 418 for ZnSe QD and 423 nm for ZnSe/ZnS QD. The emission 

quantum yields of the ZnSe QD and ZnSe/ZnS QD were 5% and 10%, respectively. The 

FWHM of the ZnSe QD and ZnSe/ZnS QD were 17 and 15 nm, respectively. Time-resolved 

photoluminescence measurements were also carried out to determine the impact of the ZnS 

shell on the cadmium-containing and cadmium-free QD (see supporting information for details). 

The fluorescence lifetime of CdSe QD was 29.6 ± 0.4 nsec. It decreased to 16.9 ± 1.0 nsec when 

the CdSe QD were coated with a ZnS shell to form CdSe/ZnS QD. The fluorescence lifetime of 

ZnSe QD was 7.4 ± 0.3 nsec. It decreased to 6.4 ± 0.1 nsec when the ZnSe QD were coated with 

a ZnS shell to form ZnSe/ZnS QD. This decrease in fluorescence lifetime when core QD are 

passivated with a higher energy bandgap ZnS shell is attributed to increased confinement of the 

excited electrons in the core QD and is consistent with previous studies.
44

 The distinct excitonic 

peaks in the UV-Vis spectra, the narrow and symmetric emission peaks, and the increase in 

emission quantum yield with a corresponding decrease in fluorescence lifetime when the QD 

are passivated with a higher energy bandgap shell suggest that both the cadmium-containing 

CdSe and CdSe/ZnS QD, and the cadmium-free ZnSe and ZnSe/ZnS QD are of high quality, 

and display the photo-physical properties required in luminescent QD-based applications.  
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A ligand exchange reaction was carried out to replace the organic capping ligands of the QD 

with uncharged DHLA-PEG750-OCH3 ligands (Scheme 1). This allowed the QD to be 

dispersed in aqueous media  and made them suitable for the liposome lysis and bacterial 

viability assays. More importantly, the use of the same capping ligand in all four QD types 

enabled direct comparison between the membrane disruption activity of cadmium-containing 

and cadmium-free QD. 
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Figure 1. Normalized absorbance and 

emission spectra of CdSe and CdSe/ZnS 

QD (λex = 375 nm) (A), and ZnSe and 

ZnSe/ZnS QD (λex = 350 nm) (B).  
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Scheme 1.  Schematic of ZnSe and CdSe QD shelling to form ZnSe/ZnS and CdSe/ZnS QD, 

and their ligand exchange to enable QD dispersity in aqueous solution by replacing hydrophobic 

TOPO with DHLA-PEG amphiphilic ligands 
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Interactions of CdSe and ZnSe QD with Liposomes - Liposome lysis assays were carried out 

to determine the membrane disruption activity of cadmium-containing CdSe and CdSe/ZnS QD, 

and cadmium-free ZnSe and ZnSe/ZnS QD. Unlike bacteria or other living organisms, 

liposomes do not possess active mechanisms to degrade QD. Therefore, differences in the 

interactions between QD and liposomes membranes could only be attributed to differences in 

association of the QD with the liposome membrane due to differences in QD size, shape, and 

surface chemistry, and to differences in ion dissolution and reactive oxygen species (ROS) 

generation that could affect ion interactions with the liposome membrane. It should be noted 

that the rates of ROS generation are negligible in our experiments, which are conducted under 

room light conditions in the absence of directed QD irradiation. Liposomes, with a phospholipid 

composition that models cell membranes of gram negative bacteria, were loaded with 10 mM 

calcein. Calcein was chosen as the fluorophore for the liposome lysis assays primarily because 

of its high encapsulation efficiency, and the high anti-leaking stability of calcein-containing 

liposomes in aqueous solutions.
45

 Loading the liposomes with 10 mM calcein resulted in self 

quenching of the fluorescent calcein molecules. The calcein-containing liposomes were exposed 

to increasing concentrations of cadmium-containing and cadmium-free QD up to 0.5 mg/mL 

selenium ion equivalents. The fluorescence of the calcein-containing liposomes was 

continuously measured at 515 nm (λex = 480 nm) during the liposome lysis assays. Membrane 

disruption of the liposomes led to the release and dilution of calcein in the sample solutions, 

which in turn led to an increase in calcein fluorescence. The QD were selected to have minimal 

excitation at 470 nm and minimal fluorescence at 515 nm to minimize spectral overlap with 

calcein absorption and fluorescence.  

