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A B S T R A C T   

Microbial contamination of drinking water and air is an alarming phenomenon that has attracted increasing 
global attention. Although many advances in microbial disinfection have been made over the years, robust, 
rapid, inexpensive and field-deployable strategies are still urgently needed to address this public health issue. 
Herein we report the preparation of antimicrobial nanofibrous membranes, which involves incorporation of 
highly porous electrospun polyacrylonitrile (PAN) membranes with 1-chloro-2,2,5,5-tetramethyl-4-imidazolidi
none (MC) by two different approaches, namely, blend electrospinning and soaking. The functionalized mem
branes were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, and 
titrimetry, and their antimicrobial efficacies were evaluated against two bacteria (Klebsiella pneumoniae and 
Escherichia coli). The MC-decorated electrospun PAN membranes inactivated both bacterial strains within 2 min 
of contact time. Moreover, the MC-soaked PAN membrane showed excellent disinfection efficacy against aero
solized E. coli after an exposure of 30 min. The simplicity, cost-effectiveness, versatility, and scalability of the 
electrospinning process, together with the superior antimicrobial activity of N-halamines make it a promising 
solution for water disinfection, and for the inactivation of airborne microorganisms.   

1. Introduction 

Pathogens, including viruses and bacteria in water and air, represent 
serious health concerns around the globe [1,2]. Contaminated water and 
poor sanitation are linked to transmission of waterborne diseases such as 
cholera, diarrhoea, dysentery, hepatitis A, typhoid, and polio. According 
to a report by the World Health Organization (WHO), approximately 
800,000 people are estimated to die each year from diarrhoea alone, 
however, the deaths of ~300,000 children under the age of 5 could be 
avoided each year if appropriate drinking-water quality guidelines could 
be implemented [3]. Caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), COVID-19 became the most well-known 
airborne disease since 2020. To date, SARS-CoV-2 has infected about 
172 million cases worldwide and resulted in at least 3.7 M deaths [4]. 
Other types of airborne diseases include the flu, tuberculosis, chick
enpox, measles, mumps, and whooping cough. Many advances in mi
crobial disinfection have been made over the years including filtration 
[5], photosensitization [6], UV radiation [7], and photocatalysis [8], to 
name just a few. However, there is an increasing need for robust, rapid, 
inexpensive and field-deployable strategies to address this public health 

issue. Among which, antimicrobial electrospun materials emerge as one 
of the most promising solutions to this problem [9]. 

Electrospinning is a very versatile technique that has been used in 
many applications, such as tissue engineering [10], textiles [11], air and 
water treatment filter [12,13], solar cells [14,15], drug delivery systems 
[16,17], and chemical sensing [18,19], among others. During the past 
two decades, electrospinning has evolved from a single-fluid blending 
process [20] to coaxial [21], tri-axial [22], side-by-side [23,24], and 
other complicated multiple-fluid processes [25]. These processes are 
useful for improving the encapsulation efficiency. However, the tradi
tional method, soaking, comprises a widely adopted method for loading 
active ingredients onto pre-made electrospun polymeric substrates. In 
the present work, the preparation of N-halamine-functionalized elec
trospun PAN nanofibers was carried out using two different methods. i.e. 
blend electrospinning and soaking, and the resulting nanocomposites 
were evaluated for their antibacterial efficacies against two bacteria 
(Klebsiella pneumoniae and Escherichia coli). Blend electrospinning in
volves the mixing of an N-halamine compound with the PAN polymeric 
solution prior to electrospinning process, and soaking is performed by 
putting the electrospun PAN nanofibers in an N-halamine ethanolic 

* Corresponding author. 
E-mail addresses: lhan@rti.org (L. Han), jeankim@rti.org (J. Kim), fyan@nccu.edu (F. Yan).  

