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Metallomics



Significance to Metallomics 
Approximately one-third of all proteins and half of all enzymes are predicted to be dependent on 
a metal ion for structure or function. Proteomic and genetic analysis demonstrate a link between 
copper and zinc homeostasis. Cellulosic copper nanoparticles are uniquely toxic compared to 
soluble copper sulfate. The physical, chemical and functional properties of particles on the 
nanometer scale often differ from their dissolved or larger particle counterparts of the same 
elemental species This study elucidates the understanding of the metallome, metabolome, and the 
mechanistic drivers during the exposure of carboxymethylcellulose copper nanoparticles.

Page 1 of 24 Metallomics

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



  1 

Metallomic and Lipidomic Analysis of S. 
cerevisiae Response to Cellulosic Copper 

Nanoparticles Uncover Drivers of Toxicity 
 

Matthew J. Winans and Jennifer E. G. Gallagher* 
West Virginia University – Biology Department, 53 Campus Drive LSB 3140, Morgantown, 

WV, 26506 
 

*Corresponding Author: Jennifer E. G. Gallagher 
 

Keywords: copper, metal, nano, nanotoxicity, nanoparticle, ROS, yeast, lipid, membrane, 
damage, CMC, carboxymethyl cellulose, cellulose, nanotechnology, antimicrobial, 

metabolomics, electron microscopy, 
 

Abstract 
 

Nanotechnology is a promising new technology, of which antimicrobial metal nanocomposites are 
predicted to become valuable in medical and food packaging applications. Copper is a redox-active 
antimicrobial metal that can become increasingly toxic depending on the target biomolecule’s 
donor atom selectivity and the chemical species of copper present. Mass is the traditional 
measurement of the intrinsic elemental chemistry, but this practice fails to reflect the morphology 
and surface area reactivity of nanotechnology. The carboxymethyl cellulose copper nanoparticles 
(CMC-Cu) investigated in this study have unique and undefined toxicity to Saccharomyces 
cerevisiae that is different from CuSO4. Cellular surface damage was found in scanning electron 
micrographs upon CMC-Cu exposure. Further investigation into the lipids revealed altered 
phosphatidylcholine and phosphatidylethanolamine membrane composition, as well as depleted 
triacylglycerols, suggesting an impact on the Kennedy lipid pathway. High levels of reactive 
oxygen species were measured which likely played a role in the lipid peroxidation detected with 
CMC-Cu treatment. Metal homeostasis was affected by CMC-Cu treatment. The copper sensitive 
yeast strain, YJM789, significantly decreased cellular zinc concentrations while the copper 
concentrations increased, suggesting a possible ionic mimicry relationship. In contrast to other 
compounds that generate ROS, no evidence of genotoxicity was found. As commonplace objects 
become more integrated with nanotechnology, humanity must look forward past traditional 
measurements of toxicity.  
 
Significance to Metallomics  
Approximately one-third of all proteins and half of all enzymes are predicted to be dependent on 
a metal ion for structure or function. Copper and zinc homeostasis have mounting proteomic and 
genetic evidence that suggests a link between the two metals. Cellulosic copper nanoparticles are 
uniquely toxic compared to soluble copper sulfate. The physical, chemical and functional 
properties of particles on the nanometer scale often differ from their dissolved or larger particle 
counterparts of the same elemental species. This study elucidates the understanding of the 
metallome, metabolome, and mechanistic drivers during the exposure of carboxymethylcellulose 
copper nanoparticles. 
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Introduction 
 
Copper is known as a broad-spectrum biocidal towards microorganisms1–3. Since antiquity, copper 
vessels have been used for disinfection of water and preservation of food against microrganisms4, 
yet humans have a low contact sensitivity from coinage and personal adornment5. In general, 
antimicrobial metals selectively disrupt cell growth. This growth disruption is influenced by the 
properties of both the metal and the available donor ligands on any biomolecules affected. This 
antimicrobial metal species damage is spatially localized disrupting membrane function, causing 
dysfunctional proteins, and DNA damage6. Important determinants of metal antimicrobial toxicity 
are donor atom selectivity, speciation, and reduction potential2,6. Donor atom selectivity is a factor 
that influences the compatibility between metal and the ligand that is potentially damaged. 
Speciation is important because the species of metal has a large influence on its bioavailability and 
reduction potential, for instance, the difference between Cu1+ and Cu2+7,8. Moreover, potentially 
toxic materials have several driving factors including their intrinsic chemistry, surface area 
reactivity, and morphology; which influence any material’s interaction with organisms. 
 
Transition metals, particularly copper and iron, are two that are well known to be reduction-
oxidation (redox)-active, but not all metals are active this way. This critically impacts their toxicity 
because redox-active metals sequentially reduce oxygen through the addition of electrons, forming 
reactive oxygen species (ROS). In biological systems, finely tuned redox activity facilitates the 
gain or loss of electrons between two chemical species enabling fundamental processes such as 
respiration, nitrogen fixation, and photosynthesis9. During cellular respiration, the mitochondria 
produce endogenous ROS as a result of oxygen reduction. This is a consequence of electrons being 
transferred between complexes to generate an electron potential across the mitochondrial 
membrane, generating ATP. H2O2 and ꞏ-O2 are products of transferring electrons to molecular 
oxygen and progenitors of ROS10. In addition to molecule damage, it is well established that ROS 
can also act as a signaling molecule throughout the cell triggering cell signaling proteins, 
transporters, ion channels, modifying protein kinase, and ubiquitination systems11. A major 
mechanism of coppers toxicity to microorganisms is the disruption of the plasma membrane’s 
integrity in which the fatty acid composition directly affects their susceptibility to copper in S. 
cerevisiae12. There is limited research on copper’s influence on lipid biology, but copper ions have 
been shown to interact with synthetic membrane models of phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) in an ordered fashion. PC interacts with copper before PE based 
on the structure of the membrane prevalent phospholipids13.  
 
Aqueous copper exists in the particulate, colloidal, nanoparticle, and soluble states, predominately 
as metal and Cu2+ ions6,14. Inside the cell, essential metals are almost never free because of a 
plethora of transporters, regulatory sensors, and chaperones that confine the metal species and 
guide metal atoms to specific sites in proteins9. Interactions of metal ions with the atoms of ligand 
donors, such as functional groups of proteins, are strongly selective15,16 and have a bias that 
facilitates the recognition of correct metal17. Approximately one-third of all proteins and half of 
all enzymes are predicted to be dependent on a metal ion for structure or function17–19. Proteins 
have a somewhat flexible steric selection for their desired metal and their selection is predisposed 
by an ordered universal preference for essential divalent cations such as copper over zinc20. Copper 
is the third most biologically abundant transition metal after iron and zinc, and unbalanced metal 
homeostasis results in the mis-metallation of proteins21. When metal homeostasis is unbalanced 
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some proteins bind incorrect metals, negatively influencing their structure and function. Lowly 
discriminate biomolecules contribute to ionic or molecular mimicry by binding with metal ions or 
metal complexes that resemble their correct cofactors2. Co-transportation of metals with ligands 
has also been shown to be a source of metal accumulation22. Yeast cells accumulate surplus metals 
in vacuoles23,24 and intracellular accumulation of metal is routinely the first step in metal 
poisoning6.  
 
