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Abstract
The COVID-19 pandemic involving SARS-CoV-2 has raised interest in using antimicrobial lipid formulations to inhibit viral 
entry into their host cells or to inactivate them. Lipids are a part of the innate defense mechanism against pathogens. Here, 
we evaluated the use of nano-monocaprin (NMC) in inhibiting enveloped (phi6) and unenveloped (MS2) bacteriophages. 
NMC was prepared using the sonochemistry technique. Size and morphology analysis revealed the formation of ~ 8.4 ± 0.2-
nm NMC as measured by dynamic light scattering. We compared the antiviral activity of NMC with molecular monocaprin 
(MMC) at 0.5 mM and 2 mM concentrations against phi6, which we used as a surrogate for SARS-CoV-2. The synthesized 
NMC exhibited 50% higher antiviral activity against phi6 than MMC at pH 7 using plaque assay. NMC inactivated phi6 
stronger at pH 4 than at pH 7. To determine if NMC is toxic to mammalian cells, we used MTS assay to assess its  IC50 for 
HPDE and HeLa cell lines, which were ~ 203 and 221 µM, respectively. NMC may be used for prophylactic application 
either as a drop or spray since many viruses enter the human body through the mucosal lining of the nose, eyes, and lungs.
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Introduction

Global outbreaks of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) have raised significant concerns 
regarding the persistence, transmission, and inactivation of 
enveloped viruses. Multiple approaches have been tried to 
inactivate or prevent the entry of SARS-CoV-2 into the host 
cells (Wanda et al. 1976, Sands 1977, Kohn et al. 1980, 

Tseng and Li 2007, Qiao et al. 2020, Wood et al. 2020, Vat-
ter et al. 2021). These methods used other coronaviruses 
or phi6 as surrogate for enveloped viruses such as SARS-
CoV-2 (Table 1). However, some of these demonstrated 
approaches may have damaging consequences on human 
cells and sensitive material surfaces. Therefore, their prac-
tical applications directly to humans are limited. This con-
cern has led to renewed interest in antimicrobial lipids as a 
natural line of defense against invading pathogens such as 
SARS-CoV-2 (Fletcher et al. 2020).

Antimicrobial lipids, composed of free fatty acids and 
monoglycerides, have been known to inhibit enveloped 
viruses, Gram-positive and Gram-negative bacteria for over 
a century (Kohn et al. 1980, Thormar 2011, Thormar et al. 
2013). The antiviral and antibacterial activities of lipids have 
been studied extensively (Kabara et al. 1972, Kabara et al. 
1977, Kabara 1978, Kristmundsdóttir et al. 1999, Thormar 
et al. 1999, Bergsson et al. 2001, Bergsson et al. 2002, Thor-
geirsdottir et al. 2003, Thormar et al. 2006, Fletcher et al. 
2020). Monoglyceride formulations have high antiviral prop-
erties relative to free fatty acids (Thorgeirsdottir et al. 2003). 
Monocaprin, the 1-monoglyceride of capric acid, has been 
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recorded to rapidly inhibit the replication of enveloped viruses 
(Thormar et al. 1999, 2006, 2013; Thorgeirsdottir et al. 2003).

Monocaprin has a structure similar to the lipids of the nat-
ural immune system in humans (Thorgeirsdottir et al. 2003; 
Thormar et al. 2013). Moreover, these molecules are cheap, 
naturally abundant, non-toxic, and biocompatible (Kabara, 
1978, Jackman et al. 2016, Churchward et al. 2018, Churchward 
et al. 2020). However, monocaprin has very low water solubil-
ity, limiting its use in pharmaceutical formulations. Attempts 
to improve the solubility of monocaprin in pharmaceutical 
formulations involve using co-solvent (Thorgeirsdottir et al. 
2003), surfactants (Thorgeirsdottir et al. 2003; Thormar et al. 
2006), and excipient (Kristmundsdóttir et al. 1999; Thormar 
et al. 1999). The addition of one or more inactive reagents (e.g., 
surfactant and co-solvent) to improve the solubility of mono-
caprin can affect its antiviral activity (Kristmundsdóttir et al. 
1999; Thorgeirsdottir et al. 2003). 