Contents lists available at ScienceDirect 

Reactive and Functional Polymers 

journal homepage: www.elsevier.com/locate/react 

https://doi.org/10.1016/j.reactfunctpolym.2021.105058 
Received 8 June 2021; Received in revised form 25 September 2021; Accepted 28 September 2021   

mailto:lhan@rti.org
mailto:jeankim@rti.org
mailto:fyan@nccu.edu
www.sciencedirect.com/science/journal/13815148
https://www.elsevier.com/locate/react
https://doi.org/10.1016/j.reactfunctpolym.2021.105058
https://doi.org/10.1016/j.reactfunctpolym.2021.105058
https://doi.org/10.1016/j.reactfunctpolym.2021.105058
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reactfunctpolym.2021.105058&domain=pdf


Reactive and Functional Polymers 168 (2021) 105058

2

solution for 2 min. 
Because of their unique properties including high surface area, large 

porosity, and lightweight, functionalized electrospun nanofibers with 
antimicrobial activity have attracted increasing attention in a variety of 
applications such as tissue engineering [26], drug delivery [27], filtra
tion [28], protective clothing [29], wound dressing [30], and sensor 
devices [31]. Several antimicrobial agents such as metal (e.g. Ag, Cu, 
Zn) nanoparticles [32], metal oxide (e.g., ZnO) nanoparticles [33], 
phosphonium salts [34], quaternary ammonium compounds [35], and 
N-halamines [36] have been used to introduce additional antimicrobial 
functions into electrospun fibers. Among these, N-halamines are one of 
the most effective disinfectant agents [37]. N-halamines are compounds 
in which one or more oxidative halogens (X = Cl, Br, I) are covalently 
bonded to nitrogen. Because of the strong oxidative state (+1) of 
halogen atoms in these N − X covalent bonds, N-halamines have 
demonstrated excellent antimicrobial activities against a wide range of 
microorganisms such as fungi [38], bacteria [39], yeasts [40], and vi
ruses [41], without causing the microorganisms to develop resistance to 
them [42]. During the inactivation of microorganisms, the N-X bond is 
converted to N–H bond, which results in a reduction of antimicrobial 
activity of N-halamines [43]. The activity, however, can be easily 
recovered through exposure to dilute household bleach or halogen- 
releasing agents [44]. 

In this work, N-halamine-decorated electrospun PAN nanofibrous 
membranes were fabricated for disinfecting liquid bacterial suspensions 
and bacterial bioaerosols. 1-chloro-2, 2, 5, 5-tetramethyl-4-imidazolidi
none (MC, see Fig. 1) was selected as a model N-halamine. MC is also the 
active ingredient in Tetra™ LifeGuard tablets that have been used for 
treating most common fish diseases [45]. PAN is a hydrophobic polymer 
with excellent chemical and thermal characteristics [46]. It has been 
widely used in textiles, ultra-filtration membranes, and reverse osmosis 
because of its excellent permeability, high biostability and resistance to 
degradation [47]. MC-decorated PAN membranes, i.e., 0.5 wt%-soaked 
PAN and 1.0 wt% MC-embedded PAN were prepared via a simple post- 
treatment process, and a one-step electrospinning process, respectively. 
Subsequently, the oxidative chlorine content in MC-decorated PAN 
membranes was determined by iodometric/thiosulfate titration, and 
their surface functional groups and morphology were examined by 
attenuated total reflection Fourier transform infrared (ATR-FTIR) spec
troscopy and scanning electron microscopy (SEM), respectively. Finally, 
the antimicrobial efficacies of MC-decorated PAN membranes were 
evaluated against strains of K. pneumoniae subsp. pneumoniae (ATCC 
13882) and E. coli (K12 and ATCC 15997 as an aerosol challenge). 

