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Abstract  24 

 25 

Antiviral surface coatings are under development to prevent viral fomite transmission 26 

from high-traffic touch surfaces in public spaces. Copper’s antiviral properties have 27 

been widely documented; but the antiviral mechanism of copper surfaces is not fully 28 

understood. We screened a series of metal and metal oxide surfaces for antiviral activity 29 

against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative 30 

agent of coronavirus disease (COVID-19). Copper and copper oxide surfaces exhibited 31 

superior anti-SARS-CoV-2 activity; however, level of antiviral activity was dependent 32 

upon the composition of the carrier solution used to deliver virus inoculum. We 33 

demonstrate that copper ions released into solution from test surfaces can mediate 34 

virus inactivation, indicating a copper ion dissolution-dependent antiviral mechanism. 35 

Level of antiviral activity is, however, not dependent on the amount of copper ions 36 

released into solution per se. Instead, our findings suggest that degree of virus 37 

inactivation is dependent upon copper ion complexation with other biomolecules (e.g., 38 

proteins/metabolites) in the virus carrier solution that compete with viral components. 39 

Although using tissue culture-derived virus inoculum is experimentally convenient to 40 

evaluate the antiviral activity of copper-derived test surfaces, we propose that the high 41 

organic content of tissue culture medium reduces the availability of “uncomplexed” 42 

copper ions to interact with the virus, negatively affecting virus inactivation and hence 43 

surface antiviral performance. We propose that laboratory antiviral surface testing 44 

should include virus delivered in a physiologically relevant carrier solution (saliva or 45 



 3 

nasal secretions when testing respiratory viruses) to accurately predict real-life surface 46 

antiviral performance when deployed in public spaces. 47 

 48 

Importance 49 

The purpose of evaluating antiviral activity of test surfaces in the laboratory is to identify 50 

surfaces that will perform efficiently in preventing fomite transmission when deployed on 51 

high-traffic touch surfaces in public spaces. The conventional method in laboratory 52 

testing is to use tissue culture-derived virus inoculum, however this study demonstrates 53 

that antiviral performance of test copper-containing surfaces is dependent on the 54 

composition of the carrier solution in which the virus inoculum is delivered to test 55 

surfaces. Therefore, we recommend that laboratory surface testing should include virus 56 

delivered in a physiologically relevant carrier solution, to accurately predict real-life test 57 

surface performance in public spaces. Understanding the mechanism of virus 58 

inactivation is key to future rational design of improved antiviral surfaces. Here, we 59 

demonstrate that copper ions released from copper surfaces into small liquid droplets 60 

containing SARS-CoV-2, is a mechanism by which the virus that causes COVID-19 can 61 

be inactivated.  62 

 63 

 64 

 65 

  66 
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Introduction 67 

 68 

Antiviral surface coatings are a non-pharmacological intervention that aim to prevent 69 

virus transmission via virus-contaminated surfaces, termed fomites (1). Fomite 70 

transmission occurs by hand contamination through touching fomites and subsequent 71 

self-inoculation by transfer of infectious virus from contaminated hands to exposed 72 

mucosal membranes in the mouth, nose, and eyes. Fomites are typically high-traffic 73 

touch surfaces, such as handles, push plates, lift buttons, railings, telephones, touch 74 

screens, counter tops etc., located in a wide range of public spaces. Particularly notable 75 

are ones located in healthcare settings such as hospitals and care homes. Fomite 76 

transmission plays an important role in the spread of enteric and respiratory viruses (2), 77 

although both groups of viruses have more than one route of transmission. Like other 78 

respiratory viruses, SARS-CoV-2, the causative agent of the COVID-19 pandemic, is 79 

primarily transmitted via droplet/aerosol mediated airborne transmission, but fomites are 80 

also considered a rare mode of SARS-CoV-2 transmission by the World Health 81 

Organisation (https://www.who.int/news-room/questions-and-answers/item/coronavirus-82 

disease-covid-19-how-is-it-transmitted), the CDC 83 

(https://stacks.cdc.gov/view/cdc/104762 ) and others (3-5).  84 

 Fomite transmission requires that the virus remains viable on a surface long 85 

enough for onward human transfer. Laboratory studies have shown that high 86 

concentrations of SARS-CoV-2 remain viable on a timescale ranging from hours to days 87 

on a variety of commonly used surface materials such as stainless steel, plastic, and 88 

paper (5-7). Environmental studies have shown that SARS-CoV-2 RNA has been 89 

https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://stacks.cdc.gov/view/cdc/104762
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detected on a wide range of surfaces in public spaces, particularly medical settings (4), 90 

however studies attempting to detect viable virus from such environmental surface 91 

usually fail to detect viable virus (8-10). Evidence that viable SARS-CoV-2 can be 92 

recovered from fomites in real-life settings is uncommon but has been reported (4, 11, 93 

12). Longevity of viral surface survival is an important parameter affecting the likelihood 94 

of fomite transmission; prevention of fomite transmission depends on rapid inactivation 95 

of viruses on surfaces that act as fomites.  96 

  Surface survival times are dependent on the virus, the size of the initial inoculum, 97 

environmental factors (e.g., temperature, humidity) and surface properties (e.g., 98 

chemical composition, porosity) (2, 4). Development of surfaces with antiviral properties 99 

offers a long-term behaviour-independent strategy to prevent fomite transmission, as 100 

opposed to commonly employed short-term behaviour-dependent strategies including 101 

frequent hand washing and surface disinfection regimens. Copper and its alloys have 102 

long been known for their antimicrobial properties and laboratory studies of copper 103 

surfaces have been shown to inactivate a wide range of viruses, bacteria and fungi (13-104 

15). The mechanism by which copper surfaces inactivate pathogens has not been fully 105 

elucidated, however with respect to viruses two key mechanisms have been proposed; 106 

(i) direct contact between the virus and the solid copper-containing surface (copper 107 

dissolution independent) and/or (ii) ion dissolution resulting in release of copper ions 108 

into solution from the copper-containing surface (copper dissolution dependent) (14). 109 

Virus inactivation has been reported to occur via damage to viral proteins, genomic 110 

material and envelopes (14).  111 
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 In this study, we screened a series of metal and metal oxide surfaces for antiviral 112 

activity against SARS-CoV-2. Copper and copper oxide surfaces exhibited superior anti-113 

SARS-CoV-2 activity; however, the level of antiviral activity was dependent upon 114 

composition of the carrier solution used to deliver virus inoculum. We demonstrate that 115 

copper ion dissolution is a mechanism of SARS-CoV-2 inactivation, but it is not 116 

dependent upon the amount of total copper ions released into solution per se. Instead, 117 

we suggest that the degree of virus inactivation is dependent upon copper ion 118 

complexation with other biomolecules in the virus inoculum that compete with viral 119 

components. Based on our findings, we recommend that laboratory antiviral surface 120 

testing should include virus delivered in a physiologically relevant carrier solution (i.e., 121 

saliva or nasal secretions when testing respiratory viruses) to predict real-life test 122 

surface performance more accurately when deployed in public spaces. 123 

 124 

Results 125 

 126 

SARS-CoV-2 is inactivated upon exposure to copper surfaces.  127 

The antiviral properties of copper are confirmed against SARS-CoV-2, by its time 128 

dependent inactivation upon exposure to bulk copper foil or thin-film evaporated copper 129 

test coupons (Fig. 1). Significantly less virus inactivation occurred upon exposure to 130 

stainless steel and the virus remains consistently viable across the time series with 131 

respect to the no coupon control. SARS-CoV-2 inactivation was essentially comparable 132 

between the two types of copper samples studied. No viable virus was detectable after 133 