The CMC-Cu nanomaterials are considered a hybrid material, composed of copper nanoparticles 
and cellulose. It is a fibrous, hardy, water-insoluble substance composed of a high molecular 
weight homopolymer of -1,4-linked anhydro-D-glucose units that maintain the structure of cell 
walls in plants25. The high number of Na-carboxyl groups on carboxymethyl (CMC) make it an 
attractive organic support structure on which to construct copper nanoparticles because it can 
facilitate copper’s reduction and therefore further copper’s availability on the cellulose 
structure26,27. They are synthesized in situ and reduced onto available carboxylic groups of 
carboxymethyl cellulose (CMC) as a template and stabilizer in order to manufacture 
nanocomposite materials27. These CMC microfibril strands contain the reduced copper 
nanoparticles (CuNP) that exhibit mostly Cu1+ and Cu0 forms averaging 15 nm in diameter27. 
CuNPs are built on CMC, forming CMC-Cu. Copper is thought to be slowly released as Cu(I) 
and then oxidized making Cu(II) available to interact with biological molecules leading to an 
intrinsic toxicity28. Variations in the copper composition and cellulose biopolymer have been 
successfully synthesized resulting in changes to their interaction with microorganisms29–32. 
CMC-Cu sensitivity mirrors the sensitivity of genetically diverse yeast exposed to soluble copper 
in CuSO4 form28. When copper oxide is presented to yeast on the nanoscale, it is approximately 
60-fold more toxic than its soluble counterpart33. Earlier work established that the derivative of 
cellulose and how the microorganisms were exposed, whether in liquid or what material the 
CMC-Cu was embedded in, made a difference in the kinetic and biological reaction30. Previous 
studies in higher eukaryotes found that CuO NPs have a “Trojan horse mechanism” that induces 
endocytosis and causes DNA damage by the intracellular ionic release of copper34. CuNPs 
appear to target the cell membrane to cause cellular death by loss of membrane integrity35.  
 
This study builds upon the proteomic and genetic evidence found in the first exposures of CMC-
Cu to S. cerevisiae28 by furthering the toxicological profile of the cellular response to include the 
metallomic and metabolomic aspects. Mounting evidence lead to the hypothesis that lipid 
interaction of the cellular membrane is the primary process by which CMC-Cu impart their 
nanotoxicity. These findings align with previous reports suggesting that copper causes a loss in 
the cellular membrane’s integrity6,36. Copper nanoparticles derived from CMC-Cu treatments 
decrease cellular viability, which unlike soluble copper sulfate, is rescued by glutathione, but not 
its precursor N-acetylcysteine (NAC)28. This is indicative of the exogenous nature of CMC-Cu’s 
primary nanotoxicological process. This original research investigated the influence of CMC-Cu 
exposures to S. cerevisiae on metal homeostasis, ROS production, lipid interaction, cellular 
morphology, and genotoxicity. 
 

Methods and Materials 
 
Yeast Growth and Treatment Conditions  
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All S. cerevisiae yeast strains were grown in either YPD (yeast rich media, 1% yeast extract, 2% 
peptone, 2% dextrose) or YM (yeast minimal media, 0.67% yeast nitrogen base without amino 
acids, 2% dextrose) supplemented with amino acids needed to complement any auxotrophic 
markers (histidine, uracil, leucine, and methionine (HULM) or lysine (HULK)). Yeast strains were 
maintained indefinitely at -80oC in a 15% glycerol solution, temporarily at 4oC on solid YPD or 
YM agar plates, and readily by log-phase growth at 30oC in YPD or YM liquid media. Growth 
was measured by optical density at 600nm.  
 
Yeast were treated with soluble copper at 400 µM by copper sulfate addition. Yeast were treated 
with copper nanoparticles at 157 µM copper by CMC-Cu addition. Glutathione (GSH) was 
supplied at 4.16 mM in the media. The concentration of CMC in both the CMC-Cu and CMC was 
10 µg mL-1. Exposure of 157 µM copper in NPs is effective as 400 µM copper sulfate in inhibiting 
the growth of YJM789, the copper sensitive strain28. These growth and treatment conditions were 
used to highlight the increase in toxicity from the enhanced delivery of Cu to the cytoplasm. 
 
Cellular Metals 
Yeast strains BY4741 and YJM789 were grown in triplicate until log-phase in YM+HULM 
(histidine, uracil, leucine, and methionine) or YM at 30C, respectively. Yeast cells were treated 
with 400 M CuSO4 or 157 M CMC-Cu for 90 minutes. An equal number of cells were 
determined by optical density at 600 nm to collect equivalent to 5 optical density units (ODu) of 
cells. These samples were centrifuged and washed twice with distilled water. One ODu was 
separated for protein quantification. Samples were split, frozen in liquid nitrogen, and stored at -
80C. Soluble protein concentration was determined via Bradford assay as previously published 
28. For inductively coupled plasma – optical emission spectroscopy (ICP-OES), the cell pellets 
were treated with 600 µL of concentrated HNO3 and 200 µL of 30% H2O2 for digestion37. These 
solutions were transferred to glass tubes and placed in a boiling water bath for 2 hours until clear. 
The liquids were filtered via syringe and readjusted to their original volumes with distilled water. 
Samples were analyzed at 327.395 nm for Cu and at 213.857 nm for Zn. Metal concentrations 
were given in mg ml-1 and normalized to soluble protein concentration for each sample. Three 
biological replicates were used in this protocol. ANOVA statistical analysis was utilized in 
determining significance with a Tukey-HSD post-hoc analysis. An alpha of 0.05 was used as the 
cutoff for significance. SAS JMP (SAS JMP Pro Version 13, SAS Institute Inc., Cary, NC, USA) 
was used for statistical software. The standard error of the mean was used in graphing error bars. 
The one-way ANOVA statistical analysis was performed via Tukey HSD post hoc analysis 
(p=0.05). Samples that do not share a letter are significantly different. Samples that share a 
common letter are not significantly different. 
 
Cellular ROS 
Cellular ROS detection assay was carried out with modification to an existing protocol38. The 2,7-
dichlorofluorescin diacetate (DCFDA) cellular ROS detection assay kit was ordered from Abcam 
(ab113851). Briefly, yeast strain BY4741 was grown to stationary-phase in YPD supplemented 
with DCFDA without light at 30C. Cultures were centrifuged and washed in phosphate-buffered 
solution before being resuspended YM+HULM to a final OD600 of 0.7. Yeast were treated for 90 
minutes, CMC-Cu at 157 M and CuSO4 at 400 M, and controls, H2O2 at 489 M, in a 96 well 
black bottom microplate from Greiner Bio-One for end-point fluorescence measurement at Ex/Em 
= 485/535 nm on a SpectraMax Gemini XPS Fluorescence Microplate Reader from Molecular 

Page 5 of 24 Metallomics

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



  5 

Devices. Five biological replicates were used in this protocol. ANOVA statistical analysis was 
utilized in determining significance with a Tukey-HSD post-hoc analysis. An alpha of 0.05 was 
used as the cutoff for significance. SAS JMP (SAS JMP Pro Version 13, SAS Institute Inc., Cary, 
NC, USA) was used for statistical software. The standard error of the mean was used in graphing 
error bars. 
 
