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ReseaRch aRticle

A Broad-Spectrum Antimicrobial and Antiviral Membrane 
Inactivates SARS-CoV-2 in Minutes

Qingsheng Liu, Yidan Zhang, Wanjun Liu, Long-Hai Wang, Young W. Choi, 
Megan Fulton, Stephanie Fuchs, Kaavian Shariati, Mingyu Qiao, Victorien Bernat, 
and Minglin Ma*

SARS-CoV-2, the virus that caused the COVID-19 pandemic, can remain 
viable and infectious on surfaces for days, posing a potential risk for fomite 
transmission. Liquid-based disinfectants, such as chlorine-based ones, have 
played an indispensable role in decontaminating surfaces but they do not 
provide prolonged protection from recontamination. Here a safe, inexpensive, 
and scalable membrane with covalently immobilized chlorine, large surface 
area, and fast wetting that exhibits long-lasting, exceptional killing efficacy 
against a broad spectrum of bacteria and viruses is reported. The membrane 
achieves a more than 6 log reduction within several minutes against all five 
bacterial strains tested, including gram-positive, gram-negative, and drug-
resistant ones as well as a clinical bacterial cocktail. The membrane also 
efficiently deactivated nonenveloped and enveloped viruses in minutes. In 
particular, a 5.17 log reduction is achieved against SARS-CoV-2 after only  
10 min of contact with the membrane. This membrane may be used on high-
touch surfaces in healthcare and other public facilities or in air filters and 
personal protective equipment to provide continuous protection and mini-
mize transmission risks.
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1. Introduction

The COVID-19 pandemic, caused by the 
severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), has infected more 
than 172 million people and resulted in 
more than 3.7 million deaths worldwide 
since its outbreak. Studies have shown 
that SARS-CoV-2 remains viable and infec-
tious in aerosols for hours and on surfaces 
for days.[1] As a result, on top of social dis-
tancing and mask-wearing, frequent sur-
face decontamination becomes one of the 
most important preventative measures to 
minimize transmission risks.[2] Traditional, 
liquid-based disinfectants such as chlorine-
based products, have been widely used 
during this pandemic due to their antiviral 
potency and history of relatively safe use.[3] 
However, they decontaminate the surface 
only at time of application and provide no 
long-lasting protection after evaporation. 
In other efforts, copper-based surfaces or 
those coated with polymeric quaternary 

ammonium compounds, have prolonged antiviral properties.[1c,4] 
However, these surfaces often require drying or long contact time 
(hour scale) with the viral contaminants to be effectively antiviral.

Here, we report a robust, safe, inexpensive, and scalable 
membrane with long-lasting, exceptional killing efficacy against 
a broad spectrum of bacteria and viruses. In particular, the 
membrane inactivates SARS-CoV-2 with an over 5 log reduction 
after only 10  min of contact. We designed this anti-viral mem-
brane (AVM) based on three desirable attributes: 1) a potent 
and safe antiviral agent that can be stably incorporated into the 
membrane; 2) a large surface to volume ratio to maximize the 
immobilization of the antiviral agent on the surface of the mem-
brane; and 3) high wettability to promote rapid and intimate 
contact with viral contaminants for effective contact killing. To 
develop such an AVM, we designed and synthesized two miscible 
polyurethanes, one with a hydantoin side group which can cova-
lently bond and stably immobilize oxidative chlorine[5] and one 
with a zwitterionic group that imparts hydrophilicity[6] and pro-
motes fast wetting. We then used electrospinning to make the 
sub-micron fibrous membrane from the polyurethane blends. 
The sub-micron fibrous structures provide a large surface area 
(≈10  m2 g−1)[7] for chlorine immobilization and also enhance 
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wetting even for small size, respiratory droplets. To prepare the 
membrane for use, it was treated with a household chlorine-
based disinfectant, rinsed to remove any free chlorine and dried. 
The AVM exhibits near complete killing with 99.9999% reduction 
within 1 min of all five bacterial strains tested, including gram-
positive, gram-negative and drug-resistant ones as well as a clin-
ical bacterial cocktail. The AVM was also tested against enveloped 
viruses, transmissible gastroenteritis  coronavirus (TGEV) and  
SARS-CoV-2, and non-enveloped feline calicivirus (FCV).[8] No 
viable TGEV was detectable after just 1 min exposure. Although the  
non-enveloped FCV was somewhat more resistant, no infectious 
virus was detectable after 30 min; and 1 and 10 min sufficed to 
reduce infectivity by 2.17 and 4.72 log, respectively. In particular, 
a 5.17 log reduction of SARS-CoV-2 was achieved after a 10 min 
of contact, and no infectious SARS-CoV-2 was detectable after 
30  min. The AVM may be attached to high-touch surfaces or 
used in air filters and personal protective equipment (PPE) to 
provide continuous protection and minimize transmission risks.

2. Results

2.1. Design, Fabrication, and Characterization of AVM

We chose polyurethanes as the base material because they 
are inexpensive, easy to scale, widely used, and tunable to 

form a wide array of materials from soft elastomers to rigid 
plastics.[9] To synthesize the polyurethane with the hydantoin 
group (namely HAPU) and the one with the zwitterionic sul-
fobetaine group (namely SBPU), HA-diol, and SB-diol based 
monomers, respectively, were first prepared and confirmed by 
NMR (Figure S1, Supporting Information) A polycaprolactone 
diol (PCL-diol) with a molecular weight of 2 kDa was used as a 
soft, elastic segment of the polyurethanes, while a 1, 6-Diisocy-
anatohexane (HDI) was used as building blocks. The synthesis 
of HA based polyurethane (HAPU) and SB based polyurethane 
(SBPU, Figure 1A) were carried out according to the schemes 
as shown in Figure S2, Supporting Information, and character-
ized as shown in Figure S3, Supporting Information. We then  
blended HAPU and SBPU (mass ratio of HAPU and SBPU = 3:1)  
and used electrospinning to fabricate the membrane con-
taining both HA and SB groups (Figure  1B,C and Figure S4, 
Supporting Information). The fiber diameter (≈0.6–0.9  µm) 
and average pore size (≈0.8–2.8  µm) of the membrane was 
tuned by adjusting the polyurethane concentration (Figures S5 
and S6, Supporting Information). It is important to note that 
the hydrophilic, sub-micro fibrous structure is highly effective 
to promote wetting even when exposed to small size, respira-
tory droplets (submicron to hundreds of microns)[10] which 
may not wet as readily smooth membranes, microfibrous 
membranes or hydrophobic sub-micro fibrous membranes 
(Figure 1D).

