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Abstract 26 

Aged-green tea extract (GTE) is known to reduce the infectivity of hepatitis A virus 27 

(HAV) and murine norovirus (MNV), a human norovirus surrogate, in vitro and in 28 

washing solutions. Initially, the effect of aged-GTE was evaluated on virus like particles 29 

(VLPs) of human norovirus (HuNoV) genogroup I (GI) by a porcine gastric mucine 30 

(PGM)-enzyme-linked immunosorbent assay (ELISA) and transmission electron 31 

microscopy (TEM), and on HuNoV GI suspensions by an in situ capture-RT-qPCR 32 

method, suggesting that HuNoVs are very sensitive to aged-GTE treatment at 37 ºC. 33 

Moreover, the potential application of aged-GTE was evaluated using model foods and 34 

simulated gastric conditions. Then, aged-GTE samples prepared in orange juice, apple 35 

juice, horchata, and milk, respectively, were individually mixed with each virus and 36 

incubated overnight at 37 ºC. Aged-GTE at 5 mg/ml in apple juice reduced MNV 37 

infectivity to undetectable levels and from 1.0 to 1.8 log in milk, horchata and orange 38 

juice. Aged-GTE at 5 mg/ml in orange juice, apple juice, horchata and milk reduced 39 

HAV infectivity by 1.2, 2.1, 1.5, and 1.7 log, respectively. Additionally, aged-GTE at 5 40 

mg/ml in simulated intestinal fluid reduced MNV titers to undetectable levels and 41 

reduced HAV infectivity by ca. 2.0 log. The results show a potential for aged-GTE as a 42 

suitable natural option for preventive strategies for foodborne viral diseases. 43 

 44 

Keywords: Hepatitis A virus; human norovirus; simulated gastric fluid; green tea 45 

extract; food model systems 46 

 47 

 48 

 49 

 50 



3 
 

1. Introduction 51 

Foodborne pathogens are a matter of increasing concern to consumers, regulatory 52 

bodies, and the food industry (WHO, 2015). Food is, in fact, a vehicle for the 53 

transmission of disease agents, most notably pathogenic bacteria and enteric viruses.  54 

Epidemiologically significant foodborne viruses include human noroviruses (HuNoV), 55 

hepatitis A virus (HAV), and hepatitis E virus (HEV) among others (EFSA, 2016, 2017; 56 

WHO, 2015). Globally, it is estimated that foodborne pathogens cause 600 million 57 

foodborne illnesses annually, mainly due to infectious agents causing diarrheal diseases 58 

(550 million), with HuNoVs being responsible for 120 million cases attributed to food 59 

and water (WHO, 2015). For most of these viruses there are no licensed antivirals. 60 

Consequently, there is an urgent need for foodborne virus therapeutics, particularly for 61 

HuNoV. In this sense, there is a great interest in moving towards natural antiviral and 62 

antimicrobial compounds. Natural plant extracts potentially have multiple 63 

functionalities, not only to increase the safety and enhance the quality of food products, 64 

but also to act as natural antivirals (reviewed by D’Souza (2014)). Over the last two 65 

decades, a great deal of effort has been directed toward identifying natural products, 66 

mainly of plant origin, to control foodborne viruses. For instance, several natural 67 

compounds have been reported to exhibit virucidal activity and have been evaluated 68 

against HuNoV surrogates (Li et al., 2013; Ryu et al., 2015). However, even if many 69 

natural compounds have already been characterized for their antiviral activity, limited 70 

information is available for their use in food applications (Fabra et al., 2016; Li et al., 71 

2012; Sanchez et al., 2015). Additionally, reports on the antiviral activity of natural 72 

plant extracts within model food systems and under simulated gastric conditions are still 73 

limited (Joshi et al., 2015) .   74 
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Green tea extract (GTE), from Camellia sinensis L., has demonstrated antiviral effects 75 

against murine norovirus (MNV), a human norovirus surrogate, and HAV at 25 °C and 76 