Lipid Peroxidation 
Lipid peroxidation was colorimetrically measured by assessing the major byproduct of lipid 
peroxidation, malondialdehyde, in a Thiobartic Acid Reactive Substances assay (TBARS). The 
OxiSelect TBARS assay kit (STA-330) was obtained from CellBioLabs, Inc, San Diego, CA, 
USA. Yeast strain YJM339 was grown in triplicate until log phase in YM at 30C. Yeast cells 
were harvested at a final OD600 of 0.7, treated with 400 M CuSO4, 157 M CMC-Cu, or 498 M 
H2O2 for 90 minutes. A kit-supplied SDS lysis solution (Part No. 233003) was incubated within 
both the samples and the malondialdehyde (MDA) standards (Part No. 233001) at 1:1 ratio totaling 
200 l for five minutes at 23C. 250 l of thiobartic acid reagent (5.2 mg mL-1 at pH 3.5) (Part 
Nos. 233002 & 233004) was added to each sample and incubated at 95C for 50 minutes. Samples 
were cooled in an ice bath for five minutes before 15 minutes of centrifugation at 3,000 g. The 
supernatant was harvested and aliquoted for duplicate technical spectrophotometric measurement 
in a TECAN Infinite 200 pro microplate reader at 532nm absorbance. TBARS levels were 
determined from an MDA equivalence standard curve ranging from 0 to 125M. ANOVA 
statistical analysis was performed with Tukey-HSD post-hoc analysis. An alpha of 0.05 was used 
as the cutoff for significance. SAS JMP (SAS JMP Pro, Version 13, SAS Institute Inc., Cary, NC, 
USA) was used for the construction of the whisker-box plots. 
 
Electron Microscopy 
Yeast strain BY4741 was grown in YM+HULM until log-phase at 30C. Cells were treated with 
CMC-Cu at 400 M for 90 minutes before 6 ml were harvested by centrifugation for 4 minutes at 
3,000 g. The supernatant was pipetted off and the cells were resuspended in 500 l of 
paraformaldehyde (14%) for one hour at room temperature. Fixed cells were washed once and 
resuspended in 0.1 M KPO4/1.2 M sorbitol buffer for storage at 4C. Within 72 hours in the WVU 
Electron Microscopy Facility, the cells were fixed with 2.5% glutaraldehyde for one hour before 
washing thrice with PBS for 15 min each. Samples were then aliquoted into Eppendorf tubes for 
either SEM or TEM processing and imaging. 
 
The cells were dehydrated stepwise by 15 min ethanol baths starting at 30% and increasing to 50%, 
70%, 90%, and finally, 100%. The 100% ethanol bath was repeated three times. Yeast cells were 
pelleted, and the supernatant was discarded after each ethanol addition. Samples were submerged 
in hexamethyldisilazane to dry the cells for 15 minutes before allowing the cells to air-dry 
overnight in a fume hood with the caps of the Eppendorf tubes slightly open. Samples were adhered 
to pins by carbon tape and sputtered with gold and pallidum (60:40) for 150 seconds at 18kV with 
rotation. A Denton Desk V Sputter and Carbon Coater were used in sputtering samples. Images 
were captured on a Hitachi S-4700 Scanning Electron Microscope. 
 
DNA Damage  
Damage to DNA and chromosomes was assessed by pulse-field gel electrophoresis (PFGE). Yeast 
strain BY4741 was grown to log phase in YM+HULM media at 30C. Cells were treated with 
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H2O2 at 489 M or CMC-Cu 400 M up to 90 minutes. One OD600nm unit of yeast cells was 
harvested by centrifugation in conical tubes at time points of 5 min, 15 min, 30 min, 60 min, and 
90 min. The sample supernatant was removed and frozen in liquid nitrogen for storage at -80C, 
sample processing occurred within 24 hours. Cells and zymolase enzymes at a final concentration 
of 0.05 g/ml were mixed 1:1 with 2% low melting agarose gel diluted in 0.5x TBE to obtain 1 
OD unit per plug. Plugs were made in a Bio-Rad disposable plug mold via heat block set to 50C 
with a cut off pipette tip to facilitate the agarose mixing. The solidification of agarose plugs 
occurred for 15 min at 4C. To digest the cell wall, 1 ml of plugs were placed in 5 ml of M/15 PBS 
supplemented with zymolase and incubated for 1 hour at 37C without agitation. Plugs were 
washed with a wash buffer (20nM Tris, 50mM EDTA, pH 8). The protein was digested by adding 
a proteinase K buffer (30mM Tris, 50mM EDTA, 1% SDS, 0.125g/ml proteinase K, pH 8) and 
incubating at 50C overnight. Plugs were washed four times for 1 hour each at 23C. Plugs were 
trimmed to ¾ original size, positioned onto the comb ends and adhered with one droplet of low 
melting agarose. A 1.5% PFGE gel was made using 0.5x TBE and Bio-Rad PFGE agarose by 
casting into a mold with the comb in position. After the gel solidified, the comb was removed, and 
the gel was placed into a Bio-Rad CHEF DR II system filled with 0.5x TBE equipped with a water 
cooler. Electrophoresis of the experimental gel occurred for 24 hours at 14C with a switch time 
of 60-120 seconds and set to 6v/cm. The gel was removed, stained in a 0.125 g/ml ethidium 
bromide bath for 10 minutes, and destained with distilled water for one hour before imaging at 
254nm. Pictures were manipulated in Microsoft PowerPoint solely to straighten running lanes for 
added clarity. 
 
Exploration of Lipidome 
Lipid metabolites were assessed in S. cerevisiae YJM789, grown in YM to exponential phase (OD 
0.4 – 0.6), and then treated or not for 90 minutes. Six independent biological replicates were 
performed. Five optical units of cells were harvested, washed with MQ (milliQ) water, and flash-
frozen in liquid nitrogen for storage at -80C until extraction within 24 hours. Lipid and polar 
metabolites were extracted with 6 ml of a 1:2:0.8 mixture of chloroform: MeOH: H2O, following 
a modified version of a published protocol39,40. Glassware was used to avoid polymer 
contamination. Extraction occurred in 15 mL Kimble™ Kontes™ KIMAX™ reusable High 
Strength Centrifuge Tubes from Fisher Scientific. HPLC-grade chloroform and methanol were 
from Sigma-Aldrich. Six replicates of 3ml each were harvested for their lipid phase and dried 
under nitrogen gas. The lipid phases were re-suspended in 500 μL 1:1 chloroform: MeOH and 
these extracts were stored at -20C until analysis within 48 hours. 
 
Lipid extracts were analyzed by direct injection using a Thermo Fisher Scientific QExactive, with 
an ESI (electrospray ionization), using positive and negative modes. For lipid compounds in 
positive mode, the injection speed was 10 μL/min, the scan range: 150.0 – 2,000.0 m/z, no 
fragmentation, 140,000 resolution, 1 microscan, AGC target 5 x 105, maximum injection time of 
100, sheath gas flow rate of 15, aux gas flow rate of 11, no sweeping gas flow, spray voltage of 
3.50 kV, capillary temperature of 300C, S-lens RF level: 25.0. These same parameters were kept 
for lipid compounds in negative mode except for a spray voltage of 3.20 kV. For each sample, a 
total of 50 scans were obtained and averaged with Thermo Scientific Xcalibur 2.1 SP1. Averaged 
spectra in the positive and negative mode were processed with xcms 3.2.041. Peaks were identified 
within each spectrum using the mass spec wavelet method from the MassSpecWavelet 1.46.0 R 
package42. Peaks were grouped via the Mzclust method, followed by group ChromPeaks. All 
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features were plotted and visually inspected. Intensity values of each sample feature were obtained 
via the featureValue method using the integrated signal area for each representative peak per 
sample. Feature intensity and feature definition tables were saved as CSV files. Features were 
identified via MetaboSearch 1.243. The query ID list was comprised of the average mz values for 
each feature in positive or negative mode with 5 ppm of error and was searched against the four 
databases available online in the program: Human Metabolome Database (HMDB)44, Metlin45, 
Madison Metabolomics Consortium Database (MMCD)46 and LipidMaps47. Identifications were 
manually cross-referenced with Yeast Metabolome Database (YMDB)48 and PubChem49. Feature 
intensity tables were composed of only identified features from positive and negative modes with 
at least five biological replicates. MetaboAnalyst50 was used for statistical analysis, data 
normalization to the intensity of all features, and generation of the graphical figures. The 
experiment was repeated twice with consistent results.  
 