Figure 1. Design, fabrication and characterization of the AVM. A) Schematic illustration of the two polyurethanes, HAPU and SBPU. B) A photograph of 
the membrane made of HAPU and SBPU. C) SEM image of the membrane made of HAPU and SBPU before chlorination. D) Schematic illustrations of 
respiratory droplets on smooth, micro fibrous, hydrophobic sub-micro fibrous, and hydrophilic sub-micro fibrous membranes. E) Immobilized chlorine 
content (weight percentage) of AVM and cast film as a function of chlorination time. F) XPS Cl 2p spectra of the membranes made of HAPU and SBPU,  
before and after chlorination. G) Stress–strain curves in tensile test for the membranes made of HAPU and SBPU, before and after chlorination.  
H) Digital photographs of water droplets on AVM and HAPU membranes.
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The membrane has a high chlorine loading capacity. After 
treatment with a diluted household bleach or other halogen-
ating agents such sodium dichloroisocyanurate (NaDCC) (used 
for the sterilization of swimming pool and drinking water), the 
NH group on the membrane surface was transformed into 
NCl (N-halamine) structure. The chlorine content, measured 
via an iodometric titration method, increased with chlorination 
time (Figure 1E), saturating at ≈2.63% (w/w) after 15 min. The 
chlorine content was almost 20 times more than that of a cast 
film made from the same polyurethane blend. The XPS spec-
trum (Figure  1F) revealed a peak at 201  eV, attributable to Cl 
2p, indicating the formation of N-halamine (NCl) groups after 
chlorination. In addition, XPS signals (Figure S7A, Supporting 
Information) at 403 and 168  eV from nitrogen and sulfur, 
respectively, confirmed the existence of SB group on the mem-
brane. The chlorinated membrane or AVM was mechanically 
robust with a tensile strength of ≈8.6 MPa at a strain of ≈295%, 
slightly lower than before chlorination (Figure  1G). Moreover, 
like the untreated membrane, the chlorinated one presented 
excellent thermal stability (Figure S7B, Supporting Informa-
tion). Lastly, the AVM and SBPU membrane (Figure S8, Sup-
porting Information) were highly wettable with water droplets 
quickly spreading and becoming imbibed into the membrane 
within 10 s. In contrast, a water droplet maintained a contact 
angle after 3 min on the membrane made of HAPU alone (also 
chlorinated) (Figure 1H). The fast wetting is important to facili-
tate intimate contact with viruses inside a respiratory droplet. 
The large amount of immobilized chlorine and fast wetting 
make the AVM an ideal candidate to inactivate viruses and  

bacteria. Furthermore, MTT assays (Figure S9, Supporting Infor-
mation) revealed negligible cytotoxicity of the AVM membrane,  
confirming its safety.

2.2. Anti-Bacterial Properties of AVM

AVMs were prepared and used 7 days after chlorination unless 
noted otherwise. We first evaluated the bactericidal effect 
via a direct contact method against five model strains: gram-
negative Escherichia coli, gram-positive Staphylococcus aureus, 
vancomycin-resistant Enterococci (VRE), methicillin-resistant S. 
aureus (MRSA), and a clinically isolated cocktail of 14 strains 
(see Table S1, Supporting Information, for details). In addi-
tion, to better assess the bactericidal effect of AVM (chlorinated; 
1.68 ± 0.13% chlorine content) we included 3 controls: a poly-
propylene non-woven (PPN) membrane (a primary  material 
used in the manufacture of PPE[11]), a sub-micron fibrous mem-
brane made of HAPU alone (also chlorinated; 1.74  ± 0.09% 
chlorine content), and a sub-micron fibrous membrane made 
of another type of polyurethane with quaternary amine groups 
(namely PU-N+ membrane) which is known to be effective at 
inactivating bacteria.[12] About 4.89 log  colony forming units 
per sample (CFU/sample)  of  E. coli  remained on the surface 
of PPN after 30 min of contact (Figure 2A). In contrast, AVM 
and HAPU membranes inactivated all inoculated bacteria, 
whereas there was 3.61 log CFU/sample  of  E. coli  remaining 
on the PU-N+ membrane. More drastic differences started to 
emerge as the contact time was decreased. At 15 min, no viable 

Figure 2. AVM rapidly and efficiently inactivates a broad spectrum of bacteria. A) Viable E. coli on AVM, PPN, HAPU, as well as PU-N+ membranes 
after different contact time. B) Stability of immobilized chlorine (weight percentage) on AVM under dry or aqueous condition. C) Immobilized chlorine  
content on AVM after 10 chlorination–dechlorination cycles. D) Viable E.  coli on the AVM with different shelf times or recharged for the 5th time.  
E) Bactericidal efficacies of AVM against S. aureus, VRE, MRSA, and the bacterial cocktail after 1 min of contact, with PPN as a control.
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bacteria were detected on AVM or HAPU membranes, but 5.63 
log CFU/sample remained on the PU-N+ membrane. At 1 min, 
still no viable bacteria were detected on AVM, a 6-log reduction 
or a bactericidal efficacy of 99.9999%, whereas neither PU-N+ 
nor HAPU membranes had significant bactericidal effect at 
this short exposure (Figure 2A). These results showed superior 
bactericidal effects of AVM compared to PU-N+ or HAPU mem-
branes, likely resulting from the combination of large content 
of potent chlorine and high wettability of AVM.

