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Abstract

Last year observed a global pandemic caused by SARS-CoV-2 (severe acute respiratory

syndrome-coronavirus 2) infection affecting millions of individuals worldwide. There is an

urgent unmet need to provide an easily producible and affordable medicine to prevent trans-

mission and provide early treatment for this disease. Since the nasal cavity and the rhino-

pharynx are the sites of initial replication of SARS-CoV-2, a nasal spray may be an effective

option to target SARS-CoV-2 infection. In this study, we tested the antiviral action of three

candidate nasal spray formulations against SARS-CoV-2 in vitro. We determined that iota-

carrageenan in concentrations as low as 6 μg/mL inhibits SARS-CoV-2 in vitro. The concen-

trations of iota-carrageenan with activity against SARS-CoV-2 in vitro may be easily

achieved through the application of nasal sprays as commonly used in several countries.

Recently a double-blind, placebo-controlled study showed that iota-carrageenan in isotonic

sodium chloride reduces ca. five times the risk of infection by SARS-CoV-2 in health care

personnel. Further, xylitol at a concentration of 50 mg/mL (ca. 329 mM) was found to exert

some antiviral action, though this preliminary finding needs further confirmation.

Introduction

SARS-CoV-2 is the single-stranded positive-sense RNA virus responsible for COVID-19, caus-

ing one of the most significant pandemics of our time, with more than 244,980,203 confirmed

cases and more than 4,971,409 deaths worldwide as of October 27th, 2021 [1]. In most cases,

COVID-19 manifests with flu-like symptoms and results in manageable symptoms that resolve

without intervention. However, 15% of patients develop severe pneumonia that requires hospi-

talization and oxygen support. This includes 5% requiring admission to an intensive care unit

(ICU), and among these cases, half result in death [2]. Older adults and those with pre-existing

conditions are most susceptible to adverse outcomes. Children are also affected but display

milder symptoms than adults, nonetheless, they remain active transmitters of COVID-19 [3].
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Currently, there are no adequate therapeutic or preventive medicines available for COVID-

19, except for vaccines. However, by the time of this publication, only 3.1% of people in low-

income countries have received at least one dose [4]. Therefore, effective approaches are

urgently needed to reduce the spread of the virus and its death toll. Recent data have shown

that a high viral load and a long virus-shedding period were associated with severe COVID-19

[5, 6]. Furthermore, in the early stage of pathogenesis, the virus is localized mainly in the nasal

cavity and the nasopharynx [7, 8]. Therefore, the use of antiviral nasal sprays may help reduce

nasal and nasopharyngeal viral load, thereby slowing down disease progression and

transmission.

Iota-carrageenan formulated into a nasal spray has proven to be safe and effective against

coronavirus virus causing common cold [9–11]. Moreover, iota-carrageenan-containing nasal

sprays are currently available in several countries in the world. Carrageenans are linear sulfated

polysaccharides that are often extracted from red seaweeds, and commercially available in the

form of kappa (κ), iota (ι), or lambda (λ). They have been used for years as thickening agents

and stabilizers for food and in the cosmetic and pharmaceutical industry as suspension and

emulsion stabilizers. Their antiviral capacity was discovered decades ago and has been experi-

mentally confirmed on herpes virus type 1 and 2, human papilloma virus, H1N1 influenza

virus, dengue virus, rhinovirus, hepatitis A virus, enteroviruses, and coronaviruses. Iota-carra-

geenan inhibits several viruses based on its interaction with the surface of viral particles, thus

preventing viral entry and viral budding. [12–17]. In vitro studies examining HeLa cells and

primary respiratory epithelial cells have shown inhibition of rhinovirus and influenza. Further,

in one study, iota-carrageenan spray reduced mortality by at least 50% in mice infected with

lethal doses of the H1N1 influenza virus [18]. In all cases, the antiviral action of iota-carra-

geenan is more effective, when administrated prophylactically or in the early stages of disease

and has shown synergy with other antiviral agents. Studies performed on adults and children

with a common cold demonstrate the effectiveness of an iota-carrageenan nasal spray to allevi-

ate clinical symptoms and shorten their duration, as well as to decrease the viral load of naso-

pharyngeal specimens and relapses during the follow-up period [9–11, 19–21].

In addition, xylitol is a polyol (formula (CHOH)3(CH2OH)2) that has been used as a sugar

substitute in Finland since the 1960s. Obtained from xylan, which is first extracted from hard-

wood, xylitol has demonstrated multiple health benefits [22]. It has been extensively used in

oral health care to prevent cavities because of its antibacterial capacity. It is already being used

in otorhinolaryngology as a nasal spray and irrigation for the treatment of rhinosinusitis and

the prevention of otitis media [23, 24]. Both in vitro and animal model studies have demon-

strated the antiviral properties of xylitol against the human respiratory syncytial virus [25].