2. Experimental 

2.1. Materials 

Polyacrylonitrile (PAN), with a molecular weight of 150,000 Da was 
purchased from Sigma Aldrich (St. Louis, MO). N, N-dimethylformamide 
(DMF), 99.9% and sodium thiosulfate were purchased from Acros 

Organics (ThermoFisher; Waltham, MA). 1-chloro-2, 2, 5, 5-tetramethyl- 
4-imidazolidinone (MC), was obtained from RTI International (Research 
Triangle Park, NC). Klebsiella pneumoniae (K. pneumoniae, Gram-negative 
bacteria, ATCC 13882) and Escherichia coli (E. coli, Gram-negative bac
teria, K12 ((10G; Lucigen) and ATCC 15597) were purchased from the 
American Type Culture Collection (ATCC; Manassas, VA). The power 
supply was from Gamma High Voltage Research (ES40P-20 W/DA), the 
syringe pump was from KD Scientific (KDS-100), and the dehumidifier 
from Comfort-Aire (BHD-301-H). All microbial samples were handled 
and disposed of using appropriate biosafety guidelines. 

2.2. Electrospinning of PAN membranes 

The spinning solution was prepared by adding 1.3 g PAN into 15 mL 
DMF followed by mechanical stirring at 1000 rpm overnight at ambient 
temperature until a homogeneous solution was achieved. The solution 
was then transferred into a 10 mL plastic syringe equipped with a 21- 
gauge blunt probe needle. When the electrospinning process was per
formed, a DC voltage of 15 kV was applied, the tip to collector distance 
was set as 13 cm, and the flow rate of the syringe pump was set at 2.5 
mL/h. The collector was a round 20-cm aluminum plate covered with 
aluminum foil. Electrospinning was allowed to continue until all 10 mL 
of solution were dispensed. The resulting membrane was carefully 
peeled from the collection plate for further analysis and subsequent 
treatment. 

2.3. Incorporation of MC into electrospun PAN membranes 

2.3.1. Preparation of 1.0 wt% MC-embedded PAN membranes 
This electrospinning process was carried out according to a previ

ously reported procedure [48] with slight modifications. Specifically, 
the spinning solution was prepared by first adding 1.3 g PAN into 15 mL 
DMF followed by mechanical stirring at 1000 rpm overnight at ambient 
temperature until all PAN polymers were fully dissolved. Subsequently, 
0.156 g MC or 1.0 wt% MC was dissolved in the homogeneous PAN 
solution by stirring for 2 h. The mixture was then transferred into a 10 
mL plastic syringe equipped with a 21-gauge blunt probe needle. The 
1.0 wt% MC-embedded PAN membranes were prepared by applying a 
DC voltage of 13 kV with a syringe pump setting of 1.5 mL/h. 

2.3.2. Preparation of 0.5% wt MC-soaked PAN membranes 
0.039 g MC was dissolved into 10 mL ethanol at room temperature to 

make a 0.5 wt% MC solution. The as-prepared PAN membrane described 
earlier was cut into 2 cm × 2 cm coupons. Each coupon was soaked in 
the 0.5 wt% MC solution for 1 min then flipped and allowed to soak for 
another minute. The coupons were allowed to dry overnight at room 
temperature for further analysis and subsequent experiments. 

Fig. 1. The hydrolysis of MC produces hypochlorous acid (HOCl), which leads to inactivation of microorganism.  
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2.4. Assessment of oxidative chlorine content in MC-decorated PAN 
membranes 

The oxidative chlorine content in MC-decorated PAN membranes 
was measured via a modified iodometric/thiosulfate titration procedure 
[49]. The weight percentage of oxidative chlorine content (Cl+%) for the 
samples was calculated using the following equation: 

Cl+% =
35.45 × M × V × 0.001

W
× 100  

where M is the molarity (mol/L) of sodium thiosulfate (which is 0.5 mM 
in this current study). V is the volume (mL) of sodium thiosulfate 
consumed in the titration, and W is the weight (g) of the membrane. 