Next, we investigated the stability and reusability of the 
AVM in bacteria killing. The chlorine content of AVM gradu-
ally decreased over time under dry condition (25  °C, 15–20% 
relative humidity) and in water, but the decrease was slow and 
25% of initial chlorine content remained in dry condition after 
30 days (Figure 2B). Furthermore, the AVMs used in this study 
were made from one batch of SBPU and four different batches 
of HAPU. The content and stability of immobilized chlorine 
on the AVM made from each batch was consistent (Figure S10, 
Supporting Information). Furthermore, the chlorine content of 
the AVM could be replenished using a household bleach solu-
tion for at least 10 chlorination-dechlorination (quenching) 
cycles (Figure  2C). We tested the bactericidal effect of AVM, 
1, 7, and 21 days after chlorination (corresponding to 2.12%, 
1.68%, and 0.94% chlorine content, respectively) or recharged 
for the 5th time. Similar biocidal efficacy of 99.9999% for 2 h or 
30 min contact time was observed in all cases (Figure 2D). Only 
1.80 log CFU/sample of E. coli was detected on the 21-day old 
AVM after 1 min exposure, while no bacteria could be detected 
in any other case. Lastly, when inoculated with S. aureus, VRE, 
MRSA, and the bacterial cocktail, the AVM exhibited similarly 
robust and ultra-fast biocidal performances (Figure 2E, Figure 
S11 and Table S2, Supporting Information), achieving more 
than 6 log CFU reduction within 1 min of contact, in contrast 
to other antimicrobial membranes which usually required a 
contact of 30 min to several hours to achieve up to 4 log CFU 
reduction.[13] All these data showed that the AVM had stable, 
superior bactericidal effects against a broad spectrum of bac-
teria for practical uses.

2.3. Anti-Viral Properties of AVM

The most impactful application of AVM during this pandemic 
would be inactivation of SARS-CoV-2.[14] Therefore, we evalu-
ated the antiviral activity of AVM against different viruses 
including SARS-CoV-2. We first chose a FCV, a surrogate for 
human norovirus[15] which is a leading cause of acute gastro-
enteritis worldwide. FCV is a non-enveloped, single stranded, 
positive sense RNA virus. Non-enveloped viruses are typically 
more resistant to disinfectants and other stresses like heat 
or drying than enveloped ones.[16] We analyzed the antiviral 
activity of AVM against 100 µL FCV (2.92 × 106 TCID50/sample) 
deposited in 10 separate droplets onto the surface of AVM or 
PPN (control). Infectious FCV loads remaining on each surface 
after pre-determined contact periods were quantified on Cran-
dell–Reel feline kidney (CRFK) cells by the 50% tissue culture 
infective dose (TCID50) method. Cytopathic effects (CPE) were 
observed under microscope and confirmed after crystal violet  
staining. While 2.75 × 105 TCID50/sample of FCV were  

recovered from PPN membrane after a 2-h exposure, no CPE was 
observed either under microscope or under visual inspection in 
the AVM group (Figure S12, Supporting Information), implying 
a more than 4.1 log reduction in infectivity in comparison to 
PPN (Figure 3A). Similar results were obtained after 30 min of 
contact. Decreasing contact time to 10 or 1 min led to almost no 
virus reduction on PPN membrane, while the AVM reduced the 
virus titer from 106.47 to 101.75 TCID50/sample in 10 min, or from 
106.24 to 104.07 (99.3% inactivation) in just 1 min.

We  then compared AVM with HAPU and PU-N+ mem-
branes in FCV inactivation. While the PU-N+ membrane had 
certain antiviral effect, the AVM performed much better with 
at least 1.37, 1.84, and 2.71 more log reductions after 120-, 30-, 
and 10-min contact, respectively (Figure  3B). We concluded 
that N-halamine based AVM was more potent against FCV 
than the quaternary amine-based membrane. In comparison 
with the HAPU membrane with identical chlorine content, the 
AVM lowered the virus titers by 1.09, 2.84, and 2.54 more logs 
after 120-, 30-, and 10-min contact, respectively. These data con-
firmed again the importance of the zwitterionic SBPU compo-
nent that imparted hydrophilicity into the AVM and promoted 
rapid interactions between the membrane surface and virus, 
leading to enhanced antiviral performance compared to the rel-
atively hydrophobic HAPU membrane. Moreover, as expected, 
the membrane made of HAPU and SBPU without chlorination 
had no anti-viral effect (Figure S13A, Supporting Information).

We also tested the FCV inactivation by the AVM after 1, 
7, and 21 days of shelf time. No viable FCV was detected on 
any of the three sets of membranes after 30  min or 2 h con-
tact (Figure  3C and Figure S13B, Supporting Information). 
When the contact time was shortened to 10 min, the FCV titer 
on 1-day old AVM was reduced from 6.47 to 1.43 log(TCID50/
sample); and to 1.70  log(TCID50/sample) or 3.53 log(TCID50/
sample) on 7 and 21 day old AVMs, respectively. These results 
indicated that the 21-day-old AVM had potent antiviral activity 
after contact as short as 10  min. In addition, AVM after five 
cycles of quenching/chlorination still maintained robust anti-
viral behavior (Figure 3C), which was comparable to the AVM 
after first chlorination. Even stronger potency was observed 
against the TGEV, an enveloped, positive-sense, single-stranded 
RNA virus from genus Alphacoronavirus, subgenus Tegacovirus, 
chosen as a surrogate for other pathogenic human corona-
virus such as SARS-CoV-1.[17] A lower titer of TGEV (2.8 × 104 
TCID50/sample) was applied to the AVM using the same pro-
tocol as for FCV. No viable TGEV was detected on the AVM 
after as short as 1-min contact (Figure  3D), while significant 
infectivity was recovered from the PPN control after all contact 
times. AVM with various shelf time or recharged all retained 
the activity against TGEV (Figure  3E and Figure S14, Sup-
porting Information).