120-min exposure to either copper surface, demonstrating that exposure to a copper 134 
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surface requires at least 1-2 hours to efficiently inactivate the virus inoculum used (~ 135 

4,000 PFU/7 L in Dulbecco’s Modified Eagle’s Medium supplemented in 2% v/v FBS 136 

(DMEM-2%FBS)). We applied an exponential fit to our data to determine the mean half-137 

life of the virus when exposed to copper surfaces (Fig. 1B), which was 38 and 28 138 

minutes for the copper foil and evaporated copper surfaces respectively. Therefore, a 139 

30-min exposure to a copper surface results in ~50% virus inactivation (Fig. 1A), 140 

providing an ideal time point to screen further test coupons to identify surface materials 141 

that inactivate SARS-CoV-2 faster than copper and thus demonstrate improved antiviral 142 

properties.  143 

 144 

Screening metal and metal oxide surfaces revealed that Cu2O containing surfaces 145 

exhibited SARS-CoV-2 antiviral activity superior to elemental copper.  146 

Utilizing the 30-min copper exposure time point as a screening reference point, a 147 

selection of different surfaces were tested with the aim of identifying materials that 148 

exhibit antiviral activity superior to copper. The thin-film evaporated copper coupon (500 149 

nm thickness) was chosen as the standard reference point (referred to as copper), 150 

along with stainless steel and no coupon controls, for screening purposes and 151 

throughout the manuscript. Screening was performed using the same SARS-CoV-2 152 

inoculum described above (~ 4,000 PFU/7 L in DMEM-2%FBS).  153 

Initially, we generated a series of coupons with elemental metal surfaces; 154 

transition metals silver (Ag), nickel (Ni) and palladium (Pd) were selected based on their 155 

proximity to copper in the periodic table, along with post-transition metal bismuth (Bi) 156 

(Table S1 and S2). Upon exposure of SARS-CoV-2 to the test elemental metal surfaces 157 
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it was clearly apparent that copper exhibited the best antiviral activity (Fig. 2A). We next 158 

investigated the antiviral properties of transition metal oxide surfaces. In the first 159 

instance, we generated delafossite copper chromate (CuCrO2), titanium oxide (TiO2) 160 

and indium tin oxide (ITO) films (Table S1 and S2). ITO was particularly selected as a 161 

transparent conductor, with widespread applications in touch screen surfaces. 162 

Unfortunately, these test surfaces did not result in any substantial SARS-CoV-2 163 

inactivation and again copper exhibited the best antiviral activity (Fig. 2B).  164 

Given that copper consistently exhibited the best antiviral activity, we proceeded 165 

to test copper oxide surfaces. Using two different methods, we generated two types of 166 

copper oxide surfaces: (i) an annealed mixture of cupric oxide and cuprous oxide 167 

(CuO/Cu2O), and (ii) a copper oxide thin film consisting predominantly of cuprous oxide 168 

(Cu2O) (Table S1 and Fig.S1). Each type of copper oxide surface was generated at two 169 

different thicknesses (Table S1). The copper oxide surfaces all exhibited significant 170 

antiviral activity (Fig. 2C). Importantly, the Cu2O thin-film exhibited better virus 171 

inactivation than annealed copper surfaces containing a CuO/Cu2O mixture in the 172 

surface layer, suggesting that the Cu2O oxidation state has superior antiviral properties. 173 

Most notably, the Cu2O thin-films resulted in better virus inactivation than the copper 174 

reference coupon, with the thicker (~30 nm) Cu2O film resulting in ~75% SARS-CoV-2 175 

inactivation after 30 min exposure, which represents an improvement of inactivation by 176 

~50% compared to copper. For the mixed CuO/Cu2O samples, we found that the more 177 

oxygen-rich CuO phase forms as the surface layer, with Cu2O forming below the 178 

surface (Fig. S2), inhibiting the superior antiviral properties of Cu2O. Interestingly, we 179 

also observed increased antiviral activity for the thicker (~30 nm) copper oxide films, 180 
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with a somewhat reduced inactivation for the ultrathin (~10 nm) film thickness. Overall, 181 

we show that thin films exposing Cu2O at the surface have superior antiviral properties 182 

over an evaporated and post-oxidized copper surface and that for films with a thickness 183 

of tens of nanometers, the film thickness can limit the degree of antiviral activity 184 

observed.  185 

 186 

Increasing copper surface thickness correlates with increased SARS-CoV-2 187 

inactivation. Motivated by these findings of a thickness-dependent antiviral activity of 188 

copper oxide films, we took advantage of our ability to precisely control film thickness by 189 

generating a series of evaporated copper films with thicknesses of 5, 10, 20, 50, 100, 190 

250 and 500 nm. In agreement with our previous observations, the amount of SARS-191 

CoV-2 inactivation after 30-min exposure increased stepwise with film thickness from 5-192 

50 nm and stabilized at ~50% inactivation when exposed to copper films of 50 nm (Fig. 193 

3A). The stabilization at 50 nm is likely to be a function of the 30-min copper exposure 194 

time, as we demonstrated in Fig. 1A, where further inactivation occurs after 60- and 195 

120-min exposure to a 500 nm copper film.  We also observed that following removal of 196 

7 L in DMEM-2%FBS after 30-min exposure time, the copper film appeared modified 197 

on the coupons generated with a copper film thickness of 50 nm, whereas the copper 198 

film remained visible on coupons with a 500 nm layer (Fig. 3B). These observations, 199 

combined with the fact that increasing copper film thickness correlates with increased 200 

SARS-CoV-2 inactivation, suggests that dissolution of copper ions into solution might be 201 

the mechanism driving virus inactivation.  202 

 203 
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Different carrier solutions impact SARS-CoV-2 inactivation, but inactivation does 204 

not correlate with amount of Cu ions released into solution. 205 

Understanding the mechanism of virus inactivation is key to future rational design of 206 

improved antiviral surfaces. Although the antiviral mechanism remains poorly 207 

understood two main hypotheses have been proposed; (i) direct contact between the 208 

virus and the solid copper-containing surface (copper dissolution independent) and/or 209 

(ii) ion dissolution resulting in release of copper ions into solution from the copper-210 

containing surface (copper dissolution dependent) (14).  To further investigate the role 211 

of copper ion dissolution we hypothesized that if the virus was delivered to a test copper 212 

surface in carrier solutions that differentially dissolve copper ions, then virus inactivation 213 

would be correspondingly affected. We selected the following carrier solutions; DMEM-214 

2%FBS, phosphate buffered saline (PBS) and artificial saliva (AS). DMEM-2%FBS is 215 

equivalent to the virus inoculum used in our prior experiments, PBS is a physiological 216 

buffered solution commonly used in cell culture and AS was selected to simulate a real-217 

world scenario related to transmission of respiratory viruses such as SARS-CoV-2.  218 

 ICP-OES (Inductively Coupled Plasma - Optical Emission Spectroscopy) was 219 

used to determine Cu ion concentration released into 7 L of each carrier solution 220 

following a 30-min exposure to either reference evaporated copper (500 nm) or Cu2O 221 

(30 nm) containing thin-film coupons (Fig. 4A). The largest amount of Cu ion dissolution 222 

was observed upon DMEM-2%FBS exposure to evaporated copper followed by Cu2O 223 

containing coupons. Approximately one third the level of copper ions was released upon 224 