Both iota-carrageenan and xylitol are safe for humans, being used in much larger amounts

as food additives than what may be used for nasal delivery. The safety of iota-carrageenan has

already been tested intranasally in New Zealand rabbits in daily doses up to 448 μg/kg/day for

up to 28 days and by inhalation in F344 rats for seven days in doses up to 1.2 mg/kg/day [26].

These studies showed neither local nor systemic toxicity. No immunotoxicity or immunoge-

nicity was observed either. On the other hand, a 50 mg/mL xylitol aqueous solution was well

tolerated when administered as a nasal irrigation to chronic rhinosinusitis patients [27] and

when administered by inhalation to naïve and atopic mice, as well as to healthy human volun-

teers [28]. Both are included in nasal formulations currently available for use in children and

adults.

Based on the above knowledge, an experiment was designed and carried out in a Biosafety

Level 3 (BSL3) laboratory to investigate the SARS-CoV-2 inhibition capacity of three different

candidate preservative-free formulations. It is postulated that the antiviral pathways of iota-

carrageenan are due to the electrostatic attraction between its negatively charged molecules
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and positively charged viral particles [29]. Therefore, by increasing the ionic strength of the

medium, the in vitro antiviral action of iota-carrageenan should decrease, as has been previ-

ously observed [30]. For this reason, we tested formulations with two different concentrations

of sodium chloride (9 and 5 mg/mL) and one that contains xylitol (50 mg/mL) with almost no

addition of electrolytes.

Materials and methods

Working conditions and installations

All work involving SARS-CoV-2 was performed at the University of Tennessee Health Science

Center (UTHSC) Regional Containment Facility using BSL3 practices under protocols

reviewed and approved under Institutional Biosafety Committee (IBC) 17/531.

Cells and virus

African green monkey kidney Vero E6 cells were purchased from the American Type Culture

Collection (ATCC1 CRL-1586TM). Vero E6 cells were grown in complete minimal essential

media (c-MEM) (Corning, NY, USA), which included 5% fetal bovine serum (FBS) (Gibco,

Waltham, MA, USA), 5 mM penicillin/streptomycin (Gibco, Waltham, MA, USA), and L-glu-

tamine (Gibco, Waltham, MA, USA). Cells were incubated at 37˚C with 5% CO2.

SARS-CoV-2 isolate USA-WA1/2020, was isolated from an oropharyngeal swab from a

patient with a respiratory illness who had recently returned from travel to the affected region

of China and developed clinical disease (COVID-19) in January 2020 in Washington, USA, it

was obtained from BEI Resources, established by the National Institute of Allergy and Infec-

tious Diseases (NIAID) to provide reagents (catalogue number NR-52281, Manassas, VA,

USA). Viral master seed stock was prepared by infecting T-175 flasks of Vero E6 cells using a

multiplicity of infection (MOI) of 0.1. Each flask was harvested on day two post-infection. The

supernatant of each flask was centrifuged twice at 220 x g for 15 minutes to remove cellular

debris in a benchtop centrifuge using buckets with biocontainment. Titer of virus stock was

determined by plaque assay on Vero E6 cells and expressed as plaque-forming units per ml

(pfu/ml) [31].

Preparation of sample formulations

All the samples were prepared at Laboratorio Pablo Cassará S.R.L. (Argentina) under aseptic

conditions and provided by Amcyte Pharma Inc. (US) to the University of Tennessee Health

Science Center. The composition of the samples is depicted in Tables 1 and 2.

Samples P1, P2, and P3 are referred to as Diluents P1, P2, and P3, respectively, throughout

the rest of the text.

Preparation of formulations from Samples 1 and P1. A 1,200 μg/mL iota-carrageenan

stock solution was obtained by taking 7 mL of Sample 1 and bringing it to 10 mL with Sample

Table 1. Composition of samples containing iota-carrageenan.

Component sample 1 sample 2 sample 3

Iota-carrageenan 1.7 mg/mL 1.2 mg/mL 1.2 mg/mL

Sodium Chloride 9 mg/mL 5 mg/mL ___

Xylitol ____ ____ 50 mg/mLa

pH adjusted to 6.00–7.00 6.00–7.00 6.00–7.00

aEquivalent to ca. 329 mM.

https://doi.org/10.1371/journal.pone.0259943.t001
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P1. This stock solution was used to obtain the highest final concentration of iota-carrageenan

in the corresponding wells (600 μg/mL). This was achieved by applying 0.5 mL with the same

volume of culture media.

Stock solutions with 120, 12, and 1.2 μg/mL iota-carrageenan concentrations were obtained

from the 1,200 μg/mL stock solution by 1:10 serial dilutions using Sample P1 as diluent. The

corresponding final concentrations of iota-carrageenan in the wells (60, 6, and 0.6 μg/mL)

were obtained by applying 0.5 mL of each of these dilutions with the same volume of culture

media.

All concentrations and control were tested in triplicate.