2.4. Inactivation of SARS-CoV-2

Most significantly, the AVM was similarly effective in inacti-
vating the SARS-CoV-2 that caused this pandemic. AVM was 
prepared at Cornell University and 7 days later shipped over-
night to Battelle Memorial Institute for SARS-CoV-2 testing. We 
applied a total volume of 100 µL inoculum containing 7.8 × 105 
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TCID50/sample SARS-CoV-2 in 10 separate droplets onto each 
AVM for 2 h contact. SARS-CoV-2 was completely inactivated 
within the detection limit (LOD) of the assay (1.42 log[TCID50/
sample]) (Figure 4A). In contrast, the virus titer on the PPN 
membrane control was only slightly reduced from 5.89 to 5.39 

log(TCID50/sample). The viral titer on AVM was reduced by 
3.97 log and 99.99% in comparison to the PPN membrane.

Next,  we tested shorter contact time and higher viral inoc-
ulum. A one hundred microliter bolus containing SARS-
CoV-2 (6.7 × 106 TCID50/sample) was inoculated in 10 separate 

Figure 3. AVM rapidly and efficiently inactivates non-enveloped FCV and enveloped TGEV. A) FCV titer on AVM or PPN control after 2 h, 30 min, 
10 min, and 1 min contact. B) FCV titer on AVM, HAPU, or PU-N+ after 2 h, 30 min and 10 min contact. C) FCV titer on AVM with different shelf times 
or recharged for the 5th time after 10 min contact. D) TGEV titer on AVM or PPN control after 2 h, 30 min, 10 min, and 1 min contact. E) TGEV titer 
on AVM with++ different shelf times or recharged for the 5th time after 10 min contact. LOD: limit of detection for the TCID50 assay. n = 3 per group. 
***p-value < 0.001, and ****p-value < 0.0001.

Figure 4. AVM rapidly and efficiently inactivates SARS-CoV-2. A) SARS-CoV-2 titer on AVM or PPN membranes after 2 h contact. B) SARS-CoV-2 titer on 
AVM or PPN membranes after 30 min contact. C) SARS-CoV-2 titer on AVM or PPN membranes after 10 min contact. n = 3 per group. ****p-value < 0.0001.
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droplets on AVM and allowed to dwell for 30  min. No viable 
SARS-CoV-2 on AVM was detected within the LOD (Figure 4B). 
It yielded more than 3.71 log reduction when compared with 
the PPN membrane. The contact time was further decreased 
to 10 min. As expected, a high percentage of viruses was recov-
ered from the PPN control (Figure 4C). In contrast, AVM pre-
dictably had an inactivation efficacy at a log reduction of 4.11 
compared to PPN. After a mere 10  min, AVM induced viable 
SARS-CoV-2 titers to decrease from 6.82 log(TCID50/sample) 
to 1.65 log(TCID50/sample), leading to a 5.17 log reduction or 
99.999% of inactivation. These data, together with those from 
FCV and TGEV as summarized in Table 1 established the AVM 
as a superior, broad-spectrum antiviral membrane.

3. Discussions

There are several design features in the AVM that contribute 
to its exceptional killing efficacy against bacteria and viruses. 
In general, there are two main killing mechanisms: contact 
killing where inactivation occurs after contact, and release 
killing where the active agent is released into liquid to inac-
tivate bacteria or viruses.[5a] The contact killing was likely the 
primary mechanism for the AVM since no significant free chlo-
rine (less than 0.1  ppm) was detected in media where AVMs 
were immersed for 10  min, 30  min, or 2 h and no difference 
in FCV infectivity was observed when the virus was incubated 
with the leachates or blank culture medium (Figure S15, Sup-
porting Information). Diluted commercial bleach at the same 
chlorine concentration (0.1  ppm) was included as control for 
the antimicrobial and antiviral tests. The results (Figure S16, 
Supporting Information) indicated that such a low chlorine 
concentration did not have any significant antimicrobial and 
antiviral properties. Oxidative chlorine atoms from N-halamine 
can be transferred onto bacterial or viral membranes upon con-
tact and inactivate them with efficacies dependent on the rate 
and amount of chlorine transfer.[5a] An appropriate N-halamine 
structure with balanced activity and stability is necessary to 
achieve bacterial or viral inactivation with high and long-lasting 

efficacy. The chemical stability of  N-halamine decreases from 
amine to amide to imide N-halamine, while the antimicrobial  
activity increases in the same order.[5d] Among the amide  
N-halamines, the one formed by hydantoin group is particularly 
attractive because of the cyclic structure-enhanced stability and 
the absence of α-hydrogen (and hence elimination of HCl).[5a,18] 
In addition, some of the NH in urethane bonds can be chlo-
rinated and contribute to the overall chlorine content, although 
the formed N-halamine tends to be less stable.[19] Besides the 
hydantoin as the main chlorine immobilizing group, the high 
surface to volume ratio and thus the amount of N-halamine 
groups on the surface of AVM also contribute to its stable and 
high chlorine content. Three weeks after preparation, the AVM 
still contains ≈0.94% (w/w) active chlorine and the chlorine can 
be repeatedly replenished as needed.

In addition to high immobilized chlorine content, effective 
contact killing also requires fast and intimate contacts between 
the surface and the bacteria or viruses. The hydantoin group 
and the HAPU polymer are relatively hydrophobic. We thus 
incorporated into the AVM a zwitterionically modified SBPU. 
The sulfobetaine is among the most hydrophilic groups because 
of its zwitterionic nature.[6a,20] The hydrophilicity combined 
with the highly porous structure of the sub-micron fibrous sur-
face of AVM resulted in the so-called Wenzel state[21] and facili-
tated fast and complete wetting. In particular, even small res-
piratory droplets which may not readily wet conventional sur-
faces with features larger than the droplets themselves can still 
be imbibed into the hydrophilic sub-micron fibrous structure 
due to capillary action. It is also interesting to note that zwit-
terionic motifs are also known to form a hydration layer on the 
surface that acts as a physical and energetic barrier to prevent 
biofouling.[6a,22] Our experiments indeed showed minimal bac-
teria attached to the surface of SBPU membranes (Figure S17A, 
Supporting Information). The amount of dead bacteria attached 
to the AVM post-killing was on average 20.1% of those attached 
to the HAPU membranes (Figure S17B, Supporting Informa-
tion). It should be noted that unchlorinated SBPU membrane 
was not able to kill virus or bacteria (Figure S18, Supporting 
Information), although the membrane possessed antifouling 

Table 1. Virus viability including SARS-CoV-2 on the AVM after different contact time.