PBS exposure for both coupon types and the least amount was observed upon AS 225 
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exposure, which resulted in a low-level ion release from the Cu2O coupon and no 226 

detectable release of copper ions for the evaporated copper coupon.  227 

 We next tested virus inactivation following exposure to evaporated copper 228 

coupons when SARS-CoV-2 is delivered as an inoculum of ~4,000 PFU in 7 L of each 229 

carrier solution. Importantly, we confirmed that SARS-CoV-2 remained comparably 230 

viable in each carrier solution; this was tested by measuring SARS-CoV-2 titre after 231 

resuspension in each carrier solution to confirm equal virus input (Fig. S3) and is 232 

demonstrated by the virus remaining consistently viable across the time series for each 233 

carrier solution with respect to the no coupon control (Fig. 4B-D). At the previously used 234 

30-min exposure time, SARS-CoV-2 in DMEM-2%FBS resulted in ~70% inactivation, 235 

unexpectedly however viable virus was undetectable when SARS-CoV-2 was delivered 236 

in either PBS or AS (Fig. 4B). On the 3rd and final repeat of this experiment we 237 

conducted coupon exposure at reduced time points of 20- and 10-mins, reassuringly the 238 

level of SARS-CoV-2 inactivation was time dependent for each carrier solution (Fig. 4C 239 

and D). Overall, we show that virus inactivation is impacted by virus carrier solution and 240 

the most effective inactivation occurred when virus was delivered in PBS. However, the 241 

level of SARS-CoV-2 inactivation does not appear to correlate with the amount of 242 

available copper ions in the presence of the different virus carrier solutions.  243 

 244 

Copper ion dissolution and availability is a mechanism that can independently 245 

lead to SARS-CoV-2 inactivation. To directly test the role of copper ion dissolution in 246 

SARS-CoV-2 inactivation, we performed a variation of the test surface inactivation 247 

assay, in which virus inactivation is de-coupled from the test copper surface. First, 7 L 248 
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of each carrier solution was added to either evaporated copper or Cu2O containing thin-249 

film coupons and incubated for 0- or 30-mins. The carrier solution (together with any 250 

released copper ions) was then removed from the test surface and spiked with 2 L 251 

SARS-CoV-2 inoculum containing ~4,000 PFU and further incubated for 0- or 30-mins. 252 

To act as a control, we performed a test surface inactivation assay (Fig. 5A and B) in 253 

parallel to the de-coupled assay (Fig. 5C and D).   254 

As expected from the result shown in Fig. 2C, 30-min exposure of SARS-CoV-2 255 

in DMEM-2%FBS to either an evaporated copper or Cu2O coupon resulted in ~50% and 256 

~90% inactivation respectively (Fig. 5A and B). In agreement with the results described 257 

in Fig. 4B, 30-min exposure of SARS-CoV-2 in PBS or AS to an evaporated copper 258 

coupon resulted in 100% inactivation (Fig. 5A). However, upon exposure to a Cu2O 259 

surface SARS-CoV-2 in AS only resulted in 50% inactivation (Fig. 5B), thus the 260 

presence of the Cu2O did not result in the improved virus inactivation observed when 261 

virus is delivered in DMEM-2%FBS. In fact, superior inactivation occurred when SARS-262 

CoV-2 is delivered in AS and exposed to the evaporated copper surface (Fig. 5A and 263 

B).  264 

 The de-coupled assay, which directly tests if copper ions released into solution 265 

can inactivate virus, showed that the DMEM-2%FBS-based solution recovered from 266 

either evaporated copper or Cu2O containing surfaces was not capable of any SARS-267 

CoV-2 inactivation (Fig. 5C and D), despite the ICP-OES analysis demonstrating that 268 

the greatest level of copper ions is released when coupons are exposed to DMEM-269 

2%FBS (Fig. 4A). In contrast, the PBS-based solution recovered from either surface 270 

was capable of ~50% virus inactivation (Fig. 5C and D) providing evidence that copper 271 
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ion dissolution, and hence Cu ion released into solution, can be a mechanism directly 272 

and independently responsible for virus inactivation, but no advantage was afforded by 273 

release of ions from the Cu2O film. Curiously, the AS-based solution recovered from the 274 

evaporated copper surface was not capable of virus inactivation (Fig. 5C), yet the AS-275 

based solution recovered from the Cu2O containing surface resulted in the most potent 276 

virus inactivation (~80%) observed for the de-coupled assay and surprisingly was even 277 

better than the level of inactivation when virus in AS was in direct contact with the Cu2O 278 

containing surface (Fig. 5D). Overall, we show that copper ions resulting from 279 

dissolution independent of the direct surface contact is a mechanism that can 280 

independently lead to SARS-CoV-2 inactivation, but this mechanism is influenced by the 281 

properties of the carrier solution and the type of copper ions. 282 

 283 

Discussion 284 

 285 

Copper has been widely documented to exert antiviral activity however, the mechanism 286 

of action is not fully understood. In this study we further investigate the role of ion 287 

dissolution as a mechanism by which copper and copper oxide surfaces inactivate 288 

SARS-CoV-2. First, we confirmed that SARS-CoV-2 is efficiently inactivated upon 289 

exposure to copper surfaces, in broad agreement with other SARS-CoV-2 studies (6, 290 

16-20).  291 

 We screened a series of metal coupons with the aim of identifying a surface that 292 

inactivates SARS-CoV-2 faster than copper. Despite antimicrobial properties of silver 293 

being widely reported (21), we show that a silver surface did not exhibit extensive 294 
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SARS-CoV-2 inactivation. Others have also reported silver materials to lack antiviral 295 

activity against SARS-CoV-2 and other viruses (16, 18, 22, 23) and the poor antiviral 296 

activity has been proposed to be due to low levels of Ag ion dissolution (16, 22). In 297 

contrast, positive reports of silver antiviral activity generally relate to silver-containing 298 

nanoparticles (24-28). The other elemental metals tested in this study (nickel, palladium 299 

and bismuth) also exhibited weak antiviral activity against SARS-CoV-2. 300 

 We tested a series of transition metal oxide surfaces. A titanium oxide (TiO2) 301 

surface did not result in a substantial level of SARS-CoV-2 inactivation. TiO2 has 302 

photocatalytic properties that following light illumination generates highly oxidizing free 303 

radicals (reactive oxygen species) that are reported to have antibacterial and antiviral 304 

activity (29). Our experimental procedure did not include a deliberate illumination step; 305 

however, it has been reported that when illumination of TiO2 or TiO2-composite surface 306 

coatings is undertaken, significant levels of SARS-CoV-2 inactivation occur (30-34). 307 

Weak anti-SARS-CoV-2 activity was observed upon exposure to an indium tin oxide 308 

(ITO) surface, which was tested due to its transparent properties in thin layers that could 309 

be applied to touchscreen surfaces. Whilst our study was ongoing, others reported 310 

different strategies that generated transparent surface coatings which exhibited 311 

significant anti-SARS-CoV-2 activity (35-37).  312 

In addition to copper, we show that copper oxide (Cu2O-containing) test surfaces 313 

exhibited significant anti-SARS-CoV-2 activity, in agreement with other studies that 314 

have reported various copper oxide surfaces (CuO and/or Cu2O) to exhibit effective 315 

anti-SARS-CoV-2 activity (37-41). Importantly however, we demonstrate that the level of 316 

antiviral activity was strikingly dependent on the composition of carrier solution in which 317 
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the virus inoculum was delivered to test surfaces. From our data, it can be concluded 318 

that when SARS-CoV-2 is delivered in DMEM-2%FBS (tissue culture media) a copper 319 

oxide surface (with Cu2O as the predominant oxidation phase) resulted in significantly 320 

better virus inactivation than the reference copper surface. However, the reverse is 321 

concluded when SARS-CoV-2 is delivered in AS (artificial saliva), as the reference 322 

copper surface exhibited superior antiviral activity over the Cu2O-containing surface. 323 