Results and Discussion 
 
Metal Homeostasis 
To explore compromised metal homeostasis 
induced by CMC-Cu exposure, the intracellular 
metal concentrations were quantified. 
Experimentally, the Zrt1 protein levels in copper 
resistant yeast S288c increases 2-fold in 
response to copper perturbation, suggesting 
some responsive role for the Zrt transporters28. 
Cellular copper and zinc levels were analyzed 
via Inductively Coupled Plasma  – Optical 
Emission Spectroscopy (ICP-OES) after 
exposure to 400 M CuSO4 or 157 M CMC-
Cu which results in nearly equal growth 
inhibition of the copper sensitive strain28. 
During normal growth of the sensitive clinical 
isolate YJM789 in YM, ICP-OES analysis 
measured 0.043 mg mL-1 Cu, standard error (SE) 
0.011 (Figure 1A and Figure S1). The resistant 
lab isolate, BY4741 is derived from the S288c 
and contains additional auxotrophic markers. 
The copper content in BY4741 under normal 
growth conditions was undetectable (Figure 
1B). Unsupplemented YM media supplies 0.16 
nM Cu in the growth medium. After CuSO4 

addition, copper levels increased for each strain. 
The level of copper in YM is not optimal for 
BY4741 because the addition of 50 M CuSO4 
increases growth28, suggesting that BY4741 is 
copper deficient in standard growth media. 
With CuSO4, copper levels rose but to differing 
degrees. YJM789 had 1.223 mg mL-1 Cu, SE 

Figure 1 Copper and Zinc Metal Homeostasis 
Measured by Inductively Coupled Plasma – Optical 
Emissions Spectroscopy During CMC-Cu Toxicity. 
Sensitive strain YJM789 (A) and resistant strain BY4741 
(B) were harvested after 90-minute treatments with 
CMC-Cu or CuSO4. (A) YJM789 has a significant 
increase in cell-associated copper with CMC-Cu 
treatment and a decrease in cellular zinc. (B) BY4741 
showed an increase of cellular copper with CMC-Cu 
treatment, no change to zinc concentrations. Statistical 
analysis performed via one-way ANOVA with a post hoc 
Tukey HSD analysis (p=0.05). ND= Not detected. 
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0.011 and BY4741 had 0.837 mg mL-1 Cu, SE 0.029. Copper levels increased in the resistant strain, 
BY4741, to 2.541 mg mL-1 Cu after CMC-Cu treatment. Tukey-Kramer honest significance 
difference (Tukey-HSD) post-hoc statistical analysis showed no statistical difference between 
copper levels of either CMC-Cu or CuSO4 treated cells of either strain with one exception (Table 
1). The sensitive strain, YJM789, increased its copper concentration to 7.230 mg mL-1 Cu, SE 
1.086 after treatment with CMC-Cu. Intracellular copper concentrations were only significantly 
increased when YJM789 was exposed to CMC-Cu (p<0.001).  
 
Table 1. Connecting Letters Statistical Report for Copper and Zinc Levels by Strain and Treatment. Statistical 
analysis performed via one-way ANOVA with a post hoc Tukey HSD analysis (p=0.05). Samples that share a common 
letter are not significantly different. Samples that do not share a letter are significantly different.  
 

Zn  
YJM789 BY4741 

YM A A 
CMC-Cu B A,B 
CuSO4 A,B A,B 

 
Cu  

YJM789 BY4741 
YM C A,B,C 
CMC-Cu A A,B 
CuSO4 B B 

 
Zinc is a divalent transition metal that binds to ligands less stably than copper according to the 
Irving-Williams series20. The concentration of cellular zinc significantly decreased from the YM 
baseline of 0.632 mg mL-1 zinc for yeast strain YJM789 in response to CMC-Cu treatment, 
resulting in a cellular concentration of 0.344 mg mL-1 Zn, SE 0.0449 (p=0.028). In response to 
CMC-Cu treatment, the sensitive strain, YJM789, increased levels of copper while decreased the 
levels of zinc. This evidence suggests that metal homeostasis of zinc and copper influences the 
toxicity of CMC-Cu. Zinc metallates 582 potential zinc-binding proteins contributing to the 
structure and function of approximately ~ 10% of the total yeast proteome21. S. cerevisiae yeast 
have a minimum zinc quota of ~107 atoms/cell51, most of which is tightly controlled allowing a 
low level of labile zinc52–54. This labile zinc is maintained via intercellular storage in organelles, 
in the cytosol by dynamic metallothioneins that buffer redox activity, and in intracellular yeast 
vesicle compartments that resemble mammalian zincosomes55–57. The cellular zinc levels of the 
other conditions and strains were all statistically the same. After CuSO4 treatment, YJM789 zinc 
levels decreased from 0.632 mg mL-1 to 0.46 mg mL-1. BY4741, the copper resistant strain, in YM 
had 0.562 mg mL-1 of zinc. CMC-Cu treatment did not significantly change the levels of zinc nor 
did CuSO4 in the copper resistant strain. The levels of zinc in YJM789 treated with CMC-Cu 
decreased to nearly half compared to the yeast grown in YM. The findings presented here align 
with literature reports implicating a role for zinc in copper nanoparticle toxicity28. The 
compromised metal homeostasis observed in YJM789 is likely involved in this strain sensitivity 
towards copper. One possible explanation of the relationship seen between falling Zn and 
increasing Cu levels involves the stability of transition-metal complexes as described by the Irving-
Williams series. In this trend, divalent transition metals create an increasingly stable complex 
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resulting with copper as the most favored. The ligands selection bias is as follows: Mn2+ < Fe2+ < 
Co2+ < Ni2+ < Cu2+ > Zn2+20 and this is related to size and charge of the metals. As seen in other 
reports, one way this unbalance may propagate is through ionic mimicry, where zinc or other 
transporters select copper instead of zinc58. This chemical tendency between metal atoms not only 
is a factor of CMC-Cu toxicity but also is a factor in antimicrobial metal toxicity. The mechanism 
by which the different forms of Cu affect Zn levels are unclear, and this is likely involved with 
enhanced delivery of Cu to the cytoplasm in the YJM789 strain28. The high-affinity zinc 
transporter, Zrt1, has been previously shown attribute to the Cu resistance in mutational analysis 
and QTL analysis found the low-affinity zinc transporter, Zrt2, that has five amino acid 
polymorphisms between the two yeast strains that contributes to Cu sensitivity of YJM78928. 
Studies investigating copper uptake and kinetics found that the kinetic uptake for copper in S. 
cerevisiae is Vmax = 0.21 nmol Cu min-1 (mg protein)-1 with a Km = 4.4µM59 and that accumulation 
of Cu decreases in the presence of Zn2+60. The zinc transporters of YJM789 are likely participating 
in an ionic/molecular mimicry mechanism importing CMC-Cu. The spatial concentration of 
CuNPs from CMC-Cu on the cellular surface may influence the difference in ionic mimicry 
between the two forms of copper in this research.  