 

Figure 2 describes the liposome lysis efficiency of the cadmium-containing and cadmium-free 

QD. Figure 2A and shows the temporal dependence of calcein fluorescence (normalized) of the 

calcein-containing liposomes prior to QD exposure (background fluorescence), following the 

exposure of the liposomes to CdSe QD (black) and CdSe/ZnS QD (red) which contain 0.5 mg/L 

selenium ion equivalents in their core, and following the addition of 1% Triton solution to 

disrupt and release all the calcein molecules from the liposomes. The blue curve follows the 

fluorescence of calcein-free liposomes when CdSe/ZnS QD with 0.5 mg/L selenium ion 

equivalents in their core were added to the solution. The slight increase in fluorescence due to 
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direct excitation of the CdSe/ZnS QD at 470 nm (an unfavorable excitation wavelength) 

represents the highest level of optical interference in our QD exposure experiments. The level of 

optical interference is significantly lower when CdSe QD within the same concentration range 

are added to the calcein-free liposome solutions. The contribution of QD emission due to direct 

excitation was therefore neglected based on these control measurements. Figure 2A and 2B 

show that all QD types have membrane disruption activity.  Figure 2A shows that CdSe/ZnS 

QD cause higher liposome lysis compared to non- shelled CdSe QD, which might be attributed 

to shell instability. In contrast, Figure 2B shows that ZnSe/ZnS QD cause less liposome lysis 

than non-shelled ZnSe QD, indicating a significantly higher ZnS shell stability on ZnSe QD 

relative to CdSe QD.  

 

The percent liposome lysis efficiency of CdSe and CdSe/ZnS QD (Figure 2C) and ZnSe and 

ZnSe/ZnS QD (Figure 2D) was calculated based on the following expression: 

 

% Lysis = [(Ieq – Ib) / (Itri – Ib)] x 100   [1] 

 

where Ieq is the fluorescence intensity of the liposomes when reaching equilibrium following the 

exposure of the calcein-containing liposomes to QD; Ib is the background fluorescence of the 

calcein-containing liposomes prior to QD exposure; and Itri is the fluorescence intensity of the 

liposome sample following complete disruption and release of calcein molecules due to the 

exposure of the calcein-containing liposomes to the 1% Triton solution. Figure 2C and 2D show 

the concentration dependence of the liposome lysis efficiency when the calcein-containing 

liposomes were exposed to increasing concentrations of CdSe QD and CdSe/ZnS QD (Figure 

2C), and ZnSe and ZnSe/ZnS QD (Figure 2D). The membrane disruption activity is 

concentration-dependent for all QD types. Cadmium-containing CdSe and CdSe/ZnS QD 

exhibit higher levels of membrane disruption activity than cadmium-free ZnSe and ZnSe/ZnS 

QD. For example, exposure of the calcein-containing liposomes to CdSe and CdSe/ZnS QD 

with 0.5 mg/L selenium ion equivalents in their core resulted in 38 ± 1% and 42 ± 1% liposome 

lysis efficiency. In contrast, exposure of the calcein-containing liposomes to ZnSe and 

ZnSe/ZnS QD at 10-fold higher selenium ion equivalents in their cores resulted in 15 ± 4%, and 

10 ± 1% liposome lysis efficiency respectively. Coating ZnSe QD with a ZnS shell decreased 
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their membrane disruption activity almost to the level of liposome lysis observed when the 

calcein-containing liposomes were exposed to the DHLA-PEG ligands at ppb levels (the levels 

anticipated if all ligand molecules would be desorbed from the QD surface). In contrast, coating 

CdSe QD with a ZnS shell slightly increased, rather than decreased, their membrane disruption 

activity. The differences in lysis efficiency between CdSe and ZnSe QD, and the opposite effect 

of coating them with a ZnS shell on their membrane disruption activity was unexpected since 

the synthesis methods used to prepare the CdSe and ZnSe QD and their surface chemistry were 

nearly identical. The source of this unexpected result is explored in the following paragraphs.  
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Figure 2. Normalized emission traces comparing the membrane disruption activity of CdSe and 

CdSe/ZnS QD (A), and ZnSe and ZnSe/ZnS QD (B). The negative control (blue) curves follow 

the exposure of calcein-free liposomes to CdSe/ZnS QD (A) and ZnSe/ZnS QD (B). Figure 2C 

shows the concentration dependence of the liposome lysis efficiency for CdSe (black) and 

CdSe/ZnS (red) QD. Figure 2D shows the concentration dependence of the lysis efficiency for 

ZnSe (black) and ZnSe/ZnS (red) QD. Each liposome lysis efficiency value is the average of 

three replicate measurements (N=3). The error bars are ± standard deviation from the mean 

value.  
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Liposomes Lysis Assays of CdSe/ZnS QD with Varying Shell Thickness - Having observed 

an increase in membrane disruption activity when CdSe QD are coated with a ZnS shell, we 

investigated how the shell thickness affects the liposome lysis efficiency of CdSe/ZnS QD. 