Preparation of formulations from Samples 2 and P2. The highest iota-carrageenan con-

centration in the wells (600 μg/mL) was obtained by combining 0.5 mL of Sample 2 with the

same volume of culture media. Stock solutions with 120, 12, and 1.2 μg/mL iota-carrageenan

concentrations were obtained from this stock solution through 1:10 serial dilutions using Sam-

ple P2 as diluent. The corresponding final concentrations of iota-carrageenan in the wells (60,

6, and 0.6 μg/mL) were obtained by applying 0.5 mL of each of these dilutions with the same

volume of culture media.

All concentrations and control were tested in triplicate.

Preparation of formulations from Samples 3 and P3. The highest iota-carrageenan con-

centration in the wells (600 μg/mL) was obtained by applying 0.5 mL of Sample 3 with the

same volume of culture media. Stock solutions with 120, 12, and 1.2 μg/mL iota-carrageenan

concentrations were obtained from this stock solution by 1:10 serial dilutions using Sample P2

as diluent. The corresponding final concentrations of iota-carrageenan in the wells (60, 6, and

0.6 μg/mL) were obtained by applying 0.5 mL of each of these dilutions with the same volume

of culture media.

All concentrations and control were tested in triplicate.

To determine antiviral efficacy of formulations through titer reduction assay, sample for-

mulations were used at a final iota-carrageenan concentration of 600 μg/mL, 60 μg/mL, 6 μg/

mL, and 0.6 μg/mL. Equivalent amounts of diluents (Samples P1, P2, and P3) were used for

titer reduction assay as controls for the corresponding sample formulations.

Titer reduction assay

Vero E6 cells were seeded in 12-well plates at a density of 2.5x105/well and grown overnight at

37˚C under 5%CO2.

The next day, cells were washed with Dulbecco’s Phosphate-Buffered Saline (DPBS), pH

7.2, followed by addition of equivalent amount of c-MEM supplemented with reduced fetal

bovine serum (2%) and sample formulations/diluents. Formulations and diluents were incu-

bated with cells for two hours, after which the supernatant was removed.

Cells were infected with 2.5x104 pfu (MOI = 0.1) of virus for 1 hour at 37˚C, 5%CO2 with

rocking at 15-minute intervals. After incubation, wells were washed with DPBS, and sample

formulations / diluents were added at the same concentrations.

Table 2. Composition of samples used as diluents (samples without iota-carrageenan).

Component sample P1 sample P2 sample P3

Sodium Chloride 9 mg/mL 5 mg/mL ____

Xylitol ____ ____ 50 mg/mLa

pH adjusted to 6.00–7.00 6.00–7.00 6.00–7.00

aEquivalent to ca. 329 mM.

https://doi.org/10.1371/journal.pone.0259943.t002
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After incubation for two days, well contents were collected, and titer was determined.

Residual virus was measured in the different supernatants, by TCID50 assay in 96-well

plate format with 3 wells per dilution of virus. 10-fold serial dilutions (10−1 to 10−7) of collected

samples (treated, control, or virus only) were used to infect Vero E6 cells in a 96-well plate.

The cell plates were incubated at 37˚C, 5% CO2, with humidity for an additional 2 days. After

2 days, the virus endpoint titer was determined using the Reed-Muench formula and expressed

as log TCID50/mL using MTT proliferation assay to measure cell viability. Virus endpoint

titer was determined using the Reed-Muench formula and expressed as log TCID50/mL [32].

Statistical analysis of data

Medians of virus titer obtained after each treatment were calculated. Each set of formulations

containing the same diluent were analyzed separately. Virus titers expressed in TCID50/mL

were determined after each treatment and with no treatment (untreated or ‘virus only’ wells)

for each diluent and compared using the Kruskal Wallis non-parametric test. Pairwise post

hoc comparisons were assessed with the Conover test using Bonferroni correction.

All statistical tests were two-sided, and the null hypothesis was rejected at a significance

level of 5% (a = 0.05). No mathematical transformation of data was applied. Values of TCID50/

mL below the limit of detection were considered equal to this limit (31.6 TCID50/mL) for all

statistical tests and descriptive statistics.

In the cellular viability assays, the results were analyzed statistically by One-way ANOVA

followed by Tukey’s multiple comparisons test, using GraphPad Prism version 9.1.0, Graph-

Pad Software, San Diego, California USA, www.graphpad.com.

Results

To examine the antiviral effects of iota-carrageenan on SARS-CoV-2, three sample formula-

tions were developed and tested. Each of the three sample formulations were tested in a dose

dependent manner based on varying concentrations of iota-carrageenan ranging from 600 μg/

mL to 0 μg/mL.

The medians of the virus titer found after each treatment with iota-carrageenan solutions in

diluent P1 (sodium chloride 9 mg/mL adjusted to pH 6–7) showed that iota-carrageenan

markedly inhibits SARS-CoV-2 production in a dose-dependent manner, Fig 1A. In other set

of experiments, Vero E6 cells were treated with different iota-carrageenan concentrations

(600 μg/mL to 0.6 μg/ml), and cell viability was quantified, No difference in cell viability was

observed in iota-carrageenan treated cells compared to vehicle-treated control cells, without

the addition of virus, Fig 1B.