Virus Inoculum [TCID50] Contact time Recovery (TCID50) from 
AVM

Log reduction % reduction Recovery (TCID50) from 
PPN control

SARS-CoV-2 105.89 120 min ND ≥4.47 ≥99.9966 105.39

SARS-CoV-2 106.82 30 min ND ≥5.40 ≥99.9996 105.13

SARS-CoV-2 106.82 10 min 101.65 5.17 99.9993 105.76

FCV 106.47 120 min ND ≥5.15 ≥99.9993 105.44

FCV 106.47 30 min ND ≥5.15 ≥99.9993 105.11

FCV 106.47 10 min 101.75 4.72 99.9981 106.43

FCV 106.24 1 min 104.07 2.17 99.3239 106.09

TGEV 104.45 120 min ND ≥3.13 ≥99.9259 102.87

TGEV 104.45 30 min ND ≥3.13 ≥99.9259 103.45

TGEV 104.45 10 min ND ≥3.13 ≥99.9259 103.77

TGEV 104.45 1 min ND ≥3.13 ≥99.9259 103.98

Note: ND indicates not detectable.
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properties. The unique N-halamine group, the zwitterionic 
chemistry and the sub-micron fibrous structures in the AVM 
design all played important roles synergistically in achieving 
the observed antibacterial and antiviral properties.

In design of the AVM, we also considered its practical appli-
cations. For example, the synthesis of the polyurethane base 
material and the manufacturing of the membrane by electro-
spinning are both tunable, inexpensive, and scalable. Moreover, 
the antibacterial activity of the AVM was relatively stable after 
single chlorination (Figure S19, Supporting Information) and 
under different environmental conditions such as pH and tem-
perature (Figure S20, Supporting Information). Since the AVM 
is also soft, lightweight, breathable, heat-processable, recharge-
able and durable, it may be used in a number of applications. 
It may be attached using adhesive tapes to high-tough surfaces 
in healthcare facilities or other public spaces such as doorknobs 
(Figure S21A, Supporting Information) and shopping cart han-
dles (Figure S21B, Supporting Information) to provide contin-
uous protection. It may be incorporated into PPE using a simple 
heat press (Figure S20C, Supporting Information), rendering 
PPE even safer during wear, reuse, or disposal, by adding to it 
the ability to immediately inactivate infectious pathogens. The 
AVM may also be used in air and water filters to trap and more 
importantly kill pathogens (Figure S22, Supporting Informa-
tion). In summary, the AVM is a broad-spectrum, highly effec-
tive and reusable antibacterial and antiviral membrane that can 
inactivates pathogens including SARS-CoV-2 within minutes 
and may be capable to provide long-lasting protections during 
any local outbreak or global pandemic.

4. Experimental Section
Materials: Polycaprolactone diol (Mn 2000, PCL-diol, Sigma-Aldrich) 

was dried in vacuum oven prior to synthesis. 5,5-dimethylhydantoin, 
diethanolamine, formaldehyde solution (36.0% in H2O), stannous 
octoate  (Sn(Oct)2), 1,4-diaminobutane, NaDCC, potassium iodine, 
anhydrous dimethyl sulfoxide (DMSO), dichloromethane (DCM), 
diethyl ether, and methanol were purchased from Sigma-Aldrich. 
N-butyldiethanolamine, 1,3-propanesultone, and HDI were obtained from 
Alfa Aesar. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from 
Oakwood Chemical. PCL-diol, Sn(Oct)2, and 1,4-diaminobutane were 
dried in a vacuum oven prior to synthesis for removal of residual water.

Cells, Bacteria, and Viruses: Swine testicular (ST; ATCC CRL-1746) cells, 
CRFK (ATCC CCL-94) cells, and African green monkey kidney (Vero E6; 
ATCC NR-596) cells were purchased from the American Type Culture 
Collection (ATCC). Bacterial strains S. aureus (ATCC 6538), E. coli (CFT-73),  
MRSA (US300), VRE (clinical isolate), and a 14-strain bacterial cocktail 
were obtained from the Halomine Inc. (See Table S1, Supporting 
Information, for details). TGEV (ATCC VR-1740) and FCV (ATCC VR-782) 
were purchased from the ATCC. SARS-CoV-2 strain USA-WA1/2020 was 
obtained from BEI Resources (Manassas, VA, USA).

Synthesis of 3-((bis(2-hydroxyethyl)amino)methyl)-5,5-dimethyl-
imidazolidine-2,4-dione: 5,5-dimethylhydantoin (26.4  g, 0.2  mol), 
diethanolamine (21.2  g, 0.2  mol), formaldehyde (16.2  g, 0.2  mol), 
and methanol (250  mL) were added to a 500  mL round-bottom flask. 
The mixture was stirred under a nitrogen atmosphere for 6 h at room 
temperature. After stirring, methanol and water byproducts were 
removed by rotary evaporation. The remaining viscous crude product was 
then dissolved in ethyl acetate, with anhydrous sodium sulfate added for 
further drying. After removal of sodium sulfate by filtration, the solution 
was refrigerated overnight. A white solid precipitate formed, which 
was collected and washed twice with cold ethyl acetate before further 

purification via a silica gel column (eluent: DCM/methanol, 9:1 v/v).  
The chemical structure of the product (HA-diol) was confirmed by 
proton nuclear magnetic resonance. 1H NMR (DMSO-d6, 400  MHz, 
ppm): δ 8.28 (s, 1H), 4.37 (t, 2H), 4.30 (s, 2H), 3.42 (m, 2H), 2.63  
(t, 2H), 1.28 (s, 6H).