Transmission electron microscopy (TEM) measurements were used to confirm an increase in 

QD size when CdSe QD were coated with a ZnS shell of increasing thickness (see supportive 

information for details). Figure 3A shows the temporal dependence of the fluorescence of 

calcein-containing liposomes prior to QD exposure (background fluorescence), following the 

exposure to CdSe QD (black), and CdSe/ZnS QD with a shell thickness of one monolayer 

(green), three monolayers (red), and six monolayers (blue). All experiments were conducted 

with CdSe and CdSe/ZnS QD that contained 0.5 mg/L in their core as was determined by ICP-

MS. Control experiments involving the addition of CdSe and CdSe/ZnS QD of the same 

concentration to liposome-free and calcein-free liposome solutions showed an instant but 

negligible increase in QD fluorescence under our illumination conditions (λex = 480 nm, λem = 

515 nm). The negligible contribution of QD fluorescence is expected since QD concentrations 

in our liposome lysis experiments are three orders of magnitude lower than the concentration of 

calcein in the liposome solution following liposome lysis. The liposome lysis efficiencies were 

calculated from the curves in Figure 3A using equation 1 (see above) as 44 ± 3% for CdSe QD 

(no shell), 42 ± 1% for CdSe/ZnS QD with one monolayer, 49 ± 3% for CdSe/ZnS QD with 

three monolayers, and 70 ± 1% CdSe/ZnS QD with six monolayers ZnS shell thickness. A 

slower membrane disruption efficiency is observed when the liposomes are exposed to 

CdSe/ZnS QD with one monolayer shell, a shell thickness that seems to delay but not to prevent 

the liposome lysis. Further increase in shell thickness results in increasing liposome lysis 

efficiency, most significantly when the CdSe QD are coated with a thick six-monolayer ZnS 

shell.  

 

ICP-MS measurements of cadmium, zinc, and selenium ions were used to determine the 

chemical stability of ZnSe QD, ZnSe/ZnS QD, CdSe QD, and CdSe/ZnS QD with varying shell 

thickness and concentration. Figure 3B describes the results of ICP-MS measurements used to 

determine the level of ion dissolution in CdSe and CdSe/ZnS QD with varying ZnS shell 

thickness between one and six monolayers at increasing concentrations from 0 to 0.5 mg/L 

selenium ion equivalents in QD which were added to a HEPES buffer at pH 7.4. The QD were 
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incubated in HEPES buffer at room temperature for various time intervals ranging from 15 

minutes to 24 hours. The QD were then filtered out by passing the QD solution through a 30K 

MWCO filter under slow speed centrifugation of 2000xg at room temperature. The levels of 

cadmium and selenium in the supernatant for all QD were negligible. In contrast, CdSe/ZnS QD 

exhibited significant zinc ion dissolution over 24 hours, which increased with CdSe/ZnS QD 

concentration and ZnS shell thickness. It should be noted that it is difficult to quantify the 

amount of released zinc ions from the QD due to high native levels of zinc in aqueous samples 

and glassware.
46

 Nevertheless, the QD concentration dependence and ZnS shell thickness 

dependence of zinc ions levels in the samples strongly suggest a significant level of zinc ion 

dissolution, in the mg/L range, from the CdSe/ZnS QD within the time scale of our liposome 

lysis assays. It is therefore fair to conclude that zinc ion dissolution increases the adverse impact 

of CdSe/ZnS QD on the liposome membranes beyond their impact due membrane association 

and disruption. It is important to note that the luminescence properties of the CdSe/ZnS QD, 

including emission quantum yield and peak width, do not change during the 15-minute long 

incubation and liposome lysis assays, which were conducted in HEPES buffer at pH 7.4 and 

room temperature as well. This is consistent with previous studies in our laboratory, which 

showed that a single monolayer of ZnS shell is sufficient to realize ~90% enhancement in 

luminescence properties of CdSe/ZnS QD, and the value of additional ZnS shell layers is more 

in delaying the degradation of the core CdSe QD.
44

 It is interesting to note that ZnSe/ZnS QD 

exhibited significantly higher shell stability, and the levels of zinc ions in the supernatants of 

incubated ZnSe/ZnS QD were negligible (not shown). This was observed even though CdSe and 

ZnSe QD were coated with the same ZnS shell using nearly identical shelling conditions. The 

increased ZnS shell stability on ZnSe QD is attributed to a greater crystal plane matching in 

ZnSe/ZnS than in CdSe/ZnS QD. 
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Figure 3. Normalized emission traces from 

calcein-filled liposomes when exposed to 

CdSe QD with 0 to 6 monolayers (ML) (A). 