SARS-CoV-2 samples treated with 600 μg/mL,60 μg/mL and 6 μg/mL of Sample 1 signifi-

cantly reduced the residual virus titer when compared to untreated control and Diluent P1 at a

concentration not below 6 μg/mL. No statistically significant reductions of the virus were

detected after treatment with 0.6 μg/mL of iota-carrageenan. Treatment with Diluent P1 dem-

onstrated a statistically significant increase in residual virus titer when compared with

untreated control. This could be due to either better growth conditions for the virus or to an

analytical artifact but does not influence the main conclusion, as Diluent P1 does not have any

antiviral activity, Fig 1A. Taking the untreated residual virus titer as a reference, SARS-CoV-2

titer is reduced ca. 4 logarithmic units (more than 3.75, in fact) after treatment with 600 or

60 μg/mL iota-carrageenan solutions containing 9 mg/mL sodium chloride adjusted to pH

6–7. In the same diluent SARS-CoV-2 titer is reduced more than 2 logarithmic units after

treatment with a solution containing 6 μg/ml iota-carrageenan.
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The medians of the virus titer found after each treatment with iota-carrageenan solutions

when using diluent 2 (sodium chloride 5 mg/mL adjusted to pH 6–7) are shown in Fig 2A.

The statistical analysis of data comparing virus titers after each treatment against those of

untreated wells (virus only wells) and those treated with Diluent 2 without iota-carrageenan.

No difference in cell viability was observed in iota-carrageenan treated cells compared to vehi-

cle-treated control cells, without the addition of virus, Fig 2B.

SARS-CoV-2 samples treated with dilutions of Sample 2 at final iota-carrageenan concen-

trations of 600 μg/mL, 60 μg/mL, and 6 μg/mL, demonstrated statistically significant reduc-

tions in virus titers when compared with untreated controls and controls treated with Diluent

P2. However, concentrations of not less than 6 μg/mL showed a much higher logarithmic

reduction in virus titer (more than 4 logarithmic units), than 0.6 μg/mL, which showed a

reduction below 1 logarithmic unit. As shown in Fig 2A, which plots the logarithm of the

residual virus titer in TCID50/mL after each treatment. No significant differences were

detected between diluent and untreated samples showing that it has no effect on virus titer.

This means that the iota-carrageenan is the component that inhibits SARS-CoV-2. In

Fig 1. SARS-CoV-2 viral titer after treatment with Samples 1 and P1. A) Infection assay. Sample 1 composition: 1.2mg/mL iota-carrageenan, 9 mg/mL sodium

chloride, pH 6–7. Vero E6 were pre-treated for two hours with dilutions of Sample 1 with Sample P1 (diluent without iota-carrageenan) to obtain 600 μg/mL,

60 μg/mL, 6 μg/mL, and 0.6 μg/mL iota-carrageenan final concentration. After this pretreatment, cells were infected with SARS-CoV-2 and incubated for 48 hours

in the presence of the same dilutions of Sample 1. Supernatants were harvested and virus yield was determined using an end point dilution assay (TCID50).

Controls consisted of untreated infected cells or infected cells treated with P1 (no iota-carrageenan). Results were determined using the Reed and Muench formula

and expressed as log TCID50/mL. The dotted line shows the limit of detection (LOD). Testing of samples was performed in triplicate, and the p-values are

p�0.00025 (����). B) Cellular viability assays. Vero-E6 cells were treated with iota-carrageenan or vehicle (600 μg/mL to 0 μg/mL) for 48 h at 37˚C. After

incubation, cellular viability was analyzed, and no statistically significant difference was found between the groups compared to the untreated control group

(Group 600 μg/ml, p = 0.7464, Group 60 μg/ml, p = 0.0908, Group 6 μg/ml, p = 0.1208, and Group 0.6 μg/ml, p = 0.8938). Data are expressed as mean ± SD.

Therefore, these compositions do not adversely affect cell viability. For this reason, cell lysis and death detected in the reported experiments after infection must be

attributed to the action of the virus.

https://doi.org/10.1371/journal.pone.0259943.g001
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summary, solutions of iota-carrageenan in Diluent P2 (sodium chloride 5 mg/mL and pH

adjusted to 6–7) revealed a marked antiviral activity against SARS-CoV-2 in concentrations

not below 6 μg/mL and to a lesser extent at lower concentration.

Regarding cell viability, Fig 2B, shows no significant effect on cell viability of diluent P2 and

solutions obtained using sample 2 at final iota-carrageenan concentrations of 600 μg/mL and

6 μg/mL. Only two compositions differ significantly from the value obtained on untreated

cells. The only case in which cell viability decreased significantly after this treatment is at a

concentration of 60 μg/mL of iota-carrageenan. This finding is atypical and does not show any

relation to the remaining experimental data. Neither 0.5% sodium chloride (diluent P2) nor

iota-carrageenan show any potential to damage Vero cell cultures in any other case. Therefore,

this atypical result does not affect the general conclusion about these compositions in that they

do not seem to affect cell viability. For this reason, cell lysis and death detected in the reported

experiments after infection must be attributed to the action of the virus.