37 °C in vitro and in food applications (Falcó et al., 2018; Marti et al., 2017; Randazzo 77 

et al., 2017). GTE contains large amounts of catechins which contribute greatly to its 78 

health benefits (Yilmaz, 2006); (Steinmann et al., 2013). Additionally, recent studies 79 

showed that the activity of epigallocatechin-3-gallate (EGCG) and GTE against enteric 80 

viruses is due to catechins derivatives; thus, the antiviral activity of GTE is enhanced by 81 

preparing the GTE solution 24 h before its use (aged-GTE) (Falcó et al., 2018). 82 

However, for GTE to be used as a therapeutic antiviral agent, its effectiveness in 83 

complex food matrices and gastrointestinal fluids that mimic digestion needs to be 84 

further explored.   85 

In the present work, the antiviral activity of aged-GTE was initially assessed against 86 

virus-like particles (VLPs) of HuNoV. VLPs are morphologically and antigenically 87 

similar to the native infectious viruses and have been previously used to determine the 88 

antiviral activity of natural compounds (Li et al., 2012; Liu et al., 2018). HuNoV VLPs 89 

were treated with aged-GTE and analyzed by porcine gastric mucine (PGM)-ELISA 90 

binding assay and transmission electron microscopy (TEM). Furthermore, the effect of 91 

aged-GTE on HuNoV was evaluated by in situ capture RT-qPCR (ISC-RT-qPCR). 92 

Finally, antiviral activity of aged-GTE was evaluated in four food model systems and 93 

under simulated gastric conditions.  94 

 95 

2. Materials and Methods 96 

2.1. Clinical sample, virus propagation and cell lines  97 

Fecal sample containing HuNoV genogroup I genotype 4 (kindly provided by Dr. J. 98 

Buesa, University of Valencia, Spain) was suspended (10%, wt/vol) in PBS containing 99 
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2 M NaNO3 (Panreac, Barcelona, Spain), 1% beef extract (Conda, Madrid, Spain), and 100 

0.1% Triton X-100 (Fisher Scientific) (pH 7.2), vortexed and centrifuged at 1000 × g 101 

for 5 min. The supernatant was stored at −80 °C in aliquots.  102 

MNV-1 (kindly provided by Prof. H. W. Virgin, Washington University School of 103 

Medicine, USA) and HAV, strain HM-175/18f (purchased from ATCC VR-1402) were 104 

propagated and assayed in RAW 264.7 (kindly gifted by Prof. H. W. Virgin) and FRhk-105 

4 cells (provided by Prof. A. Bosch, University of Barcelona, Spain), respectively. Cell 106 

lines and virus stocks were propagated as previously described (Randazzo et al., 2017). 107 

Infectious viruses were enumerated by determining the 50% tissue culture infectious 108 

dose (TCID50) in 96-well microtiter plates with eight wells per dilution and 20 μl of 109 

inoculum per well using the Spearman-Karber method. 110 

2.2. Aged-GTE preparation 111 

GTE powder (Naturex SA, France) was dissolved in PBS (pH 7.2) at 10 mg/ml and 112 

stored for 24 h at room temperature (RT) for optimal antiviral activity, (Falcó et al., 113 

2018), from now on referred to as aged-GTE.  114 

 115 

2.3. Binding of norovirus VLPs to porcine gastric mucine  116 

Recombinant VLPs containing VP1 and VP2 proteins from the Norwalk GI.1 norovirus 117 

strain were produced as previously described (Allen et al., 2009). The PGM-ELISA 118 

binding assay was performed as described by Carmona-Vicente and collaborators 119 

(2016a) with a few modifications. Briefly, microtiter plates (Maxisorb, Life 120 

technologies) were coated with 10 µg/well of type III PGM (Millipore-Sigma) in 121 

carbonate-bicarbonate buffer pH 9.6 at 37 ºC for 1 h and then incubated overnight (ON) 122 

at 4 ºC. The following steps were performed at 37 ºC. Simultaneously, 10 µg/ml VLPs 123 

were incubated ON with aged-GTE at 0.5 and 5 mg/ml. ELISA plates were blocked 124 
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with 3% bovine serum albumin in PBS for 1 h. After washing with PBS with 0.05% 125 