Further, SARS-CoV-2 delivered in PBS (phosphate buffered solution) resulted in the 324 

best virus inactivation whichever copper or Cu2O-containing surface was tested.  325 

The purpose of evaluating antiviral activity of test surfaces in the laboratory is to 326 

identify surfaces that will perform efficiently in preventing fomite transmission when 327 

deployed on surfaces in public spaces. Therefore, although it is experimentally 328 

convenient to use a tissue culture derived virus inoculum (typically DMEM or MEM with 329 

various FBS concentrations up to 10%) for evaluating the antiviral properties of test 330 

surfaces in the laboratory (6, 16-20, 37-41), we clearly demonstrate that antiviral 331 

performance of test surfaces is dependent upon the composition of the virus carrier 332 

solution. In real life, SARS-CoV-2 is expelled from an infected person via respiratory 333 

(saliva/sputum) droplets/aerosols, the composition of which is not accurately 334 

represented by tissue culture medium supplemented with FBS.  In this study, we tested 335 

an artificial saliva carrier solution (42) formulated to mimic human saliva, which is a very 336 

dilute fluid composed of >97% water plus electrolytes, proteins/enzymes (43). Overall, 337 

our results suggest that future studies would ideally include virus delivered in 338 

physiologically relevant carrier solution, e.g., real human saliva/sputum samples when 339 
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testing respiratory viruses, to recapitulate a real-life scenario to obtain a more realistic 340 

determination of test surface antiviral performance.  341 

 We hypothesized that composition of virus carrier solution could influence copper 342 

ion dissolution from copper/copper oxide surfaces, which would in turn effect surface 343 

antiviral performance if copper ion dissolution plays an important mechanistic role in 344 

antiviral activity. Indeed, we demonstrate that the different carrier solutions used in this 345 

study do influence the amount of copper ions released into solution from copper and 346 

Cu2O-containing surfaces, with the largest amount of copper ions released upon 347 

surface exposure to DMEM-2%FBS (tissue culture medium). In agreement with our 348 

observations, others have also reported that different liquids vary the level of ion release 349 

from copper and copper oxide surfaces and that the highest levels of release are into 350 

liquids containing amino acids, proteins or complex organic materials (44-47). Some 351 

studies have reported a positive correlation between the amount of copper ion released 352 

from copper/copper surfaces and antibacterial activity (47, 48). However, we did not 353 

observe any correlation between SARS-CoV-2 inactivation and total amount of copper 354 

ions released in the presence of the different virus carrier solutions used in this study. 355 

Nevertheless, we proceeded to further investigate the role of copper ion dissolution, as 356 

our observation that surface thickness influenced level of antiviral activity also suggests 357 

that ion dissolution may play a mechanistic role in antiviral activity.  358 

To do this, we performed a variation of the test surface inactivation assay, in 359 

which virus inactivation is de-coupled from the test copper/copper oxide surface to 360 

directly test if copper ions released into solution are capable of virus inactivation. Our 361 

results show that copper ions released into DMEM-2%FBS solution following copper or 362 
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Cu2O-containing surface exposure, did not have the capacity to inactivate SARS-CoV-2. 363 

A reasonable interpretation of this observation could be that ion dissolution does not 364 

play a significant role in virus inactivation and instead direct surface contact killing is the 365 

major mechanism of action at play. Indeed, Hosseini et al., used a similar experimental 366 

approach to determine the role of copper ions released from a cupric oxide (CuO) film 367 

exposed to virus culture medium; material leached from their CuO coating did not 368 

inactivate SARS-CoV-2 and thus they rejected the hypothesis that dissolved material 369 

was the cause of inactivation and concluded that direct contact between SARS-CoV-2 370 

and CuO is necessary to inhibit infection (38). Importantly, an alternative interpretation 371 

is required to explain our observations, because we provide direct evidence that copper 372 

ion dissolution is a mechanism by which SARS-CoV-2 can be inactivated, as material 373 

released into PBS solution following copper or Cu2O-containing surface exposure 374 

exhibited significant antiviral activity. The inactivation rate attributed to copper ion 375 

dissolution was ~50% less than that observed when an equivalent virus inoculum was 376 

directly exposed to test surfaces, indicating that copper ion dissolution is not the only 377 

antiviral mechanism, and that direct contact killing may also play a role.  378 

 The question remains if copper ions released from our test surfaces are innately 379 

capable of virus inactivation, why doesn’t SARS-CoV-2 inactivation occur in DMEM-380 

2%FBS solution released from our test surfaces? We propose that copper complexation 381 

with biomolecules (e.g., proteins, metabolites) in DMEM-2%FBS reduces the 382 

bioavailability of copper ions, therefore when SARS-CoV-2 is retrospectively added to 383 

released DMEM-2%FBS solution the copper ions are no longer available to interact with 384 

SARS-CoV-2 and thus virus inactivation does not occur. In support of this, Hedberg et 385 
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al., demonstrated that copper ions released from Cu nanoparticles in biomolecule-386 

containing media (e.g., DMEM, DMEM supplemented with FBS, or PBS supplemented 387 

with the amino acid histidine) does not exist as free Cu2+ ions in solution, but was 388 

instead completely complexed via strong bonds to biomolecules, conversely copper 389 

ions released from Cu nanoparticles in PBS formed labile Cu-complexes (44). 390 

Therefore, our interpretation of the data does not reject copper ion dissolution as an 391 

antiviral mechanism, on the contrary we provide direct evidence in support of copper ion 392 

dissolution as a mechanism that contributes to the antiviral activity of copper/copper 393 

oxide surfaces. Further, we suggest that complexation of dissolved copper ions with 394 

biomolecules present in the virus carrier solution can influence surface antiviral 395 

performance. We envision that competition between biomolecules in the carrier solution 396 

and the surface of SARS-CoV-2 for copper ion complexation could explain why our 397 

copper surfaces perform better when virus inoculum is delivered in PBS (which forms 398 

liable weak copper complexes) compared to DMEM-2%FBS (which forms strong 399 

chelating complexes) and further would explain why we did not observe a clear positive 400 

correlation between level of copper ion release into solution and antiviral activity. In 401 

support, whilst our manuscript was being prepared Glover et al., reported that 402 

coronavirus (OC43) inactivation on copper surfaces is significantly faster when virus 403 

was delivered in artificial perspiration solution compared to assay medium (DMEM) (46). 404 

Like our data, the rate of virus inactivation did not correlate with total amount of copper 405 

ions released into solution, instead they also suggest that chelated copper cations are 406 

not available for virus inactivation and that the organic constituents of DMEM act as 407 

chelators.  Also, Sharan et al., who studied inactivation of E.coli suspensions in copper 408 
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water storage vessels concluded that addition of amino acids, proteins or complex 409 

organic mixtures caused a dramatic decrease in E.coli inactivation, likely as a 410 

consequence of complex formation between leached copper and the organic 411 

constituents (45). Behzadinasab et al., examined the effect of dissolved copper ion 412 

species (leachate) from Cu2O microparticles suspended in different solutions (including 413 