2.5. Antimicrobial efficacy testing 

2.5.1. Liquid bacterial suspensions 
The AATCC Test Method 100–2004, “sandwich test” was used to 

determine the antimicrobial efficacy of the PAN nanofiber coupons 
before and after the incorporation of MC. K. pneumoniae (ATCC 13882) 
and E. coli (K12) were grown overnight in 20 mL Luria-Bertani (LB) 
broth in a 125 mL baffled flask at 37 ◦C/225RPM. The bacterial cells 
were washed three times with a sterile glycerol (20% v/v) and diluted 
using sterile 100 μM phosphate buffer (pH 7.4) to the desired colony- 

forming units (CFU). The overnight culture was measured at Abs600nm 
with a Abs600nm = 1.0 equal 109 CFU/mL [50]. An aliquot of 50 μL of 
106 CFU /mL suspension was added to the center of the first coupon, and 
a second coupon was placed on top. A sterile weight was placed on the 
second coupon to ensure good contact with the microorganisms. After a 
predetermined contact time, the first coupon was treated with 5 mL of 
0.01 M sodium thiosulfate solution to neutralize chlorine residuals and 
terminate further disinfection. Samples were vigorously vortexed for 10 
min to detach viable bacteria from the surface of the coupon. The ex
tracts were 10-fold serially diluted using 100 μM phosphate buffer (pH 
7.4), plated onto LB agar plates, and incubated at 37 ◦C for 24 h for 
viable counts. Each sample was run in triplicate, and the average value 
with 1 standard deviation (SD) was reported. All results were presented 
as means ± SD. 

2.5.2. Bioaerosols 
Three membrane types (Control PAN, 0.5 wt% MC-soaked PAN, and 

1.0 wt% MC-embedded PAN) were loaded with aerosolized E. coli (ATCC 
15597). The loading process was conducted using a collision nebulizer 
(BGI; Waltham, MA) and a mask testing chamber similar to the one 
described in the ASTM F2101 Test Method [51]. The collision was 
prepared using an overnight culture of E. coli in trypticase soy broth 
(TSB) diluted with buffered peptone water (BPW) at a final concentra
tion of ~105 CFU/mL. Filtered air was applied to the collision at 12 psi 

Fig. 2. SEM images of A) blank PAN nanofibers, (B) 0.5 wt% MC –soaked PAN nanofibers, and C) 1.0 wt% MC-embedded PAN nanofibers. Scale bar: 10 μm.  

M.Y. Garcia Cervantes et al.                                                                                                                                                                                                                 



Reactive and Functional Polymers 168 (2021) 105058

4

to generate an aerosol which was pulled through the chamber through a 
single stage impactor at 60 cubic feet per hour (CFH). The bioaerosol 
was loaded onto each membrane for 10 min and the loaded membranes 
were further incubated for 30 min at room temperature. E. coli was 
extracted from the membranes using 10 mL of 0.01 M sodium thiosulfate 
and shaken on a wrist action shaker (Burrell Scientific; Pittsburg, PA) for 
15 min. The extracts were 10-fold serially diluted and plated onto TSA 
plates for viable counts. The aerosol loading for each membrane was 
done in triplicate and a mean CFU of viable bacteria was determined. 

2.6. Characterization of physicochemical properties 

Scanning electron microscopy (SEM) images were examined by an 
FEI Quanta 200 Environmental SEM with EDX attachment for elemental 
composition analysis. FT-IR spectra were collected with a NICOLET iS5 
spectrometer from Thermo Scientific, Inc. Each spectrum was collected 
in the range 1000–3500 cm− 1. 

3. Results and discussion 

3.1. Characterization of PAN membranes 

Fig. 2 shows the SEM images of electrospun PAN and MC-decorated 
PAN nanofibers. 

All three samples showed similar fiber morphology. Less nodules 
were observed for electrospun PAN membrane (Fig. 2A) and 1.0 wt% 
MC-embedded PAN membrane by electrospinning (Fig. 2C), while 0.5 
wt% MC-soaked PAN membrane (Fig. 2B) appears to be more densely 
packed with a few nodules presented, possibly resulting from the pres
ence of ethanol in the 0.5 wt% MC solution. The fiber diameters of 
electrospun PAN were in the range of 336–825 nm [520 ± 132 nm, 
Fig. 2A], whereas the fiber diameters of 0.5 wt% MC-coated PAN and 
1.0 wt% MC-embedded PAN were in the range of 344–925 nm [515 ±
162 nm; Fig. 2B] and 562–1584 nm [1030 ± 354 nm; Fig. 2C], 
respectively. At a voltage such as 13 or 15 kV, the difference in fiber 
diameters could be attributed to highly unstable streams dispersed in 
different directions [52]. The addition of MC could also be responsible 
for the increase of the average fiber diameter and higher standard 
deviation. 