In recent years, nanotechnology has been exploited to 
improve antimicrobial agents' biological and chemical activ-
ities (São Pedro et al. 2013; Fernandes et al. 2014, 2016; 
Yariv et al. 2015; Gupta et al. 2019; Mamun et al. 2021; Tan 
et al. 2021). Materials at the nanoscale display higher chemi-
cal reactivities than their bulk or molecular counterpart due 
to the large surface area-to-volume ratio of materials in sizes 
between 1 to 100 nm (Xu et al. 2012; Singh et al. 2014; Yariv 
et al. 2015). Hence, lower minimum inhibitory concentra-
tions (MICs) have been reported for antimicrobial agents at 
the nanoscale relative to bulk compounds (Yariv et al. 2015). 
Additionally, organic compound-based nanoparticles pen-
etrate cells more efficiently than the bulk form. Sonochem-
istry, one of the earliest methods of nanomaterial fabrication, 
is a simple technique for generating organic nanoparticles 
(Suslick and Crum, 1997, Gedanken 2003, Gedanken 2004, 
Qiao et al. 2011). The sonochemistry technique involves an 
acoustic cavitation process that occurs from the application 

of ultrasound radiation (20 kHz–10 MHz) to a molecule 
causing chemical bonds to break (Gedanken 2003, Qiao 
et al. 2011). This technique has been used to improve the 
pharmacological activity of other organic compounds such 
as penicillin and vitamin  B12 (Fernandes et al. 2014, 2016; 
Yariv et al. 2015).

Herein, we hypothesize that nano-monocaprin (NMC) 
fabricated/synthesized using simple sonochemistry tech-
niques and without any co-solvent or surfactant will improve 
monocaprin solubility, producing micelles that can decorate 
the surface of the virus. Such structures will exhibit antiviral 
property by affecting the binding of the virus to the host cell. 
We prepared NMC through sonochemistry techniques and 
characterized it using dynamic light scattering (DLS) and 
UV–Vis spectroscopy. Thereafter, we compared the antiviral 
activity of NMC with MMC suspension using enveloped 
virus phi6 as a surrogate for SARS-CoV-2. The influence of 
the pH on the antiviral activity of NMC and its cytotoxicity 
was also examined. The inhibitory effects of NMC on coro-
naviruses have not yet been specifically investigated. These 
NMC formulations would be of particular interest with 
regard to the COVID-19 pandemic as they can be readily 
applied as surface disinfectants, skin cleaners, nasal sprays, 
and for other therapeutic applications in or on humans.

Materials and method

Biological and chemical reagent

Agar (VWR Life Science), tryptic soy broth (TSB) (Sigma 
Aldrich), ampicillin, streptomycin, monocaprin ( ≥ 98% GC 
grade, TCI America, Inc), Dulbecco’s modified Eagle’s 
medium (DMEM) (Thermo Fisher Scientific), Roswell 
Park Memorial Institute (RPMI) media (Corning), Fetal 

Table 1  Techniques, concentration, contact time, and log reduction of several viral decontamination studies

Techniques Concentration Contact time Log reduction
level

References

Photoinactivation by visible violet light 1300 J cm−2 of
405 nm irradiation for phi6

1.5, 3, 4.5 h 3 (Vatter et al. 2021)

Ultraviolet germicidal 2.51–6.50 mJ cm−2 for MS2
7.75–10.57 mJ cm−2 for phi6

5–255 s 2 (Tseng and Li 2007)

Hydrogen peroxide vapor (HPV)  > 400 ppm for phi6 24–32 h 2–6 (Wood et al. 2020)
Ducted ultraviolet-C
(UV-C) system

13.9–49.6 mJ cm−2 at 253 ± 1 nm 
for respiratory coronavirus (ATCC 
VR-2384)

1.3–5.1 s  > 3 (Qiao et al. 2020)