PBS and DMEM-2%FBS) on killing of gram-negative bacterium Pseudomonas 414 

aeruginosa (47). In agreement with our observations, concentration of dissolved copper 415 

species was dependent on solution composition with the largest concentration of copper 416 

leached into DMEM-2%FBS. However, in direct contrast to our observation with SARS-417 

CoV-2, killing of P. aeruginosa correlated with dissolved copper ion concentration; 418 

copper leached into PBS did not kill the bacterium yet DMEM-lechate killed >99.9%, 419 

with solubilized Cu+ reported to be the potent active antimicrobial species. Under their 420 

experimental conditions copper’s antimicrobial activity against P. aeruginosa occurred 421 

via an ion dissolution dependent mechanism and direct contact was not required for 422 

killing, although proximity to the source of copper ions is important. In-step with our 423 

conclusions, it is noted that “their observations are important because a variety of media 424 

(buffers) is used in antimicrobial testing, and those media are not always the same as 425 

the bodily fluid that carries the microbes or viruses”.  426 

A further consequence of proteins in virus carrier solutions, that should be 427 

considered, is that their presence has been shown to confer a protective effect that 428 

stabilizes enveloped viruses (including SARS-CoV-2) over time, prolonging virus 429 

surface viability and hence delaying the rate of environmental decay (7, 49). Indeed, this 430 

protective effect could contribute to our observation that SARS-CoV-2 delivered in PBS 431 
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(which contains no proteins) resulted in the best virus inactivation whichever copper or 432 

Cu2O-containing surface was tested. We speculate that the absence of proteins in the 433 

virus carrier solution could have two consequences (i) as discussed above, more 434 

copper ions are available for virus inactivation and (ii) the virus is less stable and thus 435 

more vulnerable to the antiviral activities of copper ions. It should be noted however, 436 

that over the timeframe of our experiments (30 mins) we did not observe any significant 437 

difference in SARS-CoV-2 viability in the different carrier solutions in the absence of 438 

copper.  439 

Further investigation is required to understand the results we obtained when 440 

virus was delivered in AS (which contains the glycoprotein mucin at 0.3% w/v) (Fig.5), 441 

but our observations could suggest that different species of copper ions released from 442 

different copper surfaces could affect the degree of copper ion complexation and may 443 

also be dependent upon the type and level of chelating biomolecules present. For 444 

example, the presence of both ~ 2 mM urea and the thiocynate ions in the AS will be 445 

forming various mixed hexadenate complexes with the copper ions in the aqueous 446 

solution. Although we did not observe any significant difference in SARS-CoV-2 viability 447 

in the presence of the AS formulation used in this study, it should be noted that mucins 448 

(0.5-5% w/v) have been reported to inhibit coronavirus infection in a concentration and 449 

glycan-dependent (50). Therefore, the effect of mucins in physiologically relevant carrier 450 

solutions should be considered when conducting laboratory studies to test surface 451 

antiviral performance, particularly as mucin glycan composition and concentration will 452 

vary dependent upon the type of respiratory secretion and donor.   453 
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It is pertinent to stress that composition of virus carrier solution is just one 454 

important parameter, alongside multiple other variables, including virus inoculum size, 455 

that should be considered when assessing surface antiviral performance (2, 4, 49). 456 

Overall, these results further reiterate our conclusion that laboratory testing of surface 457 

antiviral performance should include virus delivered in a physiologically relevant carrier 458 

solution to replicate a real-life scenario and accurately assess the antiviral performance 459 

of test surfaces.  460 

 461 

Materials and Methods  462 

 463 

Generation of metal and metal oxide test surface coupons. All test surface coupons 464 

used are summarized in Tables S1 and S2. Thin film growth by electron beam 465 

evaporation was used to generated copper, bismuth and silver films. The films have 466 

been grown with various thicknesses using an e-beam evaporator in a vacuum of 10-6 467 

mbar. Films were deposited with growth rates of approximately 10 nm/min with the 468 

substrate held at room temperature. Growth rates were calibrated using a quartz crystal 469 

microbalance. We employed silicon substrates (Inseto) with 5 nm thick nickel-chromium 470 

alloy (Ni-Cr) coating as an adhesion layer before growing the metals on top. The 471 

samples were cut into 4x4 mm2 pieces after growth to provide coupons for SARS-CoV-2 472 

inactivation assays.  473 

 Thin film growth by molecular beam epitaxy was used to deposit palladium, 474 

nickel and transition metal oxide films. The films were grown using a reactive oxide 475 

molecular beam epitaxy system (MBE) (DCA Instruments Oy., Finland, dual R450), 476 
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using thermal effusion cells, as well as an e-beam evaporator to evaporate the 477 

elemental metals. Metal films were grown in ultra-high vacuum at a pressure of ~ 1 x 10-478 

9 mbar, and oxide compounds in either molecular oxygen or 10 % ozone gas 479 

environment. Growth rates were calibrated using a quartz crystal microbalance prior to 480 

growth. Film thicknesses are controlled through the growth time. The typical pressure 481 

during growth varied from 2 x 10-7 to 2 x 10-5 mbar, depending on the materials. 482 

Samples were stored in a vacuum desiccator before use to avoid degradation due to 483 

exposure to air. Glass substrates (Nano Quartz Wafer GmbH, Germany) with a size of 484 

4x4 mm2 were used for fabricating most of the surfaces, while aluminium oxide (Al2O3) 485 

(0001) substrates (MaTeck GmbH, Germany, of the same size) were used for copper 486 

chromate (CuCrO2). We have also used single crystalline substrates 487 

(LaAlO3)0.3(Sr2TaAlO6) (LSAT) (001), 4x4 mm2, from CrysTec GmbH, Germany) for 488 

identifying the crystalline phases using X-ray diffraction (XRD).   489 

Thin film growth by magnetron sputtering was used to generate indium tin oxide 490 

(ITO) films, which were obtained from RF sputtering (Nexdep 030 DC/RF magnetron 491 

sputtering system, Angstrom Engineering Ltd., Canada) at 200 °C on glass substrates 492 

with a size of 4x4mm2. The total pressure of the argon environment was kept at ~ 3 493 

mTorr during the growth, and the films were annealed for 30 min after the sputtering. 494 

For reference purposes we have included bulk foils of copper and stainless steel 495 

in the deactivation experiments. Copper foils of various thicknesses (Cu purity 99.9 %) 496 

and stainless steel (AISI 304) plates were obtained from GoodFellow Ltd., UK.  497 

 498 
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 Structural and morphological characterization of thin films.  Film thicknesses were 499 

confirmed using a profilometer. X-ray diffraction (CuKα, 50 kV, Bruker Corp., USA, 500 

Discover D8) was used for phase identification of the materials and for obtaining 501 

crystallographic information such as grain size and orientation of the films (Fig. S1). To 502 

examine the elemental distribution along the thickness direction (Fig. S2), cross-503 

sectional energy dispersive X-ray spectroscopy (EDX) (Thermo Fisher Scientific Inc., 504 

USA (formerly FEI) Titan Themis), performed in a transmission electron microscope 505 

(TEM), was utilised.  The microscope was operated at 200 kV.    506 

 507 

Propagation of SARS-CoV-2 stocks. SARS-CoV-2 strain hCOV-19/England/2/2020 508 

(kind gift of Dr Marian Killip, Public Health England, UK) was used within a class II 509 

Microbiology safety cabinet (MSC) inside a Biosafety Level 3 (BSL3) biocontainment 510 

facility. SARS-CoV-2 high titre stocks were propagated in Vero E6 cells (African green 511 

monkey kidney epithelial cell, ECACC, 85020206)  as previously described (51). Briefly, 512 