ICP-MS signal intensities of zinc, cadmium, 

and selenium ions resulting from the 

dissolution of CdSe QD and CdSe/ZnS QD 

with one, three and six monolayers shell in 

HEPES buffer at pH 7.4 (B). Only zinc ion 

dissolution is observed indicating 

degradation of the ZnS shell. N=3 for each 

condition, and error bars are omitted for 

clarity. 

 

 

 

 

 

 

 

  

0
5

10
15
20
25
30

0
0
.0

5
0
.1

0
.2

0
.5 0

0
.0

5
0
.1

0
.2 0

0
.0

5
0
.1

0
.2 0

0
.0

5
0
.1

0
.2

CdSe QDs CdSe/ZnS

(1ML) QDs

CdSe/ZnS

(3ML) QDs

CdSe/ZnS

(6ML)
QDs

IC
P

-M
S

 S
ig

n
a

l

Selenium Ion Equivalents (mg/L)

Cd-111 Se-78 Zn-66

-10

10

30

50

70

90

0 300 600 900 1200

E
m

is
si

o
n

 C
h

a
n

g
e 

(%
)

Time (sec)

0 ML

1 ML

3 ML

6 ML

A 

B 

Page 23 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

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



23 

 

Association of QD with Liposomes as a Key Contributor to Liposome Membrane 

Disruption - The ICP-MS results described above showed negligible cadmium and selenium 

ion dissolution from CdSe QD during 15-minute long incubation in liposome free and liposome 

containing HEPES buffer solutions at pH 7.4. In addition, ion control experiments revealed a 

lack of lysis activity when liposomes were incubated for 15 minutes with QD supernatants (no 

QD in the incubation mixture), and in cadmium and selenium ion solutions at concentrations 

resulting from total dissolution of CdSe with 0.5 mg/L in their cores. And yet, a measurable 

difference between the membrane disruption activity of CdSe and ZnSe QD and an increase in 

the membrane disruption activity of CdSe/ZnS QD with increasing shell thickness were 

observed. Based on these results we hypothesized that QD association with the liposome 

membranes play a major role in the membrane disruption activity of QD and that the association 

of QD with liposomes differs for different QD types. Association between the QD and the 

liposome destabilizes the liposome membranes mechanically. The instability of ZnS shell on 

CdSe/ZnS QD results in zinc ion dissolution when the QD degrade, and the increase in local ion 

concentration near the membrane could also contribute to membrane disruption. To validate this 

hypothesis, we prepared NBD-labeled liposomes and investigated their interactions with CdSe 

and ZnSe QD. NBD is an environmentally sensitive dye. In the literature, a fluorescence 

increase and a fluorescence lifetime decrease were reported with decreasing polarity of  the 

NBD environment.
42

 In contrast, a fluorescence decrease was reported when NBD molecules 

react with ROS
 
.
41

 Fluorescence spectra of NBD prior to and following exposure of NBD 

liposomes to CdSe and ZnSe QD are shown in Figures 4A and 4B. The fluorescence spectra of 

NBD liposomes (λex = 470nm and λem max = 515nm) prior to and following QD exposure are 

shown in black and red, respectively. The residual fluorescence spectra of CdSe and ZnSe QD 

at this unfavorable excitation wavelength are shown in blue. A 6-fold increase in the 

fluorescence intensity of the NBD liposomes is observed following their exposure to CdSe 