Butylated hydroxytoluene (BHT) and 
hydroxyanisole (BHA)

3 × 10−5 M for phi6 30–75 min 2 (Wanda et al. 1976)

Fatty acids
(oleic and palmitoleic acid)

50 µg/mL 30 min 2 (Sands 1977)

Nano monocaprin
(NMC)

1–2 mM for phi6 1–5 min 7 This study



381International Microbiology (2023) 26:379–387 

1 3

Bovine Serum (FBS) (Corning), penicillin–streptomycin 
(pen-strep) (Corning), Glutamax (Gibco), non-essential 
amino acids (NEAA), 1X Dulbecco’s phosphate buffer 
saline (DPBS) (Corning), phosphate buffered saline solution 
(10 mM, Sigma Aldrich), buffer solutions pH 7 and 4 (Sigma 
Aldrich).

Preparation and characterization of MMC and NMC

MMC was prepared in a 20-mL borosilicate glass vial by 
manually mixing monocaprin ( ≥ 98%) in ultrapure parti-
cle-free deionized water to obtain a stock solution of 4 mM 
(Fig. 1). NMC was prepared using a part of the MMC stock 
solution by sonochemistry technique (Yariv et al. 2015). 
Briefly, sonication was done using an ultrasonic cleaner 
(47 ± 3 kHz, Branson 2210R-MTH). NMC were prepared 
using two sonication patterns: intermittently (30-s sonica-
tion, 30-s manual mixing to a total of 7 min) and continu-
ously for 20 min. During sonication, the glass container was 
kept sealed to prevent particle loss. Sonication produces 
heat because continuous cavitation creates energy and can 
increase water temperature (Gude and Grant 2013; Yariv 
et al. 2015). The maximum temperature reached over the 
sonication time was 30 ± 2 °C, which was below the mono-
mers’ main-phase transition temperatures. NMC at pH 4 
and pH 7 was prepared in pH buffered solutions instead 
of ultrapure particle-free deionized water. The absorbance 

spectra of MMC and NMC were determined using a Hach 
DR 6000™ UV–Vis Spectrophotometer. The hydrodynamic 
size, zeta potential, mobility, and conductivity of NMC were 
measured by a Malvern Zetasizer Nano- ZS spectrometer.

Selection of potential surrogate

After determining the scope of our experiments, i.e., 
disinfection of viruses with medium-chain monoglyceride, 
we considered both microbiological and practical aspects of 
selecting potential surrogates. We used Sinclair et al.'s (2012) 
conceptual decision framework to identify potential surrogates 
for pathogenic viruses based on safety, functional morphology, 
and expected resistance to monocaprin. To mimic pathogenic 
enveloped viruses, we selected a double-stranded RNA 
(dsRNA) enveloped phi6 bacteriophage that is non-pathogenic 
to humans but structurally similar to SARS-CoV-2. Phi-6 
bacteriophage is a well-studied and safe surrogate for 
pathogenic enveloped viruses such as SARS-CoV-2, influenza 
virus, or Ebola virus (Ye et al. 2016; Aquino de Carvalho et al. 
2017; Fedorenko et al. 2020). Phi6 is a biosafety level 1 (BSL-
1) plant pathogen and practically culturable in laboratory 
conditions without posing any human health risk. The role 
of the lipid-based viral envelope is to provide resistance to 
disinfection and protect the viral membrane. Monocaprin has 
inactivation potential for lipid-containing viruses by removing 
or extracting the lipid-based membrane components (Thormar 

Fig. 1  Schematic of NMC synthesis and antiviral assay. A MMC 
denotes molecular monocaprin emulsion prepared by the suspension 
of reagent-grade monocaprin powder in particle-free deionized water. 
Nano-monocaprin particles, NMC and NMC_intermittent, were syn-
thesized by sonication of MMC. NMC was prepared by continuous 
sonication for 20 min, and NMC_intermittent was prepared by inter-

mittent sonication (30-s sonication, 30-s manual mixing) for 7  min, 
respectively. B Phi6 and MS2 were used as surrogate virus particles 
to test the antiviral activity of NMC and MMC. C Cytotoxicity of 
NMC was examined by MTS assay against HeLa and HPDE mam-
malian cells
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et al. 2013). To test this specific antiviral activity of NMC, 
we chose a non-enveloped MS2 bacteriophage. MS2 has a 
single-stranded RNA (ssRNA), similar to the genome type of 
SARS-CoV-2. MS2 is a surrogate of human enteric viruses 
(Wigginton et al. 2012).