Vero E6 cells were infected at a multiplicity of infection (MOI) of 0.01 and cells cultured 513 

in Dulbecco’s Modified Eagle’s Medium supplemented in 2% v/v FBS (DMEM-2%FBS) 514 

for 72 hours post-infection. Virus containing supernatant was collected and clarified by 515 

centrifugation for 15 mins at 3,200 x g at 4C. The clarified stock was either directly 516 

aliquoted, flash frozen in liquid nitrogen and stored at -80C or further concentrated 517 

using a polyethylene glycol (PEG) virus precipitation kit (Abcam) according to the 518 

manufacturer’s instructions. Briefly, 5 x PEG solution was mixed with clarified 519 

supernatant (1:4 ratio), incubated at 4C overnight and then centrifuged at 3,200 x g for 520 

30 minutes at 4C. The resultant virus containing pellet was resuspended in DMEM-521 
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2%FBS using 1/100 volume of the starting virus supernatant and the resultant PEG-522 

stock was then aliquoted, flash frozen in liquid nitrogen and stored at -80C.  523 

 524 

Quantitation of viable SARS-CoV-2. Plaque assay was used, as previously described 525 

(51),  to determine the titre of SARS-CoV-2 stocks as PFU/mL and to determine the % 526 

survival of SARS-CoV-2 following exposure to test antiviral surfaces. All plaques assays 527 

were performed in triplicate, plaques manually counted, followed by mean and SD 528 

determination. Plaque assay limit of detection (LOD) was determined via a 9-point 1:2 529 

serial dilution of SARS-CoV-2 PEG-stock (that prior to the dilution series was diluted 530 

1:1000 in DMEM-2%FBS to 5.8 x 105 PFU/mL) to achieve theoretical zero. The SARS-531 

CoV-2 plaque assay was performed, and plaque count plotted against dilution to 532 

generate a calibration curve. LOD was calculated with the following equation: LOD = 3 x 533 

(σ/S), with σ SD and S = slope of calibration curve R2= 0.9 (52). 534 

 535 

Test surface SARS-CoV-2 inactivation assay. Test surfaces (4x4 mm2 coupons) were 536 

disinfected in 70% v/v ethanol and allowed to air dry in a class II MSC for 15 minutes 537 

before transfer into 96-well plates using inverted forceps. A 7 L droplet of SARS-CoV-2 538 

virus inoculum containing ~4000 PFU (derived from PEG-stock (5.8 x 108 PFU/mL) 539 

diluted 1:1000 in DMEM-2%FBS) was pipetted onto the centre of each test coupon and 540 

incubated for the indicated times at room temperature. No coupon controls were 541 

conducted in parallel, were the equivalent 7 L of virus inoculum was pipetted into 542 

sterile 1.5 mL tubes and incubated for the same length of time as corresponding 543 

inoculated test coupons. Recovery of virus from test surfaces was performed by adding 544 
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250 µL DMEM-2%FBS and gently pipetting up and down 25 times. The no coupon 545 

control was similarly processed. Recovered virus was transferred into individual wells of 546 

a 96 well plate and a 10-fold serial dilution in DMEM-2%FBS prepared to facilitate 547 

quantitation of % SARS-CoV-2 survival via plaque assay. To test the effect of various 548 

virus carrier solutions the SARS-CoV-2 PEG-stock (titre = 5.8 x 108 PFU/mL) was 549 

utilized. In parallel, the PEG-stock stock was diluted 1:1000 in 3 different carrier virus 550 

solution (i) DMEM-2%FBS (ii) PBS or (iii) artificial saliva solution (AS; 0.18 mM 551 

MgCl2.7H2O, 1 mM CaCl2.H2O, 5 mM NaHCO3, 1.5 mM KH2PO4, 2.4 mM K2HPO4, 2 552 

mM NH4Cl, 1.9 mM KSCN, 2 mM (NH2)2CO, 15 mM NaCl, 14 mM KCl, 0.3% w/v bovine 553 

salivary gland mucin (42). A droplet of 7 L of virus in each carrier solution was verified 554 

by plaque assay to contain ~4000 PFU and therefore the test surface virus inactivation 555 

assay was conducted as described above. The SARS-CoV-2 survival value was 556 

calculated as a percentage of the no coupon control sample and plotted as a bar chart 557 

as mean with SD and statistical significance assessed using two-way ANOVA with 558 

Tukey’s multiple comparison using Prism 9.5 GraphPad software. Significance is 559 

reported by P value *, p < 0.1, **, p <0.01***, p < 0.001, ****, p < 0.0001. Alternatively, 560 

the data is presented as log reduction in Fig.S4-8.  561 

 562 

De-coupled ion dissolution SARS-CoV-2 inactivation assay. To investigate the role 563 

of ion dissolution from test surfaces in SARS-CoV-2 inactivation, we performed a 564 

variation of the test surface inactivation assay described above, in which virus 565 

inactivation is decoupled from the test surface. Test surfaces were disinfected and dried 566 

as described above and 7 L of each carrier solution (DMEM-2%FBS, PBS and AS) 567 
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without virus, were pipetted onto the centre of each test coupon and incubated for 0 and 568 

30 minutes at room temperature. No coupon controls were conducted in parallel, were 569 

the equivalent 7 L of each carrier solution was pipetted into sterile 1.5 mL tubes and 570 

incubated for the same length of time as corresponding test coupons. After the indicated 571 

incubation times, the carrier solution was recovered from the test surface, transferred to 572 

1.5mL tube and spiked with 2 L of clarified SARS-CoV-2 stock (6 x 106 PFU/mL) stock 573 

which had been diluted 1:3 in DMEM-2%FBS such that 2 L contains ~4000 PFU. 574 

SARS-CoV-2 incubation in each carrier solution pre-exposed to the test surfaces was 575 

performed for a further 0 or 30 minutes, followed by transfer into 96-well plates to 576 

facilitate quantitation of % SARS-CoV-2 survival by plaque assay as described above.  577 

 578 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES). ICP-OES 579 

was used to determine Cu ion concentration dissolved into carrier solution (DMEM-580 

2%FBS, PBS or AS) upon exposure to various copper test surfaces. Prior to analysis 581 

test surfaces were disinfected and dried as described above and 7L of each carrier 582 

solution added for 30 min at room temperature and then recovered in a further 250 L of 583 

carrier solution, which was diluted 10X with 5% nitric acid. Alongside test samples, 584 

carrier solution controls not exposed to test surfaces, cupric acetate (~90 ppm Cu ions) 585 

positive control and calibration standards (0, 0.005, 0.02 and 0.1 ppm Cu ions) were 586 

analysed. All analysis was conducted by The University of Edinburgh ICP analysis 587 

facility using a Vista-PRO Simultaneous ICP-OES (Varian/Agilent). LOD was calculated 588 

with the following equation: LOD = 3 x (σ/S), with σ = SD and S = slope of calibration 589 

curve R2= 0.9. 590 
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 769 

Figure legends 770 

 771 

FIG 1 SARS-CoV-2 inactivation upon exposure to copper surfaces over time. (A) 772 

Percent survival of SARS-CoV-2 exposed to different metal surfaces after 0-, 30-, 60-773 

and 120-min. Data is expressed as a percentage of a no coupon control at 0-min time 774 

point for each test condition. Data shown represents mean values (n = 3 replicates and 775 

error bar = SD) and is representative of 3 independent experiments. Statistical 776 

significance was assessed using two-way ANOVA with Tukeys multiple comparison 777 

test, **** p < 0.0001. The limit of detection (LOD) for the assay is indicated by the solid 778 

red line and 50% inactivation is indicated by the black dotted line. (B) Titre of SARS-779 