The medians of the virus titer found after each treatment with iota-carrageenan solutions in

Diluent 3 (xylitol 50 mg/mL adjusted to pH 6–7) are shown in Fig 3A. The statistical analysis

of data comparing virus titers after each treatment clearly indicates significant differences

Fig 2. SARS-CoV-2 viral titer after treatment with Samples 2 and P2. A) Infection assay. Sample 2 composition: 1.2mg/mL iota-carrageenan, 5 mg/mL sodium

chloride, pH 6–7. Vero E6 were pre-treated with dilutions of Sample 2 with Sample P2 (diluent without iota-carrageenan) to get 600 μg/mL, 60 μg/mL, 6 μg/mL,

and 0.6 μg/mL final iota-carrageenan concentration for two hours. After this pretreatment, cells were infected with SARS-CoV-2 and incubated for 48 hours in the

presence of the same dilutions of Sample 2. Supernatants were harvested and virus yield was determined using an end point dilution assay (TCID50). Controls

consisted of untreated infected cells or infected cells treated with P2 (no iota-carrageenan). Results were determined using the Reed and Muench formula and

expressed as log TCID50/mL. The dotted line shows the limit of detection (LOD). Testing of samples was performed in triplicate, and the p-values are p�0.00074

(���) and p�0.00001. B) Cellular viability assays. Vero-E6 cells were treated with iota-carrageenan or vehicle (600 μg/mL to 0 μg/mL) for 48 h at 37˚C. After

incubation, cellular viability was analyzed, and no statistically significant difference was found between the groups compared to the untreated control group

(Group 600 μg/ml, p = 0.9880, Group 60 μg/ml, p = 0.0683, Group 6 μg/ml, p = 0.9993, and Group 0.6 μg/ml, p = 0.1957). Data are expressed as mean ± SD.

https://doi.org/10.1371/journal.pone.0259943.g002
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between the untreated control and the iota-carrageenan treated groups. No post hoc analysis

could be performed.

All final concentrations tested (600–0.6 μg/mL) with iota-carrageenan solutions in Diluent

3 (xylitol 50 mg/mL adjusted to pH 6–7) demonstrated statistically significant antiviral activity

including Diluent P3, which did not contain iota-carrageenan. In all these groups the residual

viral titer was below the limit of detection. It is important to point out that SARS-Cov-2 resid-

ual titer determined in these untreated wells is similar to those obtained in untreated controls

in the previous test runs with Diluents P1 and P2. These unexpected results suggest that xylitol

has an antiviral activity of its own, as it is the only diluent component that is not present in Dil-

uents P1 and P2. Fig 3 shows a plot of the logarithm of residual virus titers after each

treatment.

Regarding cell viability, diluent P3, as well as compositions obtained with sample 3 at low

iota-carrageenan concentrations, 6 μg/mL (p = 0.6904) and 0.6 μg/mL (p> 0.9999) do not

show any significant effect. However, higher iota-carrageenan concentrations tend to show

Fig 3. SARS-CoV-2 viral titer after treatment with Samples 3 and P3. A) Infection assay. Sample 3 composition: 1.2mg/mL iota-carrageenan, 5% m/V xylitol,

pH 6–7. Vero E6 were pre-treated with dilutions of Sample 3 and Sample P3 (placebo without iota-carrageenan) to get 600 μg/mL, 60 μg/mL, 6 μg/mL, and 0.6 μg/

mL final iota-carrageenan concentration for two hours. After this pretreatment, cells were infected with SARS-CoV-2 and incubated for 48 hours in the presence

of the same dilutions of Sample 3. Supernatants were harvested, and virus yield was determined by an endpoint dilution assay (TCID50). Controls consisted of

untreated infected cells or infected cells treated with P3 (no iota-carrageenan). Results were determined using the Reed and Muench formula and expressed as log

TCID50/mL. The dotted line shows the limit of detection (LOD). Testing of samples was performed in triplicate and the p-value indicates that the groups are

significantly different p = 0.0045, nevertheless no post-hoc analysis could be performed. B) Cellular viability assays. Vero-E6 cells were treated with iota-

carrageenan or vehicle (600 μg/mL to 0 μg/mL) for 48 h at 37˚C. After incubation, cellular viability was analyzed. No statistically significant difference was found

between compositions at low iota-carrageenan concentrations, 6 μg/mL (p = 0.6904) and 0.6 μg/mL (p> 0.9999) compared to the untreated control group (Group

6 μg/ml, p = 0.6904, and Group 0.6 μg/ml, p> 0.9999). Compositions with higher concentrations of iota-carrageenan tend to show a significant difference

increasing cell viability (Group 600 μg/ml, p = 0.0031 (���), Group 60 μg/ml, p = 0.0417 (�), They are certainly not toxic, but may exert some cytoprotective effect.).