 
Intracellular 

Reactive Oxygen 
Species 
As a redox-active 
metal, copper is well-
known to proliferate 
ROS and this study 
sought to investigate 
ROS as a toxicological 
mechanism of CMC-
Cu exposure. 
Endogenous ROS is 
produced through 
aerobic respiration 

Figure 2 ROS measurement by DCFDA fluorescence intensity
showing H2O2 and CMC-Cu producing higher amounts of ROS
than YM or CuSO4. Statistical analysis performed via one-way 
ANOVA with Tukey HSD post-hoc analysis that suggested 
that YM and CuSO4 did not differ significantly while both 
H2O2 and CMC-Cu were different from all other samples
(p=0.05). (B) DNA damage qualitative assessment over time
by PFGE comparing cells grown in YM media to H2O2 and 
CMC-Cu treatments. Blue represents cells grown in YM
media, red represents H2O2 treated cells, green represents
CMC-Cu treated cells. H2O2 Chromosomal bands 
progressively get more ill-defined after 15 minutes while
CMC-Cu bands remain defined. (C) Lipid peroxidation
measured by MDA production via TBARS assay of cells
grown in YM media or after 90-minute treatment with H2O2, 
CMC-Cu, or CuSO4. ANOVA statistical analysis was
performed with Tukey-HSD post-hoc analysis and a p-value 
cut off of 0.05. 
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giving rise to incompletely reduced forms of molecular oxygen (O2) which yield hydrogen 
peroxide (H2O2) and hydroxyl radical (ꞏ-O2). In the presence of a redox-active metal, Fenton 
reaction driven autooxidation occurs. To measure intracellular ROS, a fluorometric assay utilizing 
2,7-dichlorofluorescin diacetate (DCFDA) was measured at the standard 90 min treatment (Figure 
2A) and over time (Figure S2) which showed the differences in ROS between treatment groups as 
they biologically interacted with the perturbations. CMC-Cu treatments of 157 M produced high 
amounts of ROS measured at 11.35 fluorescence (FC), SE 0.26 (Figure 2A); nearly double the 
endogenous ROS levels in YM. Hydrogen peroxide (H2O2) treatments at 489 M produced similar 
levels of intracellular ROS levels of 10.38 FC, SE 0.26. Although soluble and nano-copper 
treatments were determined to inhibit growth at similar levels28, the 400 M treatment of CuSO4 
did not produce significant enough levels of ROS via this DCFDA assay. The yeast used here, 
BY4741, tolerated 400 µM CuSO4 well. It is likely that increased ROS detection would occur by 
exposing this yeast to increased levels of CuSO4, which would increase the growth inhibition of 
this resistant strain. CuSO4 treatments produced intracellular ROS levels of 5.62 FC, SE 0.26 
which was similar to the level detected in untreated control cells. ROS was detected at 5.5 FC, SE 
0.26 in untreated cells (YM). Post-hoc statistical analysis via Tukey-Kramer honest significance 
difference (Tukey-HSD) analysis defined three detection levels between the samples, a low-level 
ROS group of CuSO4/ YM and two different high-level ROS groups composed of either H2O2 or 
CMC-Cu. Reduction potential is a key factor when determining the toxicity of antimicrobial metals. 
In bacteria, there have been at least three mechanisms suggested for the increased ROS produced 
via metal poisoning. They include catalyzing Fenton chemistry61,62, disruption of iron ligands such 
as Fe-S clusters that release redox-active Fe63,64, and thiol mediated reduction of metal species62,65. 
Importantly, the oxidation of cellular thiols occurs via Cu-S covalent bonding which leads to 
disulfide bonds in proteins, thus depleting critical antioxidants including glutathione, ultimately 
preventing cellular repair2,66–68. The glutathione tripeptide molecule contains thiol ligand groups 
in their cysteine amino acid. This sulfur-containing molecule reduces copper by donating an 
electron to copper, which results in oxidation of the thiol group inducing a disulfide bond between 
cysteines of two glutathione molecules. While in yeast, CuSO4 toxicity is recused by both 
glutathione and precursor N-acetylcysteine, but CMC-Cu toxicity is only rescued by glutathione28. 
Several adaptations and resistance mechanisms in S. cerevisiae are known, of which the 
intracellular sequestration of Cu and the yeast strain resistance is largely predicted by the variation 
in copy number metallothionein Cup1. This copy number variation and resistance is seen in the 
type and sequence strain, S288c69,70, from which the BY4741 strain used here is derived. This 
evidence, together with the findings on intracellular ROS suggesting that the reduction potential 
of CMC-Cu, contributes to its unique nanotoxicity.  
 
Genotoxicity 
In an approach to identify the primary process and kinetics of CMC-Cu induced ROS damage to 
the yeast cells, the possibility of DNA damage was explored via a timed pulse-field gel 
electrophoresis (PFGE). As DNA is damaged, the accumulation of breaks causes the distinct 
chromosomal bands to be lost. The more ambiguous the chromosomal bands are in the PFGE, the 
more DNA damage has occurred. DNA damage by ROS has been well documented and implicated 
in mutagenesis and carcinogenesis71, but there remains some discussion about its role in the 
primary damaging process. Hydrogen peroxide and the superoxide anion damage DNA by creation 
of the hydroxyl radical and singlet oxygen which are energetic enough to have a direct effect on 
DNA72,73. CMC-Cu at 157 M caused little to no DNA damage over this study’s typical 90-minute 
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treatment when measured qualitatively by inspecting the chromosomal band integrity in the PFGE 
gel (Figure 2B). The chromosomal band integrity, band intensity, and background smearing of 
CMC-Cu treated cells with those of the YM control were very similar in pattern. When treated 
with 489 M of H202 over time, a shift in the chromosomal band integrity was seen staring at the 
15-minute mark and progressing until the 90-minute mark where all chromosomal band integrity 
was lost to DNA fragmentation represented as smearing across the gel. Hydrogen peroxide74 and 
copper at moderately toxic concentrations induce apoptosis in S. cerevisiae75. DNA fragmentation, 
phosphatidylserine externalization, and chromatin condensation are typical markers of yeast 
apoptosis76. Highly toxic levels of Cu induce necrosis from which the mitochondria has been 
implicated to play a role75. With these findings in sight, the hypothesis that CMC-Cu treatment 
under these conditions lacked DNA fragmentation, but induced lipid damage to the cellular 
membrane damage was formed. 
 
Lipid Peroxidation 
Aside from DNA, another target of cellular damage is the lipid membrane of the cell, and a 
compromised cellular membrane is a major action of antimicrobial copper. This investigation 
aimed to determine if lipid peroxidation was the primary process of CMC-Cu induced ROS 
damage to S. cerevisiae. ROS-induced lipid peroxidation77–79 and S. cerevisiae’s cellular fatty acid 
composition-dependent susceptibility to copper12 was considered in forming this hypothesis. 
During lipid peroxidation, byproducts are formed of which malondialdehyde (MDA) is a 
convenient biomarker for lipid peroxidation80,81. Thiobarbituric acid (TBA) reacts with MDA 
forming a deeply colored chromogen fluorescently red adduct TBA-MDA82. By utilizing this 
reaction, lipid peroxidation was investigated by measuring the MDA-TBA adduct in a fluorescence 
assay known as a thiobarbituric acid reactive substances assay (TBARS). Dunnett’s post-hoc 
statistical analysis found that the CMC-Cu, CuSO4, and H2O2 treatments all induced lipid 
peroxidation compared to the YM control media (Figure 2C). CMC-Cu treated cells analyzed via 
the TBARS assay produced the greatest fluorescence measuring at 8.03M MDA and within the 
biological replicates there was a wide-range. During this experiment a relatively large amount of 
variation between the CMC-Cu exposures was found. This is likely related to particle size 
distribution and degree of agglomeration of the particles. Levels of lipid peroxidation caused by 
hydrogen peroxide and copper sulfate treated cells were very similar, measuring 5.60 M and 5.47 
M MDA, respectively. These findings supported previous reports of copper’s toxic interaction 
with cell membranes13,36. The control sample in YM media measured 2.12 M MDA. Unsaturated 
fatty acids are a major target of ROS that results in a cyclic reaction83,84 generating lipid radicals 
and toxic lipid hydroperoxides73,85. Hydroperoxides are unstable in the presence of metals and they 
are the primary product of lipid peroxidation. They attach to lipids such as free fatty acids, 
triacylglycerols, sterols, and phospholipids. In vivo decomposition of these compounds occurs via 
the reduction, in part enzymatically, by glutathione peroxidase typically using glutathione as a 
reductant82. This process ultimately leads to loss of membrane integrity and generation of 
aldehydes that can cause distant and localized lipid peroxidation86,87. The evidence that CMC-Cu 
and CuSO4initiated lipid peroxidation supports the hypothesis that the primary process of CMC-
Cu induced ROS damage to S. cerevisiae is lipid peroxidation.  
 