Propagation of bacteriophage stock suspension

Phi6 (HER 102) and host bacteria Pseudomonas syringae 
(HER 1102) were purchased from Félix d’Hérelle Reference 
Center for Bacterial Viruses Université Laval (Québec, 
Canada). MS2 (ATCC 15,597-B1) and host bacteria E. coli 
HS(pFamp)R (ATCC 700,891) were purchased from the 
American Type Culture Collection (ATCC, USA). Stock 
suspensions of phi6 and MS2 were prepared using the top 
agar overlay technique (Wood et al. 2020). Bacteriophage was 
propagated using 100 µL of lyophilized bacteriophage stock 
mixed with 100 µL of overnight host bacteria in 5 mL of molten 
(55 °C) soft tryptic soy agar (TSA) (0.6% agar). The mixture 
was uniformly spread over hard TSA (1.5%) plates and allowed 
to solidify. Subsequently, agar plates were incubated for 18 h. P. 
syringae was incubated at 24 ± 2◦C , while E. coli HS(pFamp)R 
(ATCC 700,891) was cultured at 37 ◦C on TSA supplemented 
with 15 µg/mL of ampicillin and streptomycin and 2.25 mM 
 CaCl2. Top agar with lysed bacteria cells was aseptically 
harvested, 15 mL of TSB added, and centrifuged at 5000 × g 
for 15 min. The supernatant was removed and filtered through 
a sterile 0.2 µm syringe filter to remove residual bacteria. Stock 
bacteriophage was stored at 4 ◦C for subsequent use.

Bacteriophage inactivation using NMC and MMC

Phi6 and MS2 suspensions were used at a concentration 
of ~ 108 PFU/mL in TSB. The titer of the bacteriophage 
was determined by using the double agar overlay plaque 
assay. Bacteriophage inactivation experiments were carried 
out by mixing 500 µL of bacteriophage suspensions and 
500 µL of each sample (i.e., NMC or MMC) under varying 
contact times (1 to 5 min). After predetermined time points, 
100 µL of bacteriophage and 100 µL of 1.5 × 10

8 CFU/mL 
of overnight host bacteria were mixed in 5 mL of molten 
soft tryptic soy agar (TSA) (0.6% agar). The mixture was 
uniformly spread over hard TSA (1.5%) plates and allowed 
to solidify. Agar plates were incubated for 18 h at conditions 
described in Sect. 2.4. Bacteriophages were treated with pH 
buffer solution and/or TSB (500 µL) as the negative control. 
Bacteriophage inactivation is obtained based on Eq. 1:

(1)Log inactivation of bacteriophage = log
C
o

C
t

where C
o
 is the concentration (PFU/mL) of bacteriophage 

without the addition of NMC/MMC and C
t
 is the bacterio-

phage concentration after the addition of NMC/MMC for 
time t.

Cytotoxicity of NMC

The CellTiter  96®  AQueous  One Solution Cell 
Proliferation Assay (MTS) was carried out to evaluate 
the biocompatibility of the synthesized NMC. Human 
Pancreatic Duct Epithelial Cells (HPDE) and HeLa 
cervical cancer cell lines were used for the cell viability 
assay to represent the effect of NMC on normal and 
cancer cell lines, respectively. HPDE was cultured in 
DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin, 1% Glutamax, and 1% non-essential 
amino acids. HeLa cells were cultured in RPMI media 
supplemented with 10% FBS and 1% penicillin/
streptomycin. Cells were seeded in 96 well plates (1000 
cells per well) and incubated overnight (5%  CO2, 37 °C). 
Thereafter, cells were incubated with media containing 
ten-fold serially diluted NMC (0 to 2 mM) for 24 h (5% 
 CO2, 37 °C). Cell viability (%) is calculated using Eq. 2:

where Asample , Acontrol, and Ablank are the absorbance values 
of NMC—treated cells, untreated cells, and media respec-
tively.  IC50 values were determined by nonlinear regression 
of normalized cell viability data using GraphPad Prism 
(v8.3.0 for Windows).