(Figure 4A) and ZnSe (Figure 4B) QD. This is attributed to decreased polarity of the NBD 

environment due to the associating of the PEG-coated QD with the liposome membranes, which 

effectively shield the NBD headgroup from water molecules and ions in the buffer solution. The 

lack of fluorescence decrease following the incubation of QD with the liposomes strongly 

suggests that ROS are not formed and therefore not a significant contributor to membrane 

disruption under our experimental conditions (short exposure, no UV irradiation). Fluorescence 
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lifetime measurements shown in Figure 4C for CdSe and 4D for ZnSe QD provide additional 

indication that the QD associate with the liposome membranes. Table 1 summarizes the 

fluorescence lifetime and the exponential terms used to fit the fluorescence lifetime decay 

curves of NBD liposomes prior and following a 4-hour long exposure to CdSe and ZnSe QD. A 

decrease in the fluorescence lifetime from 5.87 ± 0.23 nsec to 5.17 ± 0.03 nsec and to 5.23 ± 

0.03 nsec when the NBD liposomes are incubated for 4 hours with CdSe and ZnSe QD, 

respectively, is observed. Additionally, the fluorescence lifetime decay curve of NBD liposomes 

prior to QD exposure, is described by two exponential terms with τ1 = 2.81 nsec and τ2 = 9.58 

nsec with almost equal weights of ~55 and 45%. These two terms are attributed to the NBD 

heterogeneous environment, which is equally affected by the hydrophobic backbone of the 

liposome membrane and the outer aqueous environment of the liposomes. A significantly 

increased mono-exponential character is observed when the PEG-coated QD interact with the 

liposome membrane. The fluorescence lifetime decay curves (red) are still described by two 

exponential terms, for CdSe QD τ1 = 3.78 nsec and τ2 = 9.24 nsec and for ZnSe QD τ1 = 3.84 

nsec and τ2 = 9.43 nsec, but their weights change to ~72 and 28% in both QD types. The 

decrease in fluorescence lifetime and the increase in mono-exponential character of the 

fluorescence lifetime decay curves are consistent with a decrease in the polarity of the NBD 

environment, which is attributed to association of the PEG-coated QD to the NBD liposomes. 

As expected, the change in NBD fluorescence and fluorescence lifetime does not depend on the 

QD core composition. It only depends on the surface chemistry of the QD, which is nearly 

identical for CdSe and ZnSe QD as both QD types undergo a ligand exchange process to replace 

TOPO with DHLA-PEG molecules to enable aqueous miscibility of the QD.  Association of the 

QD with the liposome membranes is critical to their membrane disruption activity, which 

depends on their dissolution rate following their association with the liposome membranes.  
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Figure 4. The fluorescence intensity of NBD-labeled liposomes (black), QD (blue), and 

following a 4-hour incubation of NBD-labeled liposomes with QD (red) show significant NBD 

fluorescence increase for both CdSe (A) and ZnSe (B) QD (λex = 470nm). Time resolved 

photoluminescence decay curves of NBD-liposomes (black) and following a 4-hour incubation 

with QD (red) for CdSe QD (C) and ZnSe QD (D) show a decrease in fluorescence lifetime (λex 

= 470nm, λem = 515nm).  
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weighted fluorescence 

lifetime τ (nsec) τ1 (nsec) A1 (%) τ2 (nsec) A2 (%) 

NBD-

Liposomes 5.87 ± 0.23 2.81 54.81 9.58 45.17 

CdSe QD and 

Liposomes 5.23 ± 0.02 3.78 72.51 9.24 27.49 

ZnSe QD and 

Liposomes 5.17 ± 0.03 3.84 72.48 9.43 27.52 

 

 

Table 1. A summary of the fluorescence lifetime and exponential terms used to fit the 

fluorescence lifetime decay curves for NBD liposomes prior to and following exposure to CdSe 

and ZnSe QD. The decrease in fluorescence lifetime decrease, and the change from a bi-

exponential to a mono-exponential character of the fluorescence lifetime decay curves are 

consistent with QD association with the liposome membranes.  
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The Impact of Cadmium-Free and Cadmium-Containing QD on Shewanella Oneidensis 

MR-1 Bacteria. The liposome lysis assays showed membrane disruption activity of all QD 

types, which is attributed to QD-membrane association that leads to membrane disruption. In 

our liposome experiments, CdSe and CdSe/ZnS QD showed higher membrane disruption 

activity than ZnSe and ZnSe/ZnS QD. We hypothesized that the interactions between the QD 

and negatively charged bacterial membranes would be similar to the interactions of QD with 

negatively charged liposomes. To test this hypothesis, we investigated the interactions between 

cadmium-free, ZnSe and ZnSe/ZnS QD, and cadmium-containing CdSe and CdSe/ZnS QD, and 

Shewanella oneidensis MR-1 bacteria.  Shewanella oneidensis was chosen for the study because 

it is an environmentally relevant bacteria, which was previously used in similar nanoparticle 

exposure studies.
31, 32

 We utilized TEM, ICP-MS, and hyperspectral imaging measurements to 

investigate the interactions between QD and bacterial cells, and then measured the impact of 

QD exposure on bacterial cell viability.  