Data are expressed as mean ± SD.

https://doi.org/10.1371/journal.pone.0259943.g003
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consistently higher optical densities. These compositions are certainly not toxic to the cell cul-

ture but may exert some cytoprotective effect. Therefore, it can be concluded that these com-

positions do not damage cells, and some of them may have some cytoprotective effect. For this

reason, cell lysis and death detected in the reported experiments after infection must be attrib-

uted to the action of the virus.

A comparison of all three formulations tested containing 600 μg/mL, 60 μg/mL, and 6 μg/

mL iota-carrageenan in solutions with Diluents P1, P2, and P3 show a marked antiviral activity

against SARS-CoV-2. In Diluent 2, even a 0.6 μg/mL showed a minor antiviral activity, render-

ing a residual virus titer significantly less than untreated samples. These data are consistent with

previous reported in literature observing that the antiviral action of iota-carrageenan is due to

the electrostatic attraction between its negatively charged molecules and positively charged viral

particles. The electric attraction force between opposite charges decreases as ionic strength

increases. For this reason, iota-carrageenan is speculated to be a more potent antiviral in media

with lower ionic strength. Solutions in Diluent 3, which contained xylitol, were the most effec-

tive and demonstrated an antiviral effect at all concentrations tested. The only composition

which showed statistically significant reduction in cell viability was a solution containing 0.5%

w/v sodium chloride and 60 μg/mL of iota carrageenan but without relation to any other experi-

mental data. Even though this solution is hypotonic, other solutions with lower and higher iota

carrageenan concentrations did not show any reduction in cell viability. This atypical result

could be due to some variation in well location or other experimental factors and does not affect

the overall conclusion about iota carrageenan and 0.5% sodium chloride in that they do not

adversely affect cell viability. Compositions containing xylitol and high concentrations of iota

carrageenan (600 μg/mL and 60 μg/mL) may have some cytoprotective effect.

Discussion

Results from our study indicate that iota-carrageenan significantly inhibits SARS-CoV-2 in
vitro. Our results are in line with those already published in the literature [33, 34] and show

promise for the clinical use of an iota-carrageenan nasal spray for the prevention and early

treatment of COVID-19. Iota-carrageenan nasal spray formulations, already effective in vitro
against rhinovirus [15], proved to be clinically effective in preventing and reducing the symp-

toms and duration of the common cold [9–11, 19]. Moreover, the concentrations of iota-carra-

geenan tested in this study were expected to be similar to the immediate concentration

achieved after the administration of a nasal spray. The estimated amount of airway surface liq-

uid volume in the nasal cavity is in the range of 50–375 μL, based on data reported by different

sources. On one hand, these reported values of the surface area of the nasal mucosa range from

100 to 250 cm2 [35–38]. On the other hand, reported values of the airway surface liquid height

are within the range of 5–15 μm [39, 40]. If we take an average of 200 μL of airway surface liq-

uid in the nose (i.e., an average airway surface liquid height of 10 μm and an average nasal

mucosa surface area of 200 cm2) plus 200 μL of formulation after delivering one 100-μL of a

1.2 mg/mL iota-carrageenan solution in each nostril, the immediate concentration of iota-car-

rageenan in the nasal cavity would be 600 μg/mL. This coincides with the highest concentra-

tion tested in vitro and capable of reducing virus titer to the LOD in our assay. Furthermore,

considering that even 1/100 of this concentration is still active in vitro and that iota-carra-

geenan may stay for up to four hours [20] in the nasal cavity, we can reasonably surmise that

this nasal spray may significantly help in the prevention and early treatment of COVID-19.

Expected concentrations of iota-carrageenan in the nasal cavity would be even higher if we

consider a nasal formulation containing 1.7 mg / mL (0.17% m/V) as some marketed nasal

sprays already have.
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As already commented in the introduction, a study in New Zealand rabbits tested the intra-

nasal safety of iota-carrageenan up to daily doses of 448 g/kg. The estimated maximum daily

dose of a nasal spray, when applied one actuation in each nostril 6 times a day, would be: 12 x

0.17 mg/actuation = 2.04 mg/day, which is equivalent to 29 μg/kg, and 15 times less than the

maximum intranasal dose already tested in New Zealand rabbits for 28 days [26].

Another important finding from our study is that xylitol may exert an antiviral effect on

SARS-CoV-2. Xylitol can reduce Human Respiratory Syncytial Virus titers in Hep-2 cell cul-

ture and infected mice [25]. Xylitol solutions at 50 mg/mL (ca. 329 mM) are practically iso-

tonic [28] and have proved to be safe for use in the nasal and inhalation administration routes

[24, 27, 28], suggesting that using iota-carrageenan and xylitol in combination might be a

good strategy for a nasal spray formulation. Further testing would be needed to better charac-

terize the antiviral action of xylitol and its combination with iota-carrageenan.