Lipid Profiling 
This study’s results indicate that CMC-Cu induced ROS facilitated lipid peroxidation, but to 
further define the details of CMC-Cu nanotoxicity an untargeted exploratory metabolomics 
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assessment was employed. By utilizing a gas chromatography with electron spray ionization mass-
spectroscopy (GC-ESI-MS) methodology the lipidomics aspect proved most interesting. Lipid 
extracts analyzed in the positive and negative modes of ESI-MS provided 610 potential features 
that were chiseled down to yield 105 tentative structure confidence level annotated compounds 
(Table S1). These were used as variables in the statistical analysis performed in MetaboAnalyst 
4.0. A partial least squared discriminant analysis (PLS-DA) technique was adequate in 
discriminating samples into their treatment groups of YM, CMC-Cu, CuSO4, and CMC. A 
loadings matrix was made for the PLS-DA (Table S2). A PCA score plot, loading plot, and 
statistical ANOVA analysis was produced (Figure S3), but the PCA did not provide as good of 
separation as the PLS-DA. Using three components, a clear separation between all of the treatment 
groups was found. By using 2 components, 1 and 2, the PLS-DA had an overlap of the YM control 
and CMC-Cu treatment (Figure 3A). With components 1 and 3, the PLS-DA had an overlap of 

Figure 3 Lipid Metabolic Profiling in Response to CMC-Cu Treatment. (A) Partial least squares discriminant
analysis (PLS-DA) showing component 1 and component 2 separated all treatments but YM and CMC-Cu. (B) PLS-
DA showing component 1 and component 3 separated all treatments but YM and CMC-Cu, as well as CMC-Cu and 
CuSO4. Taken together, components 1, 2, and 3 provide a 3-dimensional separation of all treatments based on their
lipid profiles. (C) Heatmap of the top 10 metabolites used in profiling yeast treatment groups. Samples are divided
into columns, compounds are divided by rows, and the color is indicative of relative abundance. Which was
calculated via MetaboAnalyst hierarchical heatmap clustering analysis (clustering distance using euclidean, and
clustering algorithm using ward D). (D) Quantitative growth assays of BY4742 (wildtype) and scw10 isogenic 
mutant in YM, YM+CMC-Cu, and YM+CMC-Cu with glutathione (GSH). The average of four biological replicates 
were graphed with standard error after 24 hours of growth. 
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CMC-Cu and CuSO4 treatments (Figure 3B). A permutation test was administered that showed the 
supervised method did not overfit the data, enabling interpretation of the results, p< 0.001. This 
result is suggestive of the similarity between soluble copper toxicity but also supportive of the 
unique nature of the CMC-Cu nanotoxicity. Component 1 explained 17.8% of the variance, 
component 2 explained 15.7%, and component 3 explained 27.7% of the variance between samples. 
The heatmap (Figure 3C) of the top 10 compounds averaged per treatment groups showed the 
cellular membrane phospholipids phosphatidylethanolamine (PE) and phosphatidylcholine (PC) 
increased in relative abundance for CMC-Cu treatments. A whole lipidome heatmap was also 
generated (Figure S4). In vitro studies have shown that copper ions interact with synthetic 
membrane models in an ordered fashion first with PC, then PE based on the structure of the 
membrane prevalent phospholipids13. Moreover, a study on heavy metals interaction with the 
mycelia lipids of P. marquandii utilized high performance liquid chromatography – tandem mass 
spectroscopy (HPLC-MS/MS) to find the ratio of PE:PC changed, increasing the PC content upon 
exposure to copper ions88. PC and PE composition responded to CMC-Cu and CuSO4 exposure, 
albeit in opposing fashion. Unexpectedly, CMC had a depleting effect on lipid composition. PC 
and PE are the chief membrane lipid components from which their composition influences 
physico-chemical properties altering basic biological function in yeast such as cell growth, 
budding, membrane trafficking, and other formations89–91.  
 
The biosynthesis of fatty acids/ acyl chains starts with the conversion of acetyl-CoA into malonyl-
CoA from which the acetyl chain develops mainly C16:0 and C18:0 before desaturation in the 
endoplasmic reticulum (ER) of S. cerevisiae92. This acyl-CoA pool can be then converted into bulk 
phospholipids through various pathways involving the ER and mitochondria89. The Kennedy 
pathway allows PE and PC formation from acyl-CoA and triacylglycerols (TG) pools. This study 
found that CMC-Cu treated cells depleted TG reserves (Figure S4) and increased important PE 
and PC levels (Figure 3), suggesting a disruption in lipid homeostasis. TGs stored in lipid droplets 
protect lipid homeostasis by balancing fatty acid saturation93 and serving as a base for phospholipid 
metabolism94. When needed, TGs are hydrolyzed to provide building blocks for membrane lipid 
synthesis, delivering a quick response to changing environmental conditions95. TG can be 
converted to PC and PE through the Kennedy pathway89,95. These results support the hypothesis 
that CMC-Cu treated cells are depleted of their protective TG content through an increase in PC 
and PE membrane production.  
 
Interestingly, in CMC-Cu treated yeast relatively high malonylcarnitine levels were found, a 
metabolite involved with the transportation of long-chain fatty acids into the mitochondria (Figure 
3C). Increased levels of malonylcarnitine are indicative of fatty acid oxidation disruption and 
mitochondrial respiratory chain failure96–100. Cellular copper is distributed throughout the entire 
cell and a pool of bioavailable copper is also present within the mitochondria101, enabling 
mitochondrial metallation reactions. Formation of the Cu centers bound within cytochrome c 
oxidase (CcO) occurs in the mitochondrial inner membrane space (IMS) during which two copper-
binding subunits of CcO become metallated102. The detection of relatively high levels of 
malonylcarnitine further suggests that lipid damage is a primary target of the yeast cell damage, as 
this metabolite is indictive of fatty chain transportation disruption. Additionally, the amino-sugar 
fucosamine also increased in relative abundance during CMC-Cu treatment. Other amino-sugars 
such as fructosamine have been shown to complex with redox-active metals, chelating copper, 
iron, and nickel metals displaying some antioxidant aspects103–105, although the research on 
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fucosamine is still in preliminary stages. Primary metabolites were also extracted and analyzed by 
GC-MS techniques but changes in the metabolism could not be used in a discriminating analysis 
without overfitting the data (data not shown). Together this lipid profiling and TBARS assay 
support lipid damage as a primary target of CMC-Cu induced nanotoxicity. 
 