Fig. 3 shows the FT-IR spectra of electrospun PAN nanofibers before 
and after the incorporation of MC. In the FT-IR spectrum of PAN 
nanofibers (Fig. 3d), the absorption peak of 2245 cm− 1 could be 
attributed to the stretching vibration of C–––N in PAN polymer. The other 
two strong peaks in the ranges of 1730–1737 cm− 1 and 1455–1460 cm− 1 

correspond to the stretching vibration of C––O and the bending vibration 
of C–H, respectively [53]. In the FTIR spectrum of MC (Fig. 3c), the 
absorption peaks near 1710 cm− 1 could be attributed to the stretching 
vibration of C––O in MC [48]. The distinctive characteristic vibrational 

MC

PAN

Fig. 3. FT-IR spectra of a) 0.5 wt% MC-soaked PAN nanofibers, b) 1.0 wt 
%-embedded PAN nanofibers, c) MC, and d) electrospun PAN nanofibers. Mo
lecular formula of PAN and MC. 

Fig. 4. Antimicrobial efficacy of PAN nanofibers against Klebsiella pneumoniae (ATCC 13882). PAN: Control; 0.5 wt%: PAN after soaking in 0.5 wt% MC for 2 min; 
1.0 wt%: PAN embedded with 1.0 wt% MC via electrospinning. 

M.Y. Garcia Cervantes et al.                                                                                                                                                                                                                 



Reactive and Functional Polymers 168 (2021) 105058

5

bands of 1706 and 1717 cm− 1 of MC were detected in both 0.5 wt% MC- 
soaked PAN (Fig. 3a) and 1.0 wt% MC-embedded PAN (Fig. 3b) mem
branes, indicating that MC was successfully incorporated into the PAN 
nanofibers. The enhancement of the peak intensity of 1717 cm− 1 

observed in 0.5 wt% MC-soaked PAN membrane could be explained by 
the solvent effect on carbonyl stretching frequency by the presence of 
ethanol [54]. 

Blend electrospinning is known to be able to encapsulate hydrophilic 
and lipophilic entities as well as biomolecules (such as RNA, DNA, and 
proteins) into the fiber [55]. However, the distribution of encapsulated 
molecules in nanofibers is uneven, with the majority of them being 
embedded inside the fiber, and a small percentage being exposed to the 
outer surface of the fiber. In this study, electrospun PAN nanofibers are 
intrinsically hydrophobic in nature [56]. MC is an organic chemical with 
one nitrogen-containing ring and four hydrophobic methyl groups, and 

is slightly soluble in water [57]. The chlorine contents in the MC-treated 
nanofibers were found to be 0.0029 ± 4.1× 10− 4% and 0.0014 ± 2.5 ×
10− 4% (w/w) for 0.5 wt% MC-soaked PAN and 1.0 wt% MC embedded 
PAN nanofibers, respectively. The results suggest that surface-coated 
MC after the soaking process could be more accessible than those 
embedded inside the PAN polymer membrane during the blend elec
trospinning process. The encapsulated molecules inside the fiber are 
mainly released through simple surface diffusion and pores caused by 
the degradation of the fiber [55], the release profile of poorly water- 
soluble MC molecules could be enhanced by the creation of carefully- 
chosen dual polymer systems [58] or core-sheath nanofibers [21]. 

3.2. Antimicrobial efficacy against liquid bacterial suspensions 

The antibacterial test results of PAN nanofibers against Klebsiella 

Fig. 5. Antimicrobial efficacy of nanofibers against E. coli (K12). PAN: control; 0.5 wt%: PAN after soaking in 0.5 wt% MC for 2 min; 1.0 wt%: PAN embedded with 
1.0 wt% MC via electrospinning. 