Results and discussion

Characterization of NMC

The size of NPs generated by sonochemistry is influenced 
by the sonication time (Yariv et  al. 2015). This study 
evaluated the influence of sonication time by testing two 
sonication patterns: intermittent sonication (every 30 s for 
7 min) and continuous sonication for 20 min. The stock 
solution (4 mM) of NMC (continuous) (hereafter called 
NMC) appeared as a clear solution compared to the milky 
suspension of NMC (intermittent) (hereafter called NMC_
intermittent) and MMC (Fig. 2). This result suggests an 
improved dispersion via continuous sonication. The size 
of the synthesized NMC was measured by DLS. Figure 3 
shows the hydrodynamic size of NMC micelle for a 24-h 
period. The average hydrodynamic size of NMC was 
8.4 ± 0.2 nm, which is close to a 1 mM Tween 20 micelle 

(2)% Cell viability =
Asample − Ablank

Acontrol − Ablank

× 100
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size of 7.2 nm (Basheva et al. 2007). The hydrodynamic 
size is always larger than the actual diameter of NMC 
micelle due to the electrical double layer surrounding 
micellar particles. On average, we found a 14–17% parti-
cle count (here denoted as DLS intensity in Fig. 3) in the 
sample for a 1-day period. The particle size did not change 
over time as the particle counts (intensity %) remained 
within a range of 14–17% for 24 h, suggesting that parti-
cles did not settle significantly. The extremely small size of 
the particles renders them dispersed in aqueous phase for a 
long time. Figure 4 shows the zeta potential, mobility, and 
conductivity of NMC micelles. The zeta potential, mobil-
ity, and conductivity of NMC micelles were observed to be 
in the range of − 15 to – 35 mV, − 1 to − 2.76 µm-cm/Vs, 
and 0.011 to 0.026 mS/cm, respectively. Over a period of 
60 min, the mean zeta potential, mobility, and conductiv-
ity were − 22.9 mV, − 1.80 µm-cm/Vs, and 0.013 mS/cm 
respectively. Our results show that the synthesized anionic 
NMC micelles, with a mean zeta potential of − 23 mV, are 
near the optimal level considered as a good stabilization 
of a nano-dispersion (Samimi et al. 2019). Thus, NMC 
can sufficiently remain dispersed to interact with phi6. 
The absorption spectra of NMC and MMC were observed 

to verify that the chemical structure of monocaprin was 
unaltered. Figure 5 shows that MMC and NMC had similar 
absorption spectra. This result indicates that no structural 
changes occurred due to sonication. NMC had a lower 
absorption value than MMC because it is a clear solution 
compared to MMC.

Fig. 2  Physical appearance of 
A MMC, B NMC_intermittent, 
and C NMC at 4 mM

Fig. 3  Hydrodynamic size (in nm) of NMC particles by DLS tech-
nique

Fig. 4  Zeta potential (mV), mobility (µmcm/Vs), and conductivity 
(mS/cm) of NMC

Fig. 5  Absorbance spectra of MMC and NMC (4 mM, in nano pure 
water)
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Antiviral effects of NMC and MMC