Tween 20 (PBST) the VLP-GTE solutions were added to the plates and incubated for 1 126 

h. Primary and secondary antibodies were diluted in PBST and incubated for 1 h each. 127 

The primary antibody was a rabbit anti-norovirus polyclonal antiserum (pAb) 128 

(Carmona-Vicente et al., 2016b) at a dilution of 1:2,000. The anti-rabbit horseradish 129 

peroxidase–labeled antibody IgG (Promega) was used as the secondary antibody at 130 

1:10,000 dilution. The reaction was developed by the addition of OPD Sigma Fast 131 

(3,3’,5,5’-tetramethyl-benzidine, Millipore-Sigma). Color development was stopped 132 

with 3M H2SO4 after 10 min. Absorbance was measured at 450 nm in microplate reader 133 

Multiskan FC (Thermo Scientific). After absorbance measurements the signal 134 

corresponding to the control VLPs (0 mg/ml GTE) was considered the 100% of the 135 

binding and the percentage of the treated VLPs calculated. Each sample was analyzed in 136 

triplicate and the mean values and standard deviation (SD) were calculated. 137 

2.4. Transmission electron microscopy  138 

TEM was used to determine any structural and/or morphological changes of HuNoV 139 

GI.1 VLPs treated with aged-GTE compared to non-treated VLPs. PBS 7.2 or aged-140 

GTE at 1 and 10 mg/ml was mixed with equal volumes of VLPs at 100 µg/ml to give 141 

final concentrations of 0.5 and 5 mg/ml of aged-GTE and 50 µg/ml of VLPs. The 142 

mixtures were then incubated ON at 37 ºC. The treated VLPs of HuNoV GI.1 were 143 

applied to glow-discharged carbon-coated grids and negatively stained with 2 % uranyl 144 

acetate. Images were recorded with Gatan 1k CCD camera in a FEI Tecnai 12 electron 145 

microscope operated at 120 kV.  146 

2.5. ISC-RT-qPCR 147 

ISC-RT-qPCR was performed as previously reported (Wang and Tian, 2014; Wang et 148 

al., 2014) with some modifications. Briefly, each well was coated with 100 µl of PGM 149 
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(100 µg/ml) in carbonate-bicarbonate buffer (pH 9.6) at 37 ºC for 1 h and then 150 

incubated ON at 4 ºC. Simultaneously, suspensions of HuNoV GI were mixed with 151 

aged-GTE at 0.5 and 5 mg/ml ON at 37 ºC. 152 

After being washed 5 times with 300 µl of PBS containing 0.05% Tween 20 and 0.3% 153 

BSA (PBSTB), the wells were blocked with 300 µL of 3% BSA in PBS at 37 ºC for 2 h. 154 

The wells were washed 5 times with PBSTB, and 100 µl of HuNoV-GTE samples and 155 

controls were added to the microplate and incubated at 37 ºC for 1 h. HuNoV GI 156 

suspensions without aged-GTE treatment or treated at 99 ºC for 5 min were used as a 157 

positive and negative control, respectively. Finally, after washing 5 times with PBSTB, 158 

each well was added with 100 µl of lysis buffer from NucleoSpin® RNA virus kit 159 

(Macherey-Nagel GmbH & Co.).  160 

Then, viral RNA was extracted using the same kit according to the manufacturer's 161 

instructions. RNA samples were analyzed in duplicate by RT-qPCR using the RNA 162 

UltraSense One-Step quantitative RT-PCR system (Invitrogen) and the set of primers 163 

and probe recommended by the ISO 15216 (ISO 15216-1, 2017) using the LightCycler 164 

480 instrument (Roche Diagnostics, Germany). A standard curve for HuNoV GI, was 165 

generated by amplifying 10-fold dilutions of viral RNA by RT-qPCR in quintuplicates, 166 

and the numbers of PCRU were calculated. Amplification was performed for 1 cycle of 167 