Synthesis of 3-(butylbis(2-hydroxyethyl)ammonio)propane-1-sulfonate: 
N-Butyldiethanolamine (8.05  g, 0.05  mol), 1,3-propanesultone (6.7  g, 
0.055 mol) and DCM (200 mL) were added to a 500 mL round-bottom 
flask. The mixture was stirred under a nitrogen atmosphere for 24 h at 
40 °C. After stirring, the solvent was removed using a rotary evaporator. 
The product was precipitated by cold diethyl ether and then washed 
three times with cold diethyl ether to produce a white powder. The 
chemical structure of the product (SB-diol) was confirmed by proton 
nuclear magnetic resonance. 1H NMR (D2O, 400  MHz, ppm): δ 3.97  
(t, 4H), 3.54 (m, 6H), 3.4 (t, 2H), 2.91 (t, 2H), 2.15 (m, 2H), 1.68  
(m, 2H), 1.34 (m, 2H), 0.90 (t, 3H).

Synthesis of N,N-bis(2-hydroxyethyl)-N-methylbutan-1-aminium: N- 
Butyldiethanolamine (8.05 g, 0.05 mol), iodomethane (7.8 g, 0.055 mol), 
and anhydrous acetonitrile (250  mL) were added to a 500  mL round-
bottom flask. The mixture was stirred under a nitrogen atmosphere for 24 h  
at 60 °C. After mixing, the solvent was removed by a rotary evaporator. The 
product was precipitated by cold diethyl ether and subsequently washed 
three times with cold diethyl ether to get a white powder. The chemical 
structure of the N,N-bis(2-hydroxyethyl)-N-methylbutan-1-aminium (N+-
diol) was confirmed by proton nuclear magnetic resonance. 1H NMR 
(D2O, 400  MHz, ppm): δ 4.07 (t, 4H), 3.60 (m, 4H), 3.46 (m, 2H), 3.19  
(s, 3H), 1.78 (m, 2H), 1.41 (m, 2H), 0.97 (t, 3H).

Synthesis of HAPU: The HAPU was synthesized from PCL-diol, 
HA-diol, HDI, and 1,4-diaminobutane. Briefly, PCL-diol (10  g, 5  mmol) 
and HA-diol (3.9  g, 16  mmol) were dissolved in 250  mL anhydrous 
DMSO at 65  °C under nitrogen protection. HDI (4.04  g, 24  mmol) 
was then added to the flask dropwise, followed by the addition of two 
droplets of Sn(Oct)2 catalyst. The mixture was stirred vigorously at 
65 °C for 30 min. Then, 1,4-diaminobutane (0.26 g, 3 mmol) was added 
dropwise to the solution as a chain extender and stirred at 80 °C for 6 h. 
After the reaction,  the viscous polymer solution was precipitated in DI 
water, and then washed three times with DI water. The resulting white 
powder (HAPU) was dried in vacuum at 60 °C.

Synthesis of SBPU: The SBPU was synthesized from PCL-diol, SB-diol, 
HDI, and 1,4-diaminobutane. Briefly, PCL-diol (10 g, 5 mmol) and SB-diol 
(4.5 g, 16 mmol) were dissolved in 250 mL anhydrous DMSO at 65 °C 
under nitrogen protection. HDI (4.04  g, 24  mmol) was then added to 
the flask dropwise, followed by the addition of two droplets of Sn(Oct)2 
catalyst. The mixture was stirred vigorously at 65  °C for 30  min. After 
mixing, the chain extender 1,4-diaminobutane (0.26  g, 3 mmol) was 
added dropwise to the solution, which was further stirred at 80  °C for 
6 h. After the reaction,  the viscous polymer solution was precipitated 
in diethyl ether, and then washed three times with diethyl ether. The 
resulting white powder (SBPU) was then washed three times with DI 
water and dried in vacuum at 60 °C overnight.

Synthesis of Quaternary Amine Based Polyurethane: The PU-N+ was 
synthesized from PCL-diol, N+-diol, HDI, and 1,4-diaminobutane. Briefly, 
PCL-Diol (10 g, 5 mmol) and N+-diol (4.85 g, 16 mmol) were dissolved 
in 250 mL anhydrous DMSO solvent at 65 °C under nitrogen protection. 
HDI (4.04 g, 24 mmol) was then added to the flask dropwise, followed 
by two droplets of Sn(Oct)2 catalyst. The mixture was stirred vigorously 
at 80 °C for 2 h. The chain extender 1,4-diaminobutane (0.26 g, 3 mmol) 
was then added dropwise to the solution and stirred at 80  °C for 6 h. 
After the reaction,  the viscous polymer solution was precipitated in DI 
water, and then washed three times with DI water. The resulting white 
powder (PU-N+) was placed in vacuum oven at 60  °C overnight to 
remove the residual solvent.

Fabrication of the AVM: The AVMs were fabricated through an 
electrospinning process. Briefly, HAPU and SBPU polymers (mass 
ratio: 3:1) were dissolved in HFIP at 20% (w/v) at room temperature. 
The polymer solution was then loaded in a 20-mL plastic syringe (BD 
Biosciences) and injected at 2.4  mL h−1 by syringe pump (Harvard 
Apparatus, U.S.). The sub-micron fibers were spun at 15 kV with a 22G 
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blunt needle as the spinneret that was mounted on a robotic arm. The 
distance between the needle tip and the collector was set to 12 cm. The 
rotating aluminum rods (rotating speed: 400–450 rpm) or copper plate 
were covered with aluminum foil and placed in the path of the polymer 
solution jet to collect the electrospun fibers. After electrospinning, the 
membranes were peeled off from rod or aluminum foil, washed with DI 
water three times and dried in vacuum at room temperature to remove 
any residual solvent. The dried membranes were then cut into small 
pieces (1 × 1  inch2) with a weight of 30–34  mg and treated with 10% 
(v/v) household bleach solution (8.25% hypochlorite, pH adjusted to 7.0 
with HCl) for 15 min or with 10% aqueous solution of NaDCC for 20 min 
to chlorinate the membranes. Subsequently, the chlorinated membranes 
were thoroughly washed with DI water and then dried to obtain the AVM.