PAN: Control 0.5 wt% MC-soaked PAN 1.0 wt% MC-embedded PAN
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Fig. 6. Representative Petri plate images showing (Top) and (Bottom) Klebsiella pneumoniae colonies growth after 10 min of contact.  
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pneumoniae using the sandwich method are shown in Fig. 4. The 
K. pneumoniae bacteria were reduced by 4.8, 4.5, and 6.0 log after a 1, 5, 
10 min incubation in 0.5 wt% MC-coated PAN nanofibers, and reduced 
by 5.0, 6.0 and 6.0 log in 1.0 wt% MC-embedded PAN nanofibers, 
whereas the bacteria were reduced by 0.2, 1.0, 2.0 log within the same 
time periods in the blank PAN nanofibers. 

Similar changes were also observed for the antibacterial test against 
E. coli (K12) (Fig. 5). The E. coli (K12) bacteria were reduced by 6.0, 6.0, 
and 6.0 log after a 1, 5, 10 min incubation in 0.5 wt% MC-coated PAN 
nanofibers, and reduced by 6.0, 5.4 and 6.0 log in 1.0 wt% MC- 
embedded PAN nanofibers, whereas the bacteria were reduced by 1.5, 
1.0, 1.2 log within the same time periods in the blank PAN nanofibers. 

The results demonstrated that the bacterial reduction in 0.5 wt% MC- 
coated PAN nanofibers was similar to 1.0 wt% MC-embedded PAN 
nanofibers, indicating that the current oxidative chlorine content was 
sufficient for killing bacteria effectively, and the two methods used to 
incorporate MC into the PAN nanofibers had minimal effect on bacterial 
death. The variation in the log reduction between the different batches 
of samples against the same bacteria was most likely due to the weight 
differences of the coupons. HOCl, a hydrolysis product of MC, is a strong 
oxidizing agent that can oxidize the sulfhydryl groups of enzymes 
leading to impaired cellular function, and eventually cell death [59]. 
The slight difference in the antimicrobial efficacy of MC-decorated PAN 
membranes against different types of bacteria could be due to the 
structural variations of different bacterial components. In all cases, the 
bacterial reduction ratio increased with increasing contact time, 
demonstrating that the production of HOCl by the hydrolysis of MC is a 
time-dependent process. Overall, MC-decorated PAN nanofibers suc
cessfully inhibited the growth of K. pneumonia and E. coli (K12) within 
minutes of contact (as shown in Fig. 6). 

3.3. Antimicrobial efficacy against bacterial bioaerosols 

The embedding of inactivating components in a face mask filter 
provides a very attractive way for mitigating the health risks caused by 
invisible airborne pathogens. To gain insights into the antimicrobial 
effect of MC-decorated PAN nanofibers on aerosolized bacteria, we 
investigated their antimicrobial efficacy against aerosolized E. coli. The 
bioaerosol was generated using a 3-jet collision nebulizer and a liquid 
suspension of E. coli (ATCC 15597). Each electrospun membrane (blank 
PAN, 0.5 wt% MC-soaked PAN, and 1.0 wt% MC-embedded PAN) was 
loaded with aerosolized E. coli for 10 min and subsequently incubated at 
room temperature for 30 min to allow for sufficient contact with the MC. 
The E. coli was removed from the filters using 0.01 M sodium thiosulfate 
and plated for viable counts. 