 

TEM measurements provide qualitative assessment of the interactions between QD and 

bacteria.  Representative TEM images of bacterial cells which were exposed to 1 mg/L 

CdSe/ZnS QD (the most disruptive QD to liposomes and bacterial cells) are shown in Figure 5. 

The low magnification required to view the bacteria (scale bars of 0.2 to 1 µm) enables the 

observation of dark spots, possibly of QD aggregates associated with the cells but not individual 

QD which are only ~5nm in diameter. Images A and B show distorted cells with the release of 

cell organelles as well as disintegrated cell membranes. Dark spots, possibly of QD aggregates, 

are seen on or near cells in the TEM images. The images reveal a significant damage to the cells 

due to the interaction with the QD, which is consistent with our QD-liposome lysis assays.   
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Figure 5. Representative biological TEM micrographs of Shewanella oneidensis MR-1 bacteria 

samples treated with CdSe/ZnS QD.  Image A shows association of CdSe/ZnS QD with bacteria 

and cell malformation. Image B shows significant disintegration of bacterial cells due to 

interactions with CdSe/ZnS QD. 
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ICP-MS experiments of washed bacterial samples digested following their incubation with 

ZnSe, ZnSe/ZnS, CdSe, and CdSe/ZnS QD were used to determine the level of association of 

these QD with Shewanella oneidensis MR-1 cells. Control measurements of digested pellets of 

Shewanella oneidensis in the absence of QD show no detectable zinc or cadmium ions. 

Digested pellets of bacteria that were incubated with 0.5 to 5 mg/L QD in HEPES buffer 

solutions at pH 7.4 show levels of cadmium (cadmium containing QD) and zinc (cadmium-free 

QD) that were significantly higher than the levels of these ions in control QD samples in the 

absence of bacteria. For example, the washing of 2 mg/L CdSe/ZnS QD control (no bacteria) 

had a measured cadmium level of 27 µg/L. In contrast, when bacterial cells were exposed to 2 

mg/L CdSe/ZnS QD the level of cadmium pelleted with the bacteria was about 10-fold higher at 

200 µg/L. Interestingly, the level of cadmium and zinc in QD-bacterial samples, which were 

exposed to CdSe/ZnS and ZnSe/ZnS QD was 3-fold higher than the level of cadmium and zinc 

in QD-bacterial samples which were exposed to CdSe and ZnSe core QD.  The higher affinity 

of CdSe/ZnS QD than the affinity of CdSe QD to bacterial cells is consistent with the liposome 

assays described earlier, but the higher affinity of ZnSe/ZnS QD than ZnSe QD to bacterial cells 

is not. This shows the limitations of the using simple liposomes to model complex bacteria. The 

higher levels of cadmium and zinc in QD-incubated bacteria provide additional evidence for 

QD-bacteria association. 
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Hyperspectral dark field microscopy was also used to study the interactions between QD and 

bacterial cells. This technique provides the capability to identify and locate objects, for example 

nanoparticles and cells as long as they show unique optical reflectance signature.
47

 The method 

is somewhat limited in the ability to locate nanoparticles in the field because it is diffraction 

limited but still able to indicate colocalization of the nanoparticles with the much larger 

bacterial cells.  The hyperspectral data cube acquisition, namely hyperspectral “pushbroom” 

scanning, generates 3D data consist of two spatial (x,y) and one spectral (z) dimensions.
48

 

Hence, a hyperspectral image can be treated as a dark field image with the spectral information 

associated with each pixel of the image.
49

 The work flow includes dark field imaging, 

hyperspectral data acquisition, spectral library construction, spectral library filtering, and 

finally, QD and bacterial cell mapping. Figure 6 exhibits the hyperspectral images (left column) 

of Shewanella oneidensis (named S. Oneidensis in the figure), CdSe QD, and CdSe/ZnS QD, 

and corresponding spectral libraries (right column) obtained by the region-of-interest (ROI) tool 

that converts selected pixels into spectral libraries for subsequent QD and bacterial cell mapping 

in QD-incubated bacterial samples. Specifically, 499 pixels were collected to build the 