Despite the implementation of significant personal protection measures, the COVID-19

pandemic continues to affect a significant proportion of health care workers with severe conse-

quences for them, their patients, and the wider community. At the same time, most COVID-

19 patients remain at home, thus increasing the likely exposure of other household members

and caregivers. Providing these groups with simple interventions, such as nasal sprays with

either iota-carrageenan and/or xylitol in nasal devices, may lower the risk of infection progres-

sion and transmission.

An inhalation solution of the same composition may be effective in severe cases of COVID-

19. While there are studies showing the safety of both carrageenan and xylitol use through neb-

ulization [26, 28], clinical trials would be needed to fully confirm these hypotheses. Risk of

spreading the virus should be considered in this form of administration and due protection

should be used to contain it [41].

Randomized, double-blind, placebo-controlled clinical trials are needed to confirm that the

in vitro results obtained in our experiments correlate in vivo. A pilot study has been recently

published showing a significant reduction in the risk of transmission in healthy hospital per-

sonnel dedicated patients when using an iota-carrageenan nasal spray corresponding to the

composition of sample 1 of our experiment (1.7 mg/mL iota-carrageenan in 0.9% sodium

chloride) in addition to standard preventive measures (ClinicalTrials.gov Identifier:

NCT04521322) [42].

Conclusions

Iota-carrageenan inhibits SARS CoV-2 in vitro at concentrations easily achievable by nasal and

nebulization formulations. Furthermore, xylitol may also exhibit antiviral activity on SARS--

CoV-2, but further testing would be needed to characterize its antiviral action. A combination

of iota-carrageenan and xylitol may increase the benefit of a formulated nasal spray. A ran-

domized, double-blind, placebo-controlled clinical trial has recently been published, showing

the efficacy of the formulation containing 1.7 mg/mL iota carrageenan in 0.9% sodium chlo-

ride in the prevention of transmission of COVID 19 in hospital personnel dedicated to care of

COVID-19 patients when taken in addition to standard preventive measures. Further clinical

trials are needed to confirm other potential benefits of these formulations in the prevention

and early treatment of COVID-19.
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(Argentina) for the supply of the sterile formulations for this in vitro study.

Author Contributions

Conceptualization: Juan Manuel Figueroa, Andrea Vanesa Dugour, Carlos Palacios, Julio

César Vega.

Data curation: Colleen B. Jonsson.

PLOS ONE Iota-carrageenan and xylitol inhibit SARS-CoV-2 in cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0259943 November 19, 2021 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259943.s009
https://doi.org/10.1371/journal.pone.0259943


Formal analysis: Shruti Bansal, Shannon L. Taylor.

Investigation: Shruti Bansal.

Methodology: Colleen B. Jonsson.

Project administration: Colleen B. Jonsson, Julio César Vega.

Resources: Julio César Vega.

Supervision: Shannon L. Taylor.

Validation: Shannon L. Taylor.

Visualization: Shruti Bansal, Shannon L. Taylor.

Writing – original draft: Juan Manuel Figueroa, Julio César Vega.

Writing – review & editing: Shruti Bansal, Colleen B. Jonsson, Shannon L. Taylor, Juan

Manuel Figueroa, Julio César Vega.

References
1. Dong E, Du H, Gardner L. An interactive web-based dashboard to track COVID-19 in real time. Lancet

Infect Dis. 2020; 20: 533–534. https://doi.org/10.1016/S1473-3099(20)30120-1 PMID: 32087114

2. Wu Z, McGoogan JM. Characteristics of and Important Lessons From the Coronavirus Disease 2019

(COVID-19) Outbreak in China. Jama. 2020; 323: 1239–1242. https://doi.org/10.1001/jama.2020.2648

PMID: 32091533

3. Kelvin AA, Halperin S. COVID-19 in children: the link in the transmission chain. Lancet Infect Dis. 2020;

20: 633–634. https://doi.org/10.1016/S1473-3099(20)30236-X PMID: 32220651

4. Mathieu E, Ritchie H, Ortiz-Ospina E, Roser M, Hasell J, Appel C, et al. A global database of COVID-19

vaccinations. Nat Hum Behav. 2021; 5: 947–953. https://doi.org/10.1038/s41562-021-01122-8 PMID:

33972767

5. Liu Y, Liao W, Wan L, Xiang T, Zhang W. Correlation Between Relative Nasopharyngeal Virus RNA

Load and Lymphocyte Count Disease Severity in Patients with COVID-19. Viral Immunol. 2021; 34:

330–335. https://doi.org/10.1089/vim.2020.0062 PMID: 32297828

6. Liu Y, Yan L-M, Wan L, Xiang T-X, Le A, Liu J-M, et al. Viral dynamics in mild and severe cases of

COVID-19. Lancet Infect Dis. 2020; 20: 656–657. https://doi.org/10.1016/S1473-3099(20)30232-2

PMID: 32199493

7. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper Respira-

tory Specimens of Infected Patients. New Engl J Med. 2020; 382: 1177–1179. https://doi.org/10.1056/

NEJMc2001737 PMID: 32074444

8. Callahan C, Lee RA, Lee GR, Zulauf K, Kirby JE, Arnaout R. Nasal-Swab Testing Misses Patients with

Low SARS-CoV-2 Viral Loads. Medrxiv. 2020; 2020.06.12.20128736. https://doi.org/10.1101/2020.06.