To assess how perturbations in lipid and cell wall metabolism could affect cell growth, quantitative 
growth of yeast containing knockouts of several candidate genes was measured. From the 
proteomics measurements, proteins that had levels change more than two-fold in the presence of 
CuSO4 were selected28. We selected candidates that had known roles in oxidative stress, lipid 
metabolism, and cell wall synthesis. Sod2 is the mitochondrial superoxygen dismutase 106. Ach1, 
a CoA transferase and hydrolase, is expressed in the mitochondria when grown on nonfermentable 
carbon sources107. Opi3 synthesizes phosphatidylcholine108. Mho1 is repressed by Opi1 when 
inosine and choline is present and is synthetically lethal with PLC1 deletion which encodes a 
phospholipase C109. Gpx2, a phospholipid hydroperoxide glutathione peroxide, functions during 
oxidative stress to neutralize hydroperoxides110 , Cts1, an chitinase that aids in separation of cell 
walls after mitosis111, is also regulated by Ace2, a copper responsive transcription factor112. Scw10 
is localized to the cell wall and resembles glucanases113. Each knockout strain was grown in 
YM+HULK to log phase and then diluted into media containing YM, YM with CMC-Cu, and 
CMC-Cu with glutathione and then monitored for 24 hours (Figure 3D). In the BY4742 
background, yeast growth was not slowed at 24 hours. The addition of CMC-Cu did not change 
the growth. However, the addition of glutathione allowed yeast to grow to a higher density, 
suggesting that even under standard growth conditions yeast were under oxidative stress. Of all 
the mutants tested only the scw10 mutant showed increased growth when CMC-Cu was added. 
The standard yeast media does not provide optimal levels of copper for growth of  yeast from the 
BY background28.  The loss of Scw10 protein from the cell wall may alter the association of the 
CMC-Cu with the cell wall. In YJM789 yeast, Scw10 increases 1.5 log2fold when treated with 
CuSO4 while the copper resistant strain Scw10 only increased 0.78 log2fold. The six other mutants 
in lipid and redox metabolism lack of a growth phenotype could be attributed to the robustness of 
overlapping pathways to response to stress. 
 
Cell Surface Imaging 
As the major phospholipid bilayer components PC and PE change in response to CMC-Cu 
exposure, the focus shifted to imaging the cellular damage and surface morphology in high-
resolution detail by employing scanning electron microscopy (SEM). With the use of SEM, cell 
surfaces were visualized prior to and post-CMC-Cu treatment. Deformities in the cell surface 
resembled large invaginations post CMC-Cu exposure, as compared to the round and smooth cells 
grown in YM media (Figure 4). Log-phase cells grown in YM media were circular and oval in 
appearance (Figure 4A). The log phase cells were grown in YM with 157 M CMC-Cu had surface 
deformations that are distinguished by red arrows (Figure 4B). Two images were chosen to be 
representative of treated and untreated population differences at 5,000 x magnification displaying 
the cellular surfaces of approximately 100 cells. At a higher 10,000 x magnification, varying 
degrees of cell surface invaginations on both mother and daughter cells (Figure 4C) were found. 
Ethanol treatment has been shown to produce a similar abnormal cell surface phenotype in yeast 
when visualized by electron micrographs114. These major alterations to the cellular structure have 
previously been used as a marker in characterizing novel antimicrobial treatments115,116. The 
previous report on CMC-Cu’s toxicity to S. cerevisiae provided evidence supporting endocytosis 
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of CMC-Cu by arrestins28. Here, the membrane curvature shown on the SEM micrographs appear 
not to be endocytosis vesicles because of the micrometer size of many of the invagination. Some 
of these invaginations alter the entire morphology of the yeast cell so much so that they resemble 
mammalian red blood cells. These abnormal morphologies of the cellular structure are indicative 
of cell surface damage. Previous reports show nanometer sized vesicles associated with actin 
patches via transmission electron microscopy (TEM)117,118. It is unlikely that these are a 
consequence of actin patches/ endocytosis, but the potential remains the that attempted endocytosis 
may be an antecedent to these invaginations. Direct membrane curvature by phospholipid 
modification119 has supporting evidence from the lipid profiling and lipid peroxidation results 
shown here.  Prior research concerning the location of CMC-Cu stained with Fluorescein 
isothiocyanate (FITC) suggested an association with the cellular surface for both CMC-Cu and 
CMC treatments28. Findings from the SEM images further support cell surface damage owing to 
membrane lipid peroxidation as the primary process by which CMC-Cu exerts its toxicity.  
 

Figure 4 Scanning Electron Micrographs of Yeast’s Cellular Surface. (A) Normal log-phase cells imaged at 5,000 
x magnification with a smooth round or oblong surface grown in YM media without treatments. (B) Deformed log-
phase cells imaged at 5,000 x magnification post CMC-Cu treatment. Surface invaginations shown with red arrows. 
(C) Normal log-phase cells imaged at 10,000 x magnification with a smooth round or oblong surface grown in YM
media without treatments. (D) Close view of cellular deformities at 10,000 x magnification post CMC-Cu treatment. 
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S. cerevisiae was chosen as a model system to investigate the nanotoxicity of the CMC-Cu 
exposures because of its genetic tractability, conserved genome, and exceptional wealth of 
experimental resources120. In S. cerevisiae arrestin knockouts, aly1 and aly2, are viable when 
treated with CMC-Cu, unlike soluble copper28. This supports a role for endocytosis of CMC-Cu28. 
Arrestins have been suggested as a general model for transporter regulation121,122. Yeast α-arrestins 
are intracellular proteins that target specific plasma membrane proteins for the endocytic system123 
including metal transporter Smf1122. Once arrestins associate with plasma membrane proteins, 
ubiquitin-conjugating proteins are recruited. Ubiquitinated cargo is claimed for endocytosis and 
transfers into the vacuole for degradation via both clathrin-independent and clathrin-mediated 
endocytosis124. S. cerevisiae has a small ellipsoid, 60 - 30 nm in diameter, endocytic vesicle125. 
Endocytosis internalizes cargo from the plasma membrane and has a critical role in nutrient uptake, 
damaged protein turnover, membrane composition, and the response to extracellular signals. The 
organization and proper composition of the plasma membrane are maintained by endocytic 
downregulation of plasma membrane proteins during surface remodeling. 
 
 

Conclusions 
 

While performing an investigation into the nanotoxicological influence of CMC-Cu on metal 
homeostasis, ROS production, lipid interaction, cellular morphology, and genotoxicity several 
results were uncovered while using the S. cerevisiae model system. Metal homeostasis between 
zinc and copper becomes unbalanced, increasing Cu content and decreasing Zn content, in 
sensitive yeast strains upon treatment with CMC-Cu. Unbalanced Zn/ Cu metal homeostasis acts 
as a secondary nanotoxicological process during CMC-Cu exposure. This unbalance is possibly 
owing to the single nucleotide polymorphisms (SNPs) of ZRT2 between genetically diverse yeast 
strains28, mis-metallation, or ionic mimicry. Exposure to CMC-Cu produces ROS that did not 
indicate DNA damage but did suggest lipid peroxidation. Further exploration revealed that CMC-
Cu altered the major membrane phospholipids, PC and PE, and depleted TG lipids that act to 
balance fatty acid saturation. This interaction between PC, PE, and TG suggest CMC-Cu has an 
influence on the Kennedy Pathway. These findings align with literature associating lipid damage 
with copper’s antimicrobial mode of toxicity and Cu’s interaction with PE and PC ,the major 
membrane phospholipid bilayer components13,36,126. The findings on CMC-Cu interaction with PC 
and PE adds to the limited body of research pertaining to coppers influence on biological lipids. 
Moreover, inspection of a detailed scanning electron micrograph showed an abnormal cellular 
morphology induced by CMC-Cu treatment. The visualized cellular surface disfigurement 
provides supporting evidence for surface membrane damage as the primary mechanism of action 
of CMC-Cu exposure in S. cerevisiae.  
 