55 °C for 1 h, 1 cycle of 95 °C for 5 min, and 45 cycles of 95 °C for 15 s, 60 °C for 1 168 

min and 65 °C for 1 min. The quantification corresponding to the control HuNoV 169 

suspension (0 mg/ml GTE) was considered the 100% of the binding and the percentage 170 

of the treated HuNoVs calculated. Each sample was analyzed in triplicate and the mean 171 

values and SD were calculated. 172 

2.6. Effect of aged-GTE on food model systems 173 
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MNV and HAV suspensions (ca. 4 log TCID50/ml) were mixed with equal amounts of 174 

aged-GTE in orange juice (pH 2.6), apple juice (pH 3.8), “horchata de chufa” (a local 175 

drink speciality, with a composition of 83.5% of water, 10% of sugar and 2.2% of fat; 176 

pH 6.8) purchased from a local grocery store, or 2% reduced fat milk (Difco, CAS 177 

number 2021-04-13). Final concentrations of aged-GTE were 2.5 and 5 mg/ml. Samples 178 

were incubated at 37ºC ON in a shaker (180 rpm). Then, the effect of aged-GTE was 179 

neutralized with DMEM supplemented with 10% fetal calf serum (FCS). Positive 180 

controls were MNV and HAV suspensions added with PBS pH 7.2 under the same 181 

experimental conditions. Each treatment was run in triplicate. Confluent RAW 264.7 182 

and FRhK-4 monolayers in 96-well plates were used to evaluate the effect of aged-GTE 183 

on food model systems. Antiviral activity of aged-GTE was estimated by comparing the 184 

number of infectious viruses on the aged-GTE treated virus suspensions and 185 

suspensions without aged-GTE. The decay of MNV and HAV titers was calculated as 186 

log10 (Nx/N0), where N0 is the infectious virus titer for untreated samples and Nx is the 187 

infectious virus titer for aged-GTE treated samples. 188 

2.7. Effect of aged-GTE under gastric conditions 189 

Determination of the antiviral activity of aged-GTE was assayed on different solutions 190 

of simulated digestion fluids. Simulated salivary fluid (SSF; pH 7.0), simulated gastric 191 

fluid (SGF; pH 3.0) and simulated intestinal fluid (SIF; pH 7.0) were prepared as 192 

previously described by Minekus et al. (2014). A concentration of 10 mg/ml of GTE 193 

was dissolved in each fluid and stored for 24 h at RT. Stocks of MNV and HAV with 194 

titers ca. 5 log TCID50/mL were mixed in equal proportions in each solution (SSF, SGF 195 

and SIF) obtaining a final concentration of 5 mg/mL of aged-GTE. Samples were 196 

incubated in a shaker (180 rpm) at 37 ºC during 2 minutes for SSF and 2 h for SGF and 197 

SIF. Treatments were neutralized by adding DMEM containing 10% FCS. Positive 198 
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controls were virus suspensions added with PBS and with each simulated digestion 199 

fluids without aged-GTE under the same experimental conditions. Infectious viruses 200 

were quantified and effectiveness of the treatments was calculated as described above. 201 

2.8. Data analysis 202 

Results from three replicates of the treatments and controls were statistically analysed 203 

using ANOVA with STATISTICA software version 10 (StatSoft Inc., Tulsa, OK, USA) 204 

and Tukey’s test on a completely randomized design. A P value <0.05 was deemed 205 

significant. 206 

 207 

3. Results 208 

3.1 Effect of aged-GTE on the binding ability of HuNoV VLPs to PGM  209 

In order to explore the effect of aged-GTE on HuNoV, the binding ability of HuNoV 210 

VLPs was tested by PGM-binding ELISA after treatment with aged-GTE at 0.5 and 5 211 

mg/ml. The results show a significant reduction, close to 50%, in the binding of the 212 

VLPs to the PGM after treatment at both aged-GTE concentrations (data not shown). 213 

 214 

3.2 Effect of aged-GTE on the morphology of HuNoV VLPs 215 

In order to investigate whether the effect of aged-GTE on VLPs is due to the 216 

denaturation of viral capsid proteins or to morphological changes, the morphology of 217 

HuNoV GI.1 VLPs before and after treatment with aged-GTE was examined by TEM. 218 

The untreated samples of VLP presented assemblies with three different morphologies. 219 

Most were isometric particles with a diameter of 23 nm (Fig. 1A, black arrow) that were 220 

compatible with the icosahedral VLP with a T=1 architecture. A few isometric particles 221 

presented a higher diameter of 40 nm that must have corresponded to icosahedral T3 222 