As shown in Fig. 7, the total mean amount of viable E. coli recovered 

from the control PAN was 7.53 × 103 CFU. The 1.0 wt% MC-embedded 
PAN nanofibers did not have any antimicrobial effect on the aerosolized 
E. coli with a total mean recovery of 8.93 × 103 CFU. However, the 0.5 
wt% MC-soaked PAN membrane was very effective at inactivating E. coli 
since no viable counts were obtained. The minimal antibacterial effect 
observed by the MC-embedded PAN nanofibers on aerosolized E. coli is 
likely due to a negligible amount of oxidative chlorine produced on the 
surface of the PAN nanofibers within the limited time of exposure. In the 
current study, the bioaerosol inactivation experiment involved a 10-min 
loading step and a 30-min incubation step. Although the aerosol 
collected onto the PAN nanofibers was a wet aerosol, the 10-min loading 
time likely allowed for impaction to occur primarily on the outer surface 
of the electrospun material and not deep within the inner surfaces. This 
would hinder the release of MC molecules from the inner surface to the 
outer surface including the production of HOCl by the hydrolysis of MC. 
This was not the case for microorganisms in liquid suspension which 
showed equivalent log reduction of viability when exposed to MC- 
soaked PAN versus MC-embedded PAN. The liquid state allowed for a 
quick release of the inner surface MC and the production of HOCl hy
drolysis for the MC-embedded PAN. Furthermore, the amount of 
accessible MC molecules on the surface of MC-embedded electrospun 
PAN nanofiber was much less than those on the surface of MC-soaked 
electrospun PAN nanofibers, which was reflected by the presence of 
higher chlorine content in the latter sample, as determined by the 
iodometric/thiosulfate titration. 

The MC-soaked PAN membrane was able to inactivate 99.9% of the 
aerosolized E. coli within 30 min of contact. The antimicrobial efficacy of 
0.5 wt% MC-soaked PAN membrane was superior than that reported by 
others, in which a 6.0 log reduction was observed after S. aureus bio
aerosol was exposed to a 5.0 wt% MC-embedded PAN membrane [48] or 
1.0 wt% MC-coated polypropylene nonwoven fabric [39] for 3 h. The 
results suggest the amount of MC on the surface of 0.5 wt%-soaked PAN 
membranes was much higher than that of 1.0 wt% or 5.0 wt% MC- 
embedded PAN membranes. 

4. Conclusions 

In summary, we report the first comparative study of the efficacy of 
MC-functionalized electrospun PAN nanofibers prepared by blend 
electrospinning and soaking, on the inactivation of bacteria in both 
liquid and aerosol forms. Functional antimicrobial electrospun PAN 
nanofibers were prepared using MC as the disinfectant agent. The MC- 
decorated PAN membranes were successfully fabricated by using a 
one-step blend electrospinning process with a mixture solution of 1.0 wt 
% MC and 8 wt% PAN in DMF and by soaking electrospun PAN mem
branes in 0.5 wt% MC in ethanol for 2 min. The surface morphology of 
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Fig. 7. Antimicrobial efficacy of PAN nanofibers against aerosolized E. coli (ATCC15597).  
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MC-decorated PAN membranes changed slightly from the blank PAN 
membrane, however the porous structure remained intact after the 
soaking by 0.5 wt% MC in ethanol, or blend electrospinning in the 
presence of 1.0 wt% MC. The antimicrobial efficacy testing with 0.5 wt% 
MC-soaked PAN and 1.0 wt% MC-embedded PAN nanofibers demon
strated that MC-decorated PAN nanofibers successfully inhibited the 
growth of Klebsiella pneumoniae and E. coli in less than 1 min. In addition, 
0.5 wt% MC-soaked PAN showed excellent disinfection efficacy against 
aerosolized E. coli in 30 min. Between these two methods, the blend 
electrospinning method is less labor-intensive and offers higher loading 
efficiency, however, its release kinetics of the poorly water-soluble MC 
from the hydrophobic electrospun PAN nanofibers remain to be opti
mized for inactivation of bioaerosols. The soaking method uses much 
less amount of MC and is more cost-effective, thus making it more 
suitable for large-scale production. The simplicity, cost-effectiveness, 
versatility, and scalability of the electrospinning process, together 
with the superior antimicrobial activity of N-halamines make it a 
promising solution for improving drinking water quality and for miti
gating respiratory pathogen transmission. 
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