A longer sonication time means smaller particle size result-
ing in greater penetration and interaction with the lipid enve-
lope of the virus (Thormar et al. 2013, São Pedro et al. 2013, 
Yariv et al. 2015). Thus, we varied the sonication time to 
examine if indeed NMC inhibits the viral surrogates better 
when sonicated longer. Figure 6 shows that at 2 mM (pH 7), 
NMC prepared by continuous sonication (20 min) achieved 
2.5-fold higher phi6 inactivation that when prepared by 
intermittent sonication (7 min) after 1 min contact time. 
This result shows that continuous and longer sonication time 
achieved better antiviral activity than intermittent sonica-
tion at a very short contact time. However, after contact for 
5 min, we observed no difference in the antiviral activity 
of NMCs sonicated for 7 and 20 min. This result suggests 
the time-dependent antiviral action of monocaprin. This 
time-dependent antiviral activity of antimicrobial lipids is 
reported in literature (Sands 1977, Wang and Johnson 1992; 
Bergsson et al. 1998). With this observation, subsequent 
antiviral tests were carried out using NMC prepared by con-
tinuous sonication. We observed > 7-log phi6 inactivation at 
2 mM and 5 min contact time using NMC, whereas MMC 
resulted in only ~ 4 log inactivation (Fig. 7). This result sug-
gests that NMC has higher reactivities than MMC due to the 
high surface area-to-volume ratio (Fernandes et al. 2014; 
Singh et al. 2014), considering the same mass in the formu-
lations. Also, our result suggests that NMC interacted better 
with the lipid envelope of phi6 than MMC due to the lower 
propagation of NMC treated phi6 samples. This result sug-
gests faster lysis of the lipid envelope (Thormar et al. 2013, 
Sands 1977, Isaacs et al. 1986).

The pH is known to influence the antimicrobial activity 
of monocaprin (Petschow et al. 1996; Thormar et al. 2006, 
2013). To test whether the solution pH affected the activity 
of NMC, we compared the antiviral activity of NMC at pH 4 
and 7 to enhance the MIC. At a high concentration of 2 mM 
NMC and 5 min contact time, we observed no difference in 
the antiviral activity at pH 4 and 7 (Fig. 8). However, when 
we used lower NMC concentrations of 0.25 and 0.5 mM, we 
observed a higher inhibition of the viral surrogates at acidic 

Fig. 6  Optimization of NMC: preparation method (2  mM, pH  7). 
Error bars are the standard deviation of triplicate plaque counts for 
each experiment condition

Fig. 7  Inactivation of phi6 using MMC and NMC solutions at pH 7 
with an exposure time of 5  min. Asterisk (*) indicates the limit of 
quantification. Error bars are the standard deviation of triplicate 
plaque counts for each experiment condition

Fig. 8  Effect of pH solution on phi6 inactivation for 5-min expo-
sure time with NMC. Asterisk (*) indicates the limit of quantifica-
tion. Error bars are the standard deviation of triplicate plaque counts 
for each experiment condition. The control experiment indicates that 
pH 4 buffer + nano pure water achieved 0.21 (± 0.02) log inactivation 
of phi6
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pH than at neutral pH. The control experiment indicates that 
pH 4 buffer and nano pure water achieved 0.21 (± 0.02) log 
inactivation of phi6. We posit that the high acidity weakens 
the outer lipid coat of phi6 and allows NMC to penetrate the 
cell (Thormar et al. 2013). This result implies that the inhib-
itory concentration of NMC against phi6 can be reduced 
using formulations at acidic pH. The effectiveness of NMC 
at acidic pH opens the possibility for its use in many phar-
maceutical formulations. In addition to its potential use for 
the treatment of established infections, NMC formulations 
can be manufactured as a topical antimicrobial to prevent 
the transfer of pathogens through mucosal membranes into 
the body (Thorgeirsdottir et al. 2003; Thormar et al. 2013).

MS2 (a surrogate for non-enveloped viruses) was treated 
with NMC and MMC, but MS2 was not inactivated by either 
(Fig. 9). This result is consistent with those published in the 
literature about monocaprin being ineffective against non-
enveloped viruses (Isaacs et al. 1986; Thormar et al. 1987; 
Thorgeirsdottir et al. 2003). As mentioned earlier, the antiviral 
activity of monocaprin is based on the disintegration of the 
lipid envelope absent in non-enveloped viruses (Sands, 1977, 
Thormar et al. 1987, 2013; Thormar and Bergsson 2001).