CoV-2 (PFU/mL) exposed to different test surfaces as a function of time, exponential fits 780 

to the data are shown along with a solid red line, which indicates the LOD for the assay. 781 

 782 

FIG 2 Screening test elemental metal and metal oxide surfaces for SARS-CoV-2 783 

antiviral activity superior to copper. Percent survival of SARS-CoV-2 exposed to 784 

different test metal and metal oxide surfaces after 0 and 30 min compared to no 785 

coupon, stainless steel, and copper controls. Data is expressed as a percentage of a no 786 

coupon control at 0 min time point for each test condition. (A) elemental metal test 787 

surfaces; silver (Ag), nickel (Ni), palladium (Pd), bismuth (Bi) (B) metal oxide test 788 
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surfaces; copper chromate (CuCrO2), titanium oxide (TiO2), indium tin oxide (ITO) and 789 

(C) copper oxide test surfaces; annealed evaporated copper (CuO/Cu2O mixture) and 790 

predominantly Cu2O containing surfaces, generated at indicated thicknesses. Data 791 

shown represents mean values (n = 3 replicates and error bar = SD) and is 792 

representative of 3 independent experiments. Statistical significance was assessed 793 

using two-way ANOVA with Tukeys multiple comparison test, **** p < 0.0001, ** p < 794 

0.01, * p < 0.1. The limit of detection (LOD) for the assay is indicated by the solid red 795 

line and 50% inactivation is indicated by the black dotted line. 796 

 797 

FIG 3 Effect of copper surface film thickness on SARS-CoV-2 inactivation. (A) Percent 798 

survival of SARS-CoV-2 exposed to coupons with evaporated copper film of increasing 799 

thickness. Data shown represents mean values (n = 3 replicates and error bar = SD) 800 

and is representative of 3 independent experiments. The limit of detection (LOD) for the 801 

assay is indicated by the solid red line and 50% inactivation is indicated by the black 802 

dotted line. (B) images of evaporated copper thin-film coupons of 50 nm and 500 nm 803 

thicknesses before, during and after 30 min incubation with a 7 L droplet of DMEM-804 

2%FBS.  805 

 806 

FIG 4 Impact of different carrier solutions on copper ion dissolution and SARS-CoV-2 807 

inactivation upon exposure to an evaporated copper thin-film surface. (A) ICP-OES 808 

determined copper ion levels in DMEM-2%FBS, PBS or AS carrier solutions following 809 

30-mi exposure to evaporated copper, Cu2O thin film coupons or no coupon control. 810 

Data shown represents mean values (n = 6 replicates and error bar = SD). (B-D) 811 
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percent survival of SARS-CoV-2 resuspended in DMEM-2%FBS, PBS or AS carrier 812 

solutions and exposed to evaporated copper surfaces for (B) 30, (C) 20 and (D) 10 min 813 

or the equivalent no coupon control. Data is expressed as a percentage of a no coupon 814 

control at 0 min time point for each test condition. Data shown represents mean values 815 

(n = 3 replicates and error bar = SD). At the 30 min time point the data shown is 816 

representative of 3 independent experiments, the 20- and 10-min time points were 817 

included in the 3rd and final experimental repeat. Statistical significance was assessed 818 

using two-way ANOVA with Tukeys multiple comparison test, **** p < 0.0001, *** p < 819 

0.001. The limit of detection (LOD) for the assay is indicated by the solid red line and 820 

50% inactivation is indicated by the black dotted line. 821 

  822 

FIG 5 De-coupled ion dissolution SARS-CoV-2 inactivation assay. (A and B) test 823 

surface virus inactivation assay: percent survival of SARS-CoV-2 resuspended in 824 

DMEM-2%FBS, PBS or AS carrier solutions and exposed to (A) evaporated copper or 825 

(B) Cu2O thin-film coupons for 0 or 30 minutes or the equivalent no coupon control. (C 826 

and D) de-coupled virus inactivation assay: carrier solution DMEM-2%FBS, PBS or AS 827 

exposed to evaporated copper (C) and Cu2O (D) thin-film coupons for 0 or 30 min or the 828 

equivalent no coupon control. Following coupon exposure, the resultant solution is 829 

removed and spiked with SARS-CoV-2 and incubated for a further 0 or 30 min or the 830 

equivalent no coupon control. Data is shown as percent survival of SARS-CoV-2 is 831 

expressed as a percentage of a no coupon control at 0-min time point for each test 832 

condition. Data represents mean values (n = 3 replicates and error bar = SD) and is 833 

representative of 3 independent experiments. Statistical significance was assessed 834 
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using two-way ANOVA with Tukeys multiple comparison test, **** p < 0.0001. The limit 835 

of detection (LOD) for the assay is indicated by the solid red line and 50% inactivation is 836 

indicated by the black dotted line. 837 

 838 
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Table S1 Summary of surfaces tested in this study as well as substrate materials, 21 

growth methods and profiles, and thickness. 22 

Tested Surfaces Substrate Growth 
method Growth profile Thickness 

(nm) 
Evaporated Copper (EC) NiCr/Si E-beam 

Surface was deposited with e-beam in 
vacuum at room temperature after 
adhesive layer (Ni-Cr) deposition on 
Si. 

0 – 500 
Silver (Ag) NiCr/Si E-beam 250 
Bismuth (Bi) NiCr/Si E-beam 270 
Nickel (Ni) Glass MBE Elemental metal sources were 

thermally evaporated in vacuum at 
room temperature directly on glass. 

30 
Palladium (Pd) Glass MBE 20 

Copper Chromate (CuCrO2) Al2O3 MBE 
Cu and Cr was evaporated 
alternatively. O2 pressure and 
substrate temperature was kept at 5 x 
10-6 mbar and at 800 oC, respectively. 

25  

Indium Tin Oxide (ITO) Glass RF sputtering ITO was sputtered at 200 oC with the 
total pressure of 3 mTorr, followed by 
post annealing for 30 min. 10 

Titanium Oxide (TiO2) Glass MBE 
Ti was evaporated from effusion cell 
while O2 pressure and substrate 
temperature were kept at 5 x 10-6 
mbar and at 700 oC, respectively. 

16 

Annealed Evaporated Copper 
(CuO/Cu2O) mixture NiCr/Si Annealing in air 

Evaporated copper films were rinsed 
with acetone and 2-propanol for 5 min 
each, and dried at 200 oC for 5 min, 
then placed on hot surface at 350 oC 
in air and left for 1 hour. Cooled in air 
down to 200 oC then removed from the 
hot surface. Films were treated with 
water when required. 

100 

500 

Copper Oxide (Cu2O)  Glass 
LSAT MBE Cu was evaporated at 650 oC in 10 % 

O3 environment where total pressure 
was kept at approx. 2 x 10-5 mbar. 