Shewanella oneidensis library, 438 pixels to build the CdSe QD library, and 403 pixels to build 

the CdSe/ZnS QD library. Maximum (max), minimum (min), and mean reflectance intensity are 

described in libraries files, along with standard deviation (±Stdev), from which it can be 

qualitatively determined that the average reflectance intensity of bacteria is much lower than 

those of QD. In addition, spectral library function anchored with CytoViva software was 

performed to cross-compare the libraries of bacteria and QD. It turned out that there was no 

library filtered out for both cases, indicating the uniqueness of their spectral files. Moreover, 

QD libraries were loaded into the spectral angle mapper (SAM) function to map the location of 

QD in the hyperspectral images of CdSe and CdSe/ZnS QD. The SAM function provides a 

convenient and automated mapping method, of which the algorithm differentiates the spectral 

libraries and provides information about the location and analogy of endmember pixels in an 

input image.
49, 50

 This information allows us to map precise QD location and false-colored them 

red. For the next step, the presence of QD co-localized with Shewanella oneidensis cells after 

exposure was investigated using hyperspectral microscopy, as displayed by Figure 7. The pixels 

representing QD are pseudo-colored with red. In both exposure samples, it is observable that 

there is proximity between QD and bacteria cells. The proximity, and in many cases overlap, 
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between the spectral signatures for bacterial cells and QD support our conclusion from the 

liposome assays that the QD associate with the negatively charged membranes. This in turn 

leads to a high local ion concentration as the QD dissolve. The increase in local ion 

concentration leads to membrane disruption. As a caveat, the diffraction limit binds this 

imaging technique, so even overlap of spectral signatures does not guarantee direct physical 

contact between the micron-scale bacteria (which can be resolved) and the nanoscale QD 

(which cannot be resolved). 
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Figure 6. Hyperspectral reflectance microscopy images of Shewanella oneidensis MR-1 (A),  

CdSe QD (B), and CdSe/ZnS (3ML) QD (C), with the QD false-colored red. The minimum, 

maximum, and median reflectance spectra for each sample are captured to build a spectral 

reference library which is shown to the right of each image. The libraries enable identification 

of bacterial cells and QD in mixed samples. 
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Figure 7. Images of QD-incubated bacteria 

samples analyzed using the reference 

spectral libraries of Shewanella oneidensis 

(gray) exposed to CdSe QD (A) or 

CdSe/ZnS (3 ML) (B). In both images, 

pixels displaying the QD spectral signatures 

are colored red. In many cases, QD are at 

the vicinity or overlap with bacterial cells, 

which is indicative of QD membrane 

association.  

 

 

 

 

 

 

 

 

A 

B 

Page 34 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

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



34 

 

Realizing the important role of membrane association on the interactions between QD and 

liposome, we conducted bacterial viability assays to see if the apparent liposome-QD 

association and the likely association between bacteria-QD indicated by TEM, ICP-MS, and 

hyperspectral imaging would lead to dose-dependent impact of QD on Shewanella oneidensis 

MR-1.  

 

Bacterial cell cultures were exposed to ZnSe, ZnSe/ZnS, CdSe, or CdSe/ZnS QD at 

concentrations ranging from 0.01 to 0.5 mg/L selenium equivalents in the QD cores. Figure 8A 

shows bacterial cell cultures following exposure to increasing concentrations ranging from 0 to 

0.5 mg/L of ZnSe (left) and CdSe (right) QD. Exposure of Shewanella oneidensis MR-1 to 

ZnSe QD had negligible impact on their viability even at the highest concentration of 0.5 mg/L 

selenium equivalents. Similarly, ZnSe/ZnS QD exposure did not impact bacterial cell viability 

(Figure SI-5). In contrast, exposure of Shewanella oneidensis MR-1 cells to CdSe QD at 0.01 

mg/L selenium equivalents led to almost total reduction in Shewanella oneidensis viability. In 

agreement with the liposome assays, an even greater effect was observed when the bacterial 

cells were exposed to similar levels of CdSe/ZnS QD. To evaluate the relevance of the liposome 

assays as a model for the bacterial response to QD exposure, we also investigated the impact of 

CdSe/ZnS QD with varying shell thickness on the viability of Shewanella oneidensis MR-1. 