VLPs (Fig 1A, white star). A certain background of smaller assemblies that could be 223 
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associated with capsomers were also observed (Fig 1A, white arrow). Treatment with 224 

aged-GTE at 0.5 mg/ml dramatically decreased the number of VLPs observed per 225 

microscopic field (Fig. 1B). Interestingly aged-GTE at 5 mg/ml completely abolished 226 

the presence of VLPs, as was observed by TEM. The background of the untreated VLPs 227 

revealed the presence of smaller capsomers that could have been unassembled VP1 228 

dimers (Fig. 1A, white arrow) that were less present in the 0.5 mg/ml aged-GTE 229 

treatment, indicating that the aged-GTE was not destructuring the VLPs into VP1 230 

dimers but more likely affecting the VP1 structure itself. 231 

 232 

3.4 ISC-RT-qPCR 233 

Additionally, the binding ability of HuNoV to PGM was tested by ISC-RT-qPCR after 234 

treatment with aged-GTE at 0.5 and 5 mg/ml and heating at 99 ºC (Fig. 2). Aged-GTE 235 

at 0.5 mg/ml reduced the binding of HuNoV GI to PGM approximately 65 %, while 236 

aged-GTE at 5 mg/ml and heating completely eliminated HuNoV GI binding.  237 

 238 

3.5 Antiviral activity of aged-GTE in model food systems 239 

The reduction of MNV and HAV titers in food models after ON incubation with aged-240 

GTE (2.5 and 5 mg/ml) at 37ºC is shown in Table 1. Orange juice significantly (p < 241 

0.05) reduced MNV infectivity by 0.8 log compared to PBS control. Aged-GTE at 2.5 242 

mg/ml in horchata, orange juice, and apple juice reduced MNV titers by 1.2, 0.4 and 1.2 243 

log, respectively; no significant differences were reported in milk. Aged-GTE at 5 244 

mg/ml in milk, horchata, orange juice and apple juice reduced MNV titers by 1.0, 1.9, 245 

1.2 log, and to undetectable limits, respectively. Infectivity of HAV treated with aged-246 

GTE at 2.5 mg/ml in milk, horchata, orange juice and apple juice was reduced by 0.9, 247 
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1.2, 1.0 and 1.2 log, respectively (Table 1) while aged-GTE at 5 mg/ml reduced HAV 248 

infectivity by 1.2, 2.1, 1.5, and 1.7 log, respectively. 249 

 250 

3.6 Antiviral activity of aged-GTE under simulated gastric conditions 251 

Initially, the infectivity of MNV and HAV was evaluated on the three fluids (Fig. 3). 252 

The MNV titers were 5.9 ± 0.3, 5.4 ± 0.1, and 5.4 ± 0.1 log TCID50/ml and the HAV 253 

titers were 4.7 ± 0.1, 4.5 ± 0.5, and 4.5 ± 0.0 log TCID50/ml, SSF, SGF and SIF 254 

respectively. Aged-GTE at 5 mg/ml prepared in SSF (pH 7.0) reduced MNV infectivity 255 

by 0.7 log, while a 1.5 log reduction was reported after 2 min at 37 ºC for HAV. 256 

Additionally, aged-GTE at 5 mg/ml reduced virus infectivity by 3.1 and 2.2 log for 257 

MNV and HAV, respectively, under SGF conditions (pH 3.0, 37 ºC, 2 h). Moreover, 258 

aged-GTE at 5 mg/ml reduced MNV and HAV infectivity to undetectable levels and by 259 

2.0 log, respectively, under SIF conditions (pH 7.0, 37 ºC, 2 h).  260 

4. Discussion 261 

GTE and EGCG have been shown to be highly effective in reducing the titers of MNV 262 

and HAV at neutral and alkaline pHs, where the antiviral activity was found to be 263 

concentration-, temperature- and exposure time-dependent (Falcó et al., 2017; Gómez-264 