12.20128736 PMID: 32587981

9. Eccles R, Meier C, Jawad M, Weinmüllner R, Grassauer A, Prieschl-Grassauer E. Efficacy and safety

of an antiviral Iota-Carrageenan nasal spray: a randomized, double-blind, placebo-controlled explor-

atory study in volunteers with early symptoms of the common cold. Respir Res. 2010; 11: 108. https://

doi.org/10.1186/1465-9921-11-108 PMID: 20696083

10. Koenighofer M, Lion T, Bodenteich A, Prieschl-Grassauer E, Grassauer A, Unger H, et al. Carrageenan

nasal spray in virus confirmed common cold: individual patient data analysis of two randomized con-

trolled trials. Multidiscip Resp Med. 2014; 9: 57. https://doi.org/10.1186/2049-6958-9-57 PMID:

25411637

11. Ludwig M, Enzenhofer E, Schneider S, Rauch M, Bodenteich A, Neumann K, et al. Efficacy of a Carra-

geenan nasal spray in patients with common cold: a randomized controlled trial. Respir Res. 2013; 14:

124. https://doi.org/10.1186/1465-9921-14-124 PMID: 24219370

12. Ahmadi A, Moghadamtousi SZ, Abubakar S, Zandi K. Antiviral Potential of Algae Polysaccharides Iso-

lated from Marine Sources: A Review. Biomed Res Int. 2015; 2015: 1–10. https://doi.org/10.1155/2015/

825203 PMID: 26484353

PLOS ONE Iota-carrageenan and xylitol inhibit SARS-CoV-2 in cell culture

PLOS ONE | https://doi.org/10.1371/journal.pone.0259943 November 19, 2021 12 / 14

https://doi.org/10.1016/S1473-3099(20)30120-1
http://www.ncbi.nlm.nih.gov/pubmed/32087114
https://doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
https://doi.org/10.1016/S1473-3099(20)30236-X
http://www.ncbi.nlm.nih.gov/pubmed/32220651
https://doi.org/10.1038/s41562-021-01122-8
http://www.ncbi.nlm.nih.gov/pubmed/33972767
https://doi.org/10.1089/vim.2020.0062
http://www.ncbi.nlm.nih.gov/pubmed/32297828
https://doi.org/10.1016/S1473-3099(20)30232-2
http://www.ncbi.nlm.nih.gov/pubmed/32199493
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
http://www.ncbi.nlm.nih.gov/pubmed/32074444
https://doi.org/10.1101/2020.06.12.20128736
https://doi.org/10.1101/2020.06.12.20128736
http://www.ncbi.nlm.nih.gov/pubmed/32587981
https://doi.org/10.1186/1465-9921-11-108
https://doi.org/10.1186/1465-9921-11-108
http://www.ncbi.nlm.nih.gov/pubmed/20696083
https://doi.org/10.1186/2049-6958-9-57
http://www.ncbi.nlm.nih.gov/pubmed/25411637
https://doi.org/10.1186/1465-9921-14-124
http://www.ncbi.nlm.nih.gov/pubmed/24219370
https://doi.org/10.1155/2015/825203
https://doi.org/10.1155/2015/825203
http://www.ncbi.nlm.nih.gov/pubmed/26484353
https://doi.org/10.1371/journal.pone.0259943


13. Buck CB, Thompson CD, Roberts JN, Müller M, Lowy DR, Schiller JT. Carrageenan Is a Potent Inhibitor

of Papillomavirus Infection. Plos Pathog. 2006; 2: e69. https://doi.org/10.1371/journal.ppat.0020069

PMID: 16839203

14. Girond S, Crance JM, Cuyck-Gandre HV, Renaudet J, Deloince R. Antiviral activity of carrageenan on

hepatitis A virus replication in cell culture. Res Virology. 1991; 142: 261–270. https://doi.org/10.1016/

0923-2516(91)90011-q PMID: 1665574

15. Grassauer A, Weinmuellner R, Meier C, Pretsch A, Prieschl-Grassauer E, Unger H. Iota-Carrageenan

is a potent inhibitor of rhinovirus infection. Virol J. 2008; 5: 107. https://doi.org/10.1186/1743-422X-5-

107 PMID: 18817582

16. Shao Q, Guo Q, Xu W ping, Li Z, Zhao T tong. Specific Inhibitory Effect of κ-Carrageenan Polysaccha-

ride on Swine Pandemic 2009 H1N1 Influenza Virus. Plos One. 2015; 10: e0126577. https://doi.org/10.

1371/journal.pone.0126577 PMID: 25969984

17. Talarico LB, Damonte EB. Interference in dengue virus adsorption and uncoating by carrageenans.

Virology. 2007; 363: 473–485. https://doi.org/10.1016/j.virol.2007.01.043 PMID: 17337028
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