Determination of Chlorine Content on the AVM: The immobilized 
chlorine content of AVM was determined using the iodometric/
thiosulfate titration method. In brief, the AVM was immersed into 50 mL 
aqueous solution containing 1 mL of 0.1 mol L−1 acetic acid and 0.25 g 
potassium iodide. The mixture was then shaken at room temperature for 
30 min to form I2. Drops of the 0.5% starch indicator solution was added 
until the sample turned blue. The mixture was titrated with a solution of 
0.02  mol L−1 sodium thiosulfate until the sample turned from blue to 
colorless. The amount of immobilized chlorine content was calculated 
using the following formula:

[ ] ( )= × × ×Cl% 35.45 /2 100%C V W  (1)

where Cl% is the weight percent of immobilized chlorine on the samples, 
C is the normality (mol L−1) of the titrant sodium thiosulfate solution, V 
is the volume (L) of the titrant sodium thiosulfate, and W is the weight 
(g) of the AVM, respectively.

The stability of chlorine on the AVM was evaluated under laboratory 
conditions (25  °C, 15–20% relative humidity) or aqueous solution. For 
each condition, triplicate membranes with the same size were stored for 
the predefined time period and titrated for immobilized chlorine content 
using the above-described iodometric/thiosulfate titration method.

To investigate the chlorine replenishment, the AVM was first 
chlorinated and titrated as described above. After the first chlorination 
and titration cycle, the samples were retrieved and washed thoroughly 
with DI water. This process was defined as one “chlorination–
dechlorination” cycle (R1). This process was repeated nine additional 
times. The process of chlorination and titration was repeated with three 
parallel samples.

Material Characterizations: The tensile tests of the membranes were 
performed using an Instron 5965 and analyzed by the software Bluehill 
3.0 SOP. The membranes were cut in a rectangular shape with 50 mm 
length, 10  mm width, and 2–3  mm thickness. The membranes were 
stretched until failure at a rate of 5  mm min−1.  The fiber morphology 
of the membrane was characterized by scanning electron microscopy 
(SEM, LEO 1550). The pore size of the membranes was measured using 
an advanced capillary flow porometer (PMI CFP-1100-AEHXL) with 
a dry-wet method. Compressed air was used as the flowing gas and 
Silwick with 20.1 dynes cm−1 surface tension was used as the wetting 
liquid to saturate specimens during the wet test. Surface elements of 
the membranes were analyzed using X-ray photoelectron spectroscopy 
(XPS). The hydrophilic properties of the membranes were characterized 
with contact-angle goniometer (ramé-hart). The molecular weights 
of the synthesized polyurethanes were tested by gel permeation 
chromatography GPC (Waters, USA).

Antimicrobial Efficacy Test: The antibacterial efficacy of AVM was 
evaluated against several model bacteria: gram-positive S. aureus, gram-
negative E. coli, MRSA, VRE, and the army isolated cocktail of 14 strains. 
First, single colonies of each strain were picked from trypticase soy 
agar (TSA) plates, resuspended in brain–heart infusion medium, and 
cultured for 16 ± 4 h at 37 °C on a shaking platform at 120 rpm rotation. 
The cultured bacteria were washed three times with Butterfield’s 
phosphate buffer (BPB) after centrifugation (3000  rpm, 4 min).  The 
bacterial suspensions were then adjusted to ≈5 × 107 CFU mL−1 using 
BPB. Twenty microliters of bacterial suspensions were inoculated on the 

center of a 1 × 1 inch sample to achieve an inoculum level of ≈1 × 106. 
After 1, 15, or 30  min of contact, the samples were placed into 10  mL 
of Na2S2O3 solution (0.02 N) to quench any potential immobilized 
chlorines in the system, and vortexed for 5 min to detach any residual 
bacteria. Tenfold dilution series were performed and 20  µL of every 
dilution were deposited on TSA plates. Bacteria were incubated at 37 °C 
for 24 h and viable bacterial colonies were counted and recorded. Each 
test was repeated three times.

Bacterial Attachment on the AVM: E. coli was used as a model strain 
to investigate bacterial attachment onto AVM. A hundred microliter of 
inoculum containing 107 CFU of E. coli were deposited on AVM samples 
for 30  min to allow attaching. Then, samples were gently rinsed with 
excess DI water before staining in Live/Dead Baclight Bacterial Viability 
Kit per manufacturer’s instructions. The stained samples were imaged 
under an upright microscope (Zeiss Axioplan 2, Berlin, Germany). Five 
images from each sample were randomly captured, and the number of 
accumulated bacteria on the membranes were counted from captured 
images.

Antiviral Efficacy Test: The virucidal efficacy of AVM was tested against 
three model viruses: enveloped SARS-CoV-2, enveloped TGEV as a 
surrogate for the pathogenic human coronavirus such as SARS-CoV-1, 
and non-enveloped FCV as a surrogate for human norovirus.

ST cells and CRFK cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 1% penicillin–streptomycin 
(PenStrep) and 10% heat-inactivated fetal bovine serum (FBS) or horse 
serum, respectively, and incubated at 37  °C with 5% CO2. TGEV and 
FCV were amplified in ST cell and CRFK cell cultures, respectively, to 
generate the working stocks. SARS-CoV-2 strain USA-WA1/2020 was 
obtained from BEI Resources (Manassas, VA, USA) and propagated to 
generate a working stock in Vero E6 cells. Vero E6 cells were cultured in 
complete cell culture media (DMEM supplemented with 5% FBS and 
1% penicillin–streptomycin). To prepare the test samples, pieces of AVM 
were cut into 1 × 1 inch squares with a weight of ≈30–34 mg. Melt blown 
polypropylene fabric (PPN) of N95 respirator (3M Model No. 1860, St. 
Paul, MN, USA) was cut into 1 × 1 inch squares and used as control.