Mascaraque et al., 2016; Randazzo et al., 2017). Moreover, a previous study 265 

demonstrated that storage of the GTE solutions for 24 h at 25 ºC increased the amount 266 

of the antiviral active compounds as a consequence of the degradation and 267 

epimerization reactions of polyphenols of GTE (Falcó et al., 2017; Falcó et al., 2018). 268 

In the present study, for the first time, we evaluated the effects of aged-GTE on VLPs of 269 

HuNoVs GI by PGM ELISA and on HuNoV GI suspensions by ISC-RT-qPCR. PGM 270 

contains multiple histo-blood group antigens that have been recognized as receptors or 271 

co-receptors for HuNoVs (Tian et al., 2005). Our results indicate that 0.5 mg/ml aged-272 
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GTE impairs the binding of HuNoVs to histo-blood group antigens (HBGAs) present in 273 

PGM in a way similar to that of the higher concentration (5 mg/ml). It can be argued 274 

that the PGM-ELISA binding assay shows binding activity of non-VLP noroviral 275 

proteins present in the suspensions after aged-GTE treatments, since the P-domains of 276 

norovirus VP1 are enough to bind HBGAs (Tan et al., 2004); thus, the PGM ELISA 277 

binding assay would probably be underestimating the antiviral effect of aged-GTE. 278 

Additionally, TEM analysis showed that aged-GTE caused structural damage to the 279 

HuNoV VLPs with an important reduction of structured VLPs at 0.5 mg/ml and total 280 

abolition of VLPs at 5 mg/ml.  281 

ISC-RT-qPCR based on PGM has been used successfully to estimate the inactivation of 282 

HuNoVs treated by heating, high-pressure processing, chlorine and ethanol (Dancho et 283 

al., 2012; Wang and Tian, 2014). In parallel, our study indicated that aged-GTE at 5 284 

mg/ml abolished HuNoV GI binding to PGM, while at 0.5 mg/ml some viral particles 285 

were still able to bind its receptors, suggesting that HuNoV may be very sensitive to 286 

aged-GTE treatment. Furthermore, we demonstrated that the ISC-RT-qPCR method 287 

could be used to indirectly indicate the infectivity of HuNoV after treatment with 288 

natural compounds.  289 

Many natural compounds have shown promising antiviral effects when tested in vitro; 290 

however, when evaluated in food applications (i.e., sanitizing solutions or incorporated 291 

in food packaging), the viral inactivation rate was reduced (Li et al., 2012; Randazzo et 292 

al., 2017; Sanchez et al., 2015). Thus, the potential application of natural compounds as 293 

antivirals needs to be evaluated in model food systems and under gastrointestinal 294 

conditions. For both MNV and HAV, aged-GTE significantly reduced (p < 0.05) viral 295 

infectivity in the four model food systems evaluated, except for MNV in milk treated 296 

with aged-GTE at 2.5 mg/ml. Several factors could be responsible for the decrease in 297 
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efficacy, such as the interaction of the active compounds or the viruses with food 298 

matrices, especially the fat, protein, or sugar content (Joshi et al., 2017; Joshi et al., 299 

2015; Li et al., 2012). Apple juice (rich in carbohydrates) and milk (rich in proteins and 300 

lipids) have been used as model food systems in some studies that evaluated the 301 

efficacy of natural antivirals (Joshi et al., 2017; Joshi et al., 2015). When aged-GTE (5 302 

mg/ml) was prepared in apple juice (pH 6.8), MNV titers were reduced to undetectable 303 

levels after 24 h and by 1.7 log for HAV. When aged-GTE was prepared in milk, its 304 

effectiveness decreased significantly, with only 1 log reduction of HAV and MNV 305 

infectivity. These results are in agreement with previous studies (Joshi et al., 2017; 306 

Joshi et al., 2015), where blueberry proanthocyanidins (B-PAC) and GSE retained their 307 

antiviral activity in apple juice, though their antiviral effect decreased in milk. For 308 

instance, aged-GTE (5 mg/ml) prepared in milk reduced MNV titers by 1.0 log (Table 309 

1) after 24 h at 37 ºC, while B-PAC at the same experimental conditions (5 mg/ml, 24 h, 310 