10 
30  

23 
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Table S2 Summary of cutting, processing and storage of the surfaces tested in this 24 

study. 25 

 26 

Tested Surfaces Cutting Pre-processing Storing after 
deposition 

Evaporated copper (EC) Manual cut with diamond 
pen after deposition Rinsed with acetone then 2-

propanol in an ultra sonicator Air 
Silver (Ag) (as above) (as above) (as above) 
Bismuth (Bi) (as above) (as above) (as above) 
Nickel (Ni) Precut substrates were 

used (as above) (as above) 
Palladium (Pd) (as above) (as above) (as above) 
Copper Chromate 
(CuCrO2) (as above) (as above) N2 desiccator 
Indium Tin Oxide (ITO) Manual cut with diamond 

pen after deposition (as above) Air 
Titanium Oxide (TiO2) Precut substrates were 

used  (as above) (as above) 
Annealed Evaporated Copper 
(CuO/Cu2O) mixture Cut EC coupons were 

used Rinsed with water when 
needed Vacuum storage 

Copper Oxide (Cu2O) Precut substrates were 
used Rinsed with acetone then 2-

propanol in an ultra sonicator (as above) 

Copper foil Cut with metal cutter Polished one side, followed by 
rinsing with acetone, 2-
propanol in an ultra sonicator Air 

Stainless steel (as above) (as above) (as above) 
 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

  35 
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 36 

 37 

FIG S1 XRD patterns of surfaces tested in this study. Si (1 0 0) with adhesive layer of Ni-38 

Cr alloy was used as a substrate material for films of evaporated copper and annealed 39 

copper, while Al2O3 (0 0 0 1), (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) (0 0 1), and SrTiO3 (0 0 1) 40 

were used for stabilising CuCrO2 and binary oxides, respectively. Diffraction peaks from 41 

substrate materials are all shown with asterisks (*). Note that the samples of copper oxide 42 

and titanium oxide used for virological tests were grown on glass substrates.   43 

 44 

 45 
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 46 

 47 

      48 

 49 

FIG S2 Cross-sectional energy dispersive X-ray analysis images on (A) evaporated 50 

copper film on crystalline Si, and (B) annealed evaporated copper. Smooth surface with 51 

sharp interface is apparent in images from evaporated copper while the evaporated 52 

copper film show rougher surface. Notably, the distribution of oxygen atoms in the 53 

annealed copper film (bottom right) is not uniform and higher density of oxygen near the 54 

film surface can be seen.  55 

  56 
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                                      57 

 58 

FIG S3 Titre of SARS-CoV-2 in Carrier solutions. Following resuspension of SARS-CoV-59 

2 in each carrier solution, the virus was confirmed as remaining viable. SARS-CoV-2 viral 60 

titre was determined, and data is presented as (PFU/mL) in each carrier solution, DMEM-61 

2%FBS, PBS and AS. Data shown represents mean values (n = 3 replicates and error 62 

bar = SD) and is representative of 3 independent experiments. 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 
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 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

FIG S4 SARS-CoV-2 inactivation upon exposure to copper surfaces over time. (A) Titre 82 

of SARS-CoV-2 (PFU/mL) exposed to different metal surfaces after 0-, 30-, 60-and 120-83 

min. Data shown represents mean values (n = 3 replicates and error bar = SD) and is 84 

representative of 3 independent experiments. Statistical significance was assessed using 85 

two-way ANOVA with Tukeys multiple comparison test, **** p < 0.0001. The limit of 86 

detection (LOD) for the assay is indicated by the solid red line. (B) Titre of SARS-CoV-2 87 

(PFU/mL) exposed to different test surfaces as a function of time, exponential fits to the 88 

data are shown along with a solid red line, which indicates the LOD for the assay. 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

A B 
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 98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 

FIG S5 Screening test elemental metal and metal oxide surfaces for SARS-CoV-2 115 

antiviral activity superior to copper. Titre of SARS-CoV-2 (PFU/mL) exposed to different 116 

test metal and metal oxide surfaces after 0 and 30 min compared to no coupon, stainless 117 

steel, and copper controls. (A) elemental metal test surfaces; silver (Ag), nickel (Ni), 118 

palladium (Pd), bismuth (Bi) (B) metal oxide test surfaces; copper chromate (CuCrO2), 119 

C 

A 

B 
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titanium oxide (TiO2), indium tin oxide (ITO) and (C) copper oxide test surfaces; annealed 120 

evaporated copper (CuO/Cu2O mixture) and predominantly Cu2O containing surfaces, 121 

generated at indicated thicknesses. Data shown represents mean values (n = 3 replicates 122 

and error bar = SD) and is representative of 3 independent experiments. Statistical 123 

significance was assessed using two-way ANOVA with Tukeys multiple comparison test, 124 

**** p < 0.0001,*** p < 0.001, ** p < 0.01, * p < 0.1. The limit of detection (LOD) for the 125 

assay is indicated by the solid red line. 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

FIG S6 Effect of copper surface film thickness on SARS-CoV-2 inactivation. (A) Titre of 136 

SARS-CoV-2 (PFU/mL) exposed to coupons with evaporated copper film of increasing 137 

thickness. Data shown represents mean values (n = 3 replicates and error bar = SD) and 138 

is representative of 3 independent experiments. The limit of detection (LOD) for the assay 139 

is indicated by the solid red line. (B) images of evaporated copper thin-film coupons of 50 140 

nm and 500 nm thicknesses before, during and after 30 min incubation with a 7 µL droplet 141 

of DMEM-2%FBS.  142 

A B 
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 143 

 144 

FIG S7 Impact of different carrier solutions on copper ion dissolution and SARS-CoV-2 145 

inactivation upon exposure to an evaporated copper thin-film surface. (A) ICP-OES 146 

determined copper ion levels in DMEM-2%FBS, PBS or AS carrier solutions following 30-147 

min exposure to evaporated copper, Cu2O thin film coupons or no coupon control. Data 148 

shown represents mean values (n = 6 replicates and error bar = SD). (B-D) Titre of SARS-149 

CoV-2 (PFU/mL) resuspended in DMEM-2%FBS, PBS or AS carrier solutions and 150 

exposed to evaporated copper surfaces for (B) 30, (C) 20 and (D) 10 min or the equivalent 151 

no coupon control. Data shown represents mean values (n = 3 replicates and error bar = 152 

SD). At the 30 min time point the data shown is representative of 3 independent 153 

experiments, the 20- and 10-min time points were included in the 3rd and final 154 
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experimental repeat. Statistical significance was assessed using two-way ANOVA with 155 

Tukeys multiple comparison test, **** p < 0.0001, *** p < 0.001. The limit of detection 156 

(LOD) for the assay is indicated by the solid red line. 157 

 158 

 159 

FIG S8 De-coupled ion dissolution SARS-CoV-2 inactivation assay. (A and B) test surface 160 

virus inactivation assay: Titre of SARS-CoV-2 (PFU/mL) resuspended in DMEM-2%FBS, 161 

PBS or AS carrier solutions and exposed to (A) evaporated copper or (B) Cu2O thin-film 162 
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coupons for 0 or 30 minutes or the equivalent no coupon control. (C and D) de-coupled 163 

virus inactivation assay: carrier solution DMEM-2%FBS, PBS or AS exposed to 164 

evaporated copper (C) and Cu2O (D) thin-film coupons for 0 or 30 min or the equivalent 165 

no coupon control. Following coupon exposure, the resultant solution is removed and 166 

spiked with SARS-CoV-2 and incubated for a further 0 or 30 min or the equivalent no 167 

coupon control. Data is shown as titre of SARS-CoV-2 (PFU/mL). Data represents mean 168 

values (n = 3 replicates and error bar = SD) and is representative of 3 independent 169 

experiments. Statistical significance was assessed using two-way ANOVA with Tukeys 170 

multiple comparison test, **** p < 0.0001. The limit of detection (LOD) for the assay is 171 

indicated by the solid red line. 172 
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