Cytotoxicity of NMC

Human epithelial (HPDE) and cervical cancer (HeLa) cell 
lines were used for the cell viability assay to represent the 
effect of NMC—on normal and cancer cell lines, respectively. 
Figure 10 shows that NMC was cytocidal at concentration of 
2 mM. The obtained  IC50 values were 0.22 mM and 0.2 mM 
for HeLa and HPDE, respectively. Several studies have 
reported cell death when emulsions of antimicrobial lipids 
are directly exposed to monolayers of mammalian cells using 
standard cell viability assays like MTS (Bergsson et al. 1998; 
Thormar et al. 1999, 2013; Jackman et al. 2016). Neverthe-
less, this NMC formulation is suggested for usage against the 
transmission of pathogens through the skin or mucus layer 
into the body. We expect that they should be suited for these 
applications because the sensitive mucosal membranes are 

protected from the environment by the mucus layer (Isaacs 
et al. 1986; Thormar et al. 2013). Besides, the stomach of 
suckling infants has a high concentration of antimicrobial 
lipids after feeding, which does not harm the gastric mucosa 
(Isaacs et al. 1986; Thormar et al. 2013). This scenario indi-
cates that the mucus layer protects mucosal membranes.

Conclusions

Antiviral lipids are promising antiviral agents. One of 
the challenges facing the therapeutic applications and 
performance of antiviral lipids is their poor solubility 
in aqueous media. Many nanotechnology formulation 
studies investigating antiviral lipids have aimed to improve 
their performance by encapsulating them in carriers 
(Kristmundsdóttir et al. 1999; Jackman et al. 2016; Fletcher 
et al. 2020). Highly effective antiviral lipids at non-toxic low 
concentrations in the free form are sometimes desirable. This 
study demonstrated that simple sonochemistry techniques 
to generate nanoparticles can improve the solubility and the 

Fig. 9  Plaque assay results 
of the antiviral experiment 
against MS2. A MS2 + TSB 
(control); B MS2 + 2.5 mM 
MMC; C MS2 + 2.5 mM NMC. 
Treatment conditions are 5-min 
contact time and pH 7. Images 
show a comparable number of 
plaques at  10−4 dilution

MS2 (PFU/mL)

6.77 (±0.92) 7.23 (±1.01) 6.73 (±0.66)

Fig. 10  Cytotoxicity of NMC on HeLa and HPDE cells
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antiviral activity of monocaprin in the free form. The particle 
size of NMC decreased, and the antiviral activity increased as 
sonication time increased from 7 to 20 min. We speculate that 
the sonication process did not substantially alter the chemical 
structure of monocaprin based on the absorbance spectra of 
NMC and MMC. Moreover, the specific antiviral activity of 
monocaprin was unchanged during the sonication process 
since NMC inactivated phi6, which has a lipid envelope, but 
MS2 was not inactivated. The synthesized NMC exhibited 
higher antiviral activity against phi6 than MMC at pH 7. The 
MIC of NMC was lower at pH 4 compared to pH 7. The 
effectiveness of NMC at acidic pH opens the possibility for 
its use in many pharmaceutical formulations. The lower MIC 
of NMC than bulk MMC makes it attractive in therapeutic 
applications where the free form monocaprin emulsions are 
preferable to encapsulated forms. Many viruses enter the 
human body by penetrating the mucosal barrier. SARS-CoV-2 
can enter the mucosal linings of the mouth, nose, lungs, and 
eyes (Liu et al. 2016). NMC can be delivered via multiple 
routes, such as topical, nasal, ophthalmic, or aerosolized, and, 
as a potentially effective antiviral agent, may reduce infection 
and transmission of enveloped viruses (e.g., SARS-CoV-2). 
Future studies should test the effectiveness of NMC against 
pathogenic enveloped viruses such as SARS-CoV-2.
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