Inactivation of FCV and TGEV on AVM was tested by uniformly 
depositing 100 µL of viral stock at 10 different points on each sample. 
After 1-, 10-, 30-, and 120-min of contact, corresponding samples were 
immersed in 2.0  mL of DMEM medium and vortexed for 1  min to 
recover remaining virus. After vortex, the sample coupons were removed 
immediately from the liquid. The chlorine levels in the recovering 
media were confirmed to be below 0.5 ppm with chlorine testing strips 
(LaMotte 2979 Insta-TEST); the recovered virus suspensions were 
fivefold serially diluted. Viral infectivity titer before and after contact with 
samples was assessed by the TCID50 method. Briefly, corresponding 
cells of FCV or TGEV were placed in 96-well plates and incubated until 
70–80% confluent was reached. Each well of the 96-well plates were 
washed with PBS and infected with 100  µL of corresponding dilutions 
with 6 replicates per dilution. The virus solutions were incubated with 
cell monolayers at 37 °C with 5% CO2 for 1 h before addition of another 
100  µL of cell culture media to reach complete cell media (DMEM 
supplemented with 1% PenStrep and 10% FBS for TGEV in ST cells, 
DMEM supplemented with 1% PenStrep and 10% horse serum for FCV 
in CRFK cells). The plates were incubated for 7 days to allow full CPE to 
develop. Subsequently, the plates were fixed with 10% paraformaldehyde 
solution for 1 h and stained with 1% crystal violet solution for 20 min. 
After a full wash with water, wells of the microtiter plate that were not 
stained by crystal violet were considered as infected by virus, and wells 
showing purple stain were considered as not infected by virus. The 
TCID50 was calculated using the Reed–Muench method.[23]

SARS-CoV-2 tests were carried out by Battelle Memorial Institute, 
Columbus, OH, USA. All manipulations of SARS-CoV-2 were done in 
a biosafety level 3 (BSL-3) laboratory. SARS-CoV-2 inactivation on the 
AVM was examined as follows. Briefly, 100 µL viral stock was uniformly 
distributed on 10 different points on each sample coupon. Melt-blown 
polypropylene fabric (PPN) of N95 respirator (3M Model No. 1860, St. 
Paul, MN, USA) was cut into 1 × 1 inch squares and used as control. 
After 10-, 30-, or 120-min of contact, sample coupons were immersed in 
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10.0 mL of complete cell culture media, the same media used to maintain 
Vero E6 cells (DMEM supplemented with 5% FBS and 1% penicillin–
streptomycin), and agitated on a platform shaker at 200 rotations per 
minute for 15  min to recover remaining virus. The extracts were then 
transferred to a concentrator (Spin-X UF Concentration, Corning Cat. 
No. CLS431491, Corning, NY) and centrifuged until the 10  mL starting 
volume was concentrated to ≈0.5  mL. Complete cell culture media of 
Vero E6 cell was added to equilibrate all washed retentates to 2  mL. 
The sample retentates proceeded to the TCID50 assay similar as above-
mentioned protocol for FCV and TGEV, with five replicates per dilution 
(N = 5). The 96-well plates were incubated 72 h before the determination 
for CPE on Vero E6 cell monolayers via visual inspection under 
microscope. Each sample was tested in triplicate (N = 3).

For all viral studies, whenever a sample that had less than three out 
of six wells showing virus positive (for FCV and TGEV) or three out of 
five wells showing virus positive (for SARS-CoV-2) at the lowest dilution 
factor, the titer was below LOD and value of LOD was assigned. The 
LOD of FCV and TGEV assays are 21 TCID50/sample or 1.32 log(TCID50/
sample). The LOD of SARS-CoV-2 assay is 26.2 TCID50/sample or 1.42 
log(TCID50/sample).

Cytotoxicity Test: The cytotoxicity of AVM was evaluated against 
NIH/3T3 Fibroblast, using the MTT cell proliferation assay. NIH/3T3 cells 
were first cultured in DMEM medium supplemented with 10% FBS and 1% 
penicillin–streptomycin. About 1 × 104 cells were seeded into each 96-well 
TCPS plate for 24 h and then co-cultured with various concentrations 
(0.1–10 mg mL−1) of unchlorinated and chlorinated AVM for 24 h at 37 °C. 
After incubation, 20  µL of 5  mg mL−1 MTT was added into each well 
and incubated under 37 °C for 4 h. Supernatant was then removed and 
200 µL DMSO was added to dissolve formazan crystals formed. Optical 
absorbance of the completely dissolved formazan solution was measured 
at wavelength of 570 nm using an absorbance microplate reader (BioTek, 
USA). Each sample was done in six replicates (n = 6).

Water Filter Test: The bactericidal performance of AVM as a water filter 
was evaluated using a modified water filter method. AVM was first cut 
into circular shape to fit Nalgene analytical filter units. 5 × 105 CFU of 
E. coli was then added to 10  mL of DI water and filtered through the 
analytical filter units under vacuum suction. After filtration, 10  mL of  
0.02 N Na2S2O3 solution was added to the bacterial suspension 
to quench any remaining immobilized chlorine and terminate any 
bactericidal action. Sterile polystyrene filter membranes with 0.22  µm 
pore size were used as control. Bacterial dispersion was serially diluted 
and filtered through the control filter films. The AVM filter membranes 
were then divided into two triplicate groups: those from one group were 
put directly onto TSA plates and the rest were vortexed for 3  min to 
detach residual bacteria. The bacteria suspensions recovered from AVM 
and filtrates in the lower chamber were serially diluted and inoculated on 
TSA plates. After the TSA plates were incubated for 24 h at 37 °C, viable 
bacterial colonies were counted and recorded.

Statistical Analyses: Unless otherwise stated, data are expressed as 
mean ± SEM in the experiments. One-way ANOVA were used to compare 
different groups of virus titer, followed by Tukey’s post hoc test. The level 
of significance was labeled as NS, *, **, ***, and ****, denoting non-
significant and p-values of <0.05, <0.01, <0.001, and <0.0001, respectively.
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