Figure 8B describes the bacterial cell viability (%) as a function of CdSe/ZnS QD concentration 

(selenium equivalents) for CdSe QD (black) and CdSe/ZnS QD with shell thickness of one 

monolayer (green), three monolayers (red), and six monolayers (red). A concentration-

dependent decrease in bacterial viability is shown for all cadmium-based QD, and a greater 

decrease in bacterial viability is observed for CdSe/ZnS QD with increasing ZnS shell 

thickness. These results are indicative of the complex nature of the interactions between 

luminescent QD and bacteria. On one hand, passivating CdSe QD with a higher energy bandgap 

shell of ZnS is known to decrease the rate of ROS generation when irradiated and lower their 

toxicity.
15, 20-22

 On the other hand, the chemical instability of the shell due to crystal plane 

mismatches along the core/shell interface
51, 52

, particularly in complex aqueous solutions, 

increases their rate of zinc ion dissolution, and increases QD toxicity against the Shewanella 

oneidensis MR-1 bacteria.  
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Figure 8. Shewanella oneidensis MR-1 

colony growth after exposure to increasing 

concentrations of ZnSe QD (left) and CdSe 

QD (right) compared to negative controls 

(NC) on each plate (A). Exposing the cells 

to ZnSe/ZnS QD does not impact cell 

viability (Figure SI-5). In contrast, a 

significant reduction in viability is seen in 

Shewanella oneidensis viability results after 

exposure to CdSe/ZnS QD. Normalized 

bacterial cell viability as a function of ZnS 

shell thickness in CdSe/ZnS QD (B). 

Increasing the QD shell thickness decreases 

cell viability in a concentration dependent 

manner. N=4 biological replicates for each 

condition, and the error bars represent 

standard deviation among those replicates. 
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SUMMARY AND CONCLUSIONS 

 

This study assessed the interactions between cadmium-containing and cadmium-free 

luminescent QD with negatively charged liposomes, which are often used to model gram 

negative bacteria, and Shewanella oneidensis MR-1, an environmentally relevant gram-negative 

bacteria. Fluorescence lysis assays of calcein-containing liposomes show that all QD types 

interact with the liposomes, but the level of interactions is higher for cadmium-containing QD, 

especially CdSe/ZnS QD.  The results suggest that association of the QD with the liposome 

membrane leads to membrane disruption, which is mechanical in nature and depends on the QD 

concentration and their affinity to the liposome membranes. The short time scale of the 

liposome lysis assays precludes ion dissolution of free QD (not associated with the membrane) 

as a main contributor to liposome lysis. Additionally, since the liposomes are only irradiated 

with room light, the observed membrane disruption cannot be attributed to ROS generation.  

BioTEM, ICP-MS and hyperspectral imaging measurements suggest that the QD also associate 

with the negatively-charged membranes of Shewanella oneidensis MR-1 bacterial cells. As 

expected, cadmium-free ZnSe and ZnSe/ZnS QD minimally impact on the viability of 

Shewanella oneidensis MR-1. In contrast, a short exposure time, as short as only 15 minutes, of 

CdSe or CdSe/ZnS QD to bacterial cells results in a significant reduction in bacterial cell 

viability. Ion control experiments show that when CdSe or CdSe/ZnS QD are completely 

dissolved in solution, the resulting ion levels are not sufficient to induce a devastating impact on 

the cells, and yet exposure of the cells to QD does. The QD impact on liposomes and bacterial 

cells in this study is attributed to strong association between the QD and liposomes or bacterial 

cells, which does not cease after the cells are separated from unbound QD to end the exposure. 

Surprisingly, the impact of shelling CdSe QD with a ZnS shell, which is done to enhance the 

QD emission properties, to minimize ROS generation, and to prevent direct contact between the 

toxic cadmium-containing cores and the liposomes or bacterial membrane, increases rather than 

decreases, membrane disruption in both the liposomes and bacterial cultures. These are 

unwelcome findings since it is generally accepted that shelling cadmium core QD with a ZnS 

shell would lower QD toxicity due to a reduced rate of ROS generation. The increased 

membrane disruption of CdSe/ZnS QD compared to CdSe QD and with increasing shell 

thickness could be attributed to increased affinity and association between CdSe/ZnS and 
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liposomes and bacterial cells. It is also possible that crystal plane mismatches between the core 

CdSe QD and the ZnS shell leads to inherent chemical instability of CdSe/ZnS QD
51, 52

, and in 

turn to a high rate of zinc ion dissolution from the QD. The dissolution of the ZnS following 

association of the CdSe/ZnS QD further destabilize the membrane. The high local concentration 

of zinc ions near the membrane could also enhance membrane disruption of the liposomes and 

bacterial cells.  
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