The previous study provided evidence that CMC-Cu physically interacts with the cellular surface 
and that -arrestins Aly1 and Aly2 facilitate endocytosis of the copper nanoparticles into the cell28. 
An endocytosis mechanism likely attempts to partially or fully import CMC-Cu. Perhaps this 
endocytosis event disfigures the cellular morphology as an antecedent or consequence of CMC-
Cu’s physical interaction. Cumulatively, this evidence suggests CMC-Cu nanotoxicity occurs via 
localized damage primarily to the cellular membrane with secondary damages occurring via 
disruption of metal homeostasis and disruption of cellular functions likely in or near the vacuole 
and mitochondria. Thus far, the difference in antioxidant rescue suggests an exogenous 
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toxicological aspect28, knockouts of arrestins rescue suggest association with an endocytosis 
event28, high lipid peroxidation levels, high ROS levels, unbalanced Cu/ Zn homeostasis, and their 
unique influence on membrane lipids separates CMC-Cu from CuSO4 There are also many 
overlaps in the toxicity and nanotoxicity of copper, such as the genetically diverse yeast strains’ 
sensitivity to soluble copper is also mirrored by their sensitivity to CMC-Cu28. This is likely from 
the genetic and transcriptional regulation of metallothiones such as Cup128. As nanotechnology 
evolves to synthesize advanced hybrid nanomaterials and their ubiquity throughout society 
increases, the demand for understanding biology’s interaction with these materials will mature.  
 
Figure Legends 
 
Figure 1. Copper and Zinc Metal Homeostasis Measured by Inductively Coupled Plasma – 
Optical Emissions Spectroscopy During CMC-Cu Toxicity. Sensitive strain YJM789 (A) and 
resistant strain BY4741 (B) were harvested after 90-minute treatments with CMC-Cu or CuSO4. 
(A) YJM789 has a significant increase in cell-associated copper with CMC-Cu treatment and a 
decrease in cellular zinc. (B) BY4741 showed an increase of cellular copper with CMC-Cu 
treatment, no change to zinc concentrations. Statistical analysis performed via one-way ANOVA 
with a post hoc Tukey HSD analysis (p=0.05). ND= Not detected. 
 
Figure 2. Cellular Toxicity Profiles Including ROS Generation and Biomolecule Damage. (A) 
ROS measurement by DCFDA fluorescence intensity showing H2O2 and CMC-Cu producing 
higher amounts of ROS than YM or CuSO4. Statistical analysis performed via one-way ANOVA 
with Tukey HSD post-hoc analysis that suggested that YM and CuSO4 did not differ significantly 
while both H2O2 and CMC-Cu were different from all other samples (p=0.05). (B) DNA damage 
qualitative assessment over time by PFGE comparing cells grown in YM media to H2O2 and CMC-
Cu treatments. Blue represents cells grown in YM media, red represents H2O2 treated cells, green 
represents CMC-Cu treated cells. H2O2 Chromosomal bands progressively get more ill-defined 
after 15 minutes while CMC-Cu bands remain defined. (C) Lipid peroxidation measured by MDA 
production via TBARS assay of cells grown in YM media or after 90-minute treatment with H2O2, 
CMC-Cu, or CuSO4. ANOVA statistical analysis was performed with Tukey-HSD post-hoc 
analysis and a p-value cut off of 0.05. 
 
Figure 3. Lipid Metabolic Profiling in Response to CMC-Cu Treatment. (A) Partial least 
squares discriminant analysis (PLS-DA) showing component 1 and component 2 separated all 
treatments but YM and CMC-Cu. (B) PLS-DA showing component 1 and component 3 separated 
all treatments but YM and CMC-Cu, as well as CMC-Cu and CuSO4. Taken together, components 
1, 2, and 3 provide a 3-dimensional separation of all treatments based on their lipid profiles. (C) 
Heatmap of the top 10 metabolites used in profiling yeast treatment groups. Samples are divided 
into columns, compounds are divided by rows, and the color is indicative of relative abundance. 
Which was calculated via MetaboAnalyst hierarchical heatmap clustering analysis (clustering 
distance using euclidean, and clustering algorithm using ward D). (D) Quantitative growth assays 
of BY4742 (wildtype) and scw10 isogenic mutant in YM, YM+CMC-Cu, and YM+CMC-Cu with 
glutathione (GSH). The average of four biological replicates were graphed with standard error 
after 24 hours of growth. 
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Figure 4. Scanning Electron Micrographs of Yeast’s Cellular Surface. (A) Normal log-phase 
cells imaged at 5,000 x magnification with a smooth round or oblong surface grown in YM media 
without treatments. (B) Deformed log-phase cells imaged at 5,000 x magnification post CMC-Cu 
treatment. Surface invaginations shown with red arrows. (C) Normal log-phase cells imaged at 
10,000 x magnification with a smooth round or oblong surface grown in YM media without 
treatments. (D) Close view of cellular deformities at 10,000 x magnification post CMC-Cu 
treatment.  
 
Figure S1. Copper Homeostasis During CMC-Cu Toxicity Represented in Treatment 
Groups. (A) Copper levels after normal log phase cell growth in YM. (B) Copper levels after 
CMC-Cu treatment. (C) Copper levels after CuSO4 treatment. Red bars represent the resistant 
strain BY4741. Silver bars represent the sensitive strain YJM789. 
 
Figure S2. Cellular ROS Generation Over Time. ROS measurement by DCFDA fluorescence 
intensity showing H2O2 and CMC-Cu producing higher amounts of ROS than YM or CuSO4. 
Endpoint (90 min) statistical analysis performed via one-way ANOVA with Tukey HSD post-hoc 
analysis that suggested that YM and CuSO4 did not differ significantly while both CMC-Cu and 
H2O2 were different from all other samples (p=0.05). 
 
Figure S3. Lipidomic Statistics for CMC-Cu Treatment. (A) Unsupervised principal 
component analysis (PCA) of yeast grown in YM and treated with CMC-Cu, CuSO4, or YM media 
showing incomplete separation of all treatments. (B) Loading plot for the PCA seen in part B. (C) 
Important compounds identified by One-way ANOVA with a Tukey HSD post-hoc analysis. The 
significance is presented on the y-axis with red dots indicating a significance greater than p=0.05 
as indicated by the dashed line and insignificant dots in green. Of the compounds detected, select 
compounds of importance as identified in the heatmap analysis are labeled by name.  
 
Figure S4. Whole Lipidome Heatmap for CMC-Cu Treatment. Color indicates the relative 
abundance on a Log2 fold change of the complete heatmap by each sample.  
 
Table S1. Normalized Gas Chromatography Electrospray Ionization Mass Spectrometry 
Data. Column headers contain the ID compound and the rows are organized by the individual 
samples. 
 
Table S2. Loading Matrix for PLS-DA Lipidomic Assay. Column headers contain each 
principal component and the rows are organized by the individual ID compounds. 
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