37 ºC) decreased MNV titers by 0.8 log (Joshi et al., 2017). For HAV, aged-GTE at 5 311 

mg/ml reduced HAV titers by 1.2 log in milk (Table 1) while similar inactivation rates 312 

(0.8 log) were reported for GSE at 4 mg/ml tested under the same experimental 313 

conditions (Joshi et al., 2015). Although horchata contains 2.2% fat, 5 mg/ml aged-GTE 314 

in hochata reduced MNV and HAV infectivity by ca. 2 log, resulting in a potential 315 

carrier of natural antivirals. 316 

In order to use natural compounds as antivirals, it is particularly important to assess the 317 

maintenance of their antiviral activity under conditions encountered during consumption 318 

and transition through the gastrointestinal tract. Interestingly, when aged-GTE was 319 

added to SSF, SGF, and SIF solutions, significant reductions of MNV and HAV 320 

infectivity were recorded. In particular, aged-GTE (5 mg/ml) prepared in SIF reduced 321 

MNV infectivity to undetectable levels and by ca. 2 log for HAV (Fig. 3). These results 322 
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are consistent with the inactivation rates reported for GSE and PAC-B in SIF. GSE 323 

prepared in SIF reduced MNV and HAV titers by 1.7 and 1.4 log, respectively (Joshi et 324 

al., 2015), while PAC-B prepared in SIF reduced MNV infectivity to undetectable 325 

levels (Joshi et al., 2017). Moreover, aged-GTE prepared in SGF (pH 3.0) reduced 326 

MNV infectivity to a lesser extent compared to aged-GTE in SIF (pH 7.0). One 327 

plausible reason could be derived from the fact that aged-GTE is very effective in 328 

inactivating MNV at neutral and alkaline pHs, but less effective at pH 5.5, and this has 329 

been correlated to the formation of catechin derivatives (Falcó et al., 2018).  330 

Overall, the results of the evaluation of aged-GTE in model food systems and simulated 331 

gastric conditions, could help in moving toward the development of sustained-released 332 

products containing aged-GTE for consumption. In addition, this study suggests that 333 

exposure to intestinal and gastric fluids maintains the antiviral activity of aged-GTE, but 334 

future studies should involve animal feeding studies with aged-GTE to determine its 335 

antiviral effects. 336 

Based on the effects of aged-GTE against MNV and HAV, with reduced effectiveness 337 

in model food systems, encapsulation strategies (Falcó et al., 2017; Gómez-Mascaraque 338 

et al., 2016) to protect aged-GTE from food matrices may be of great interest for 339 

optimal antiviral activity as well as time-released in the intestinal tract.  340 
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Table 1. Murine norovirus (MNV) and hepatitis A virus (HAV) titers (log TCID50/ml) 431 

after treatments with aged-GTE prepared in different model food systems and incubated 432 

overnight at 37 ºC. Each treatment was done in triplicate. Within each column for each 433 

model food system, different letters denote significant differences between treatments (p 434 

< 0.05).  435 

 436 

Food models Aged-GTE 

(mg/ml) 

MNV  HAV 

Recovered titers Log reduction  Recovered titers Log reduction 

PBS  4.45 ± 0.12 a -  4.57 ± 0.13 a - 

Milk 0 4.41 ± 0.38 a -  4.45 ± 0.22 a - 

2.5 4.32 ± 0.13 a 0.08  3.57 ± 0.13 b 0.88 

5 3.37 ± 0.31 b 1.04  3.28 ± 0.29 b 1.17 

Horchata 0 4.45 ± 0.22 a  -  4.52 ± 0.26 a - 

2.5 3.20 ± 0.00 b 1.25  3.32 ± 0.22 b 1.20 

5 2.57 ± 0.22 c 1.88  2.37 ± 0.29 c 2.15 

Orange juice 0 3.62 ± 0.19 b -  4.08 ± 0.00 a - 

2.5 3.20 ± 0.00 c 0.42  3.07 ± 0.33 b 1.00 

5 2.45 ± 0.22 d 1.17  2.62 ± 0.26 c 1.46 

Apple juice 0 4.53 ± 0.33 a -  4.28 ± 0.14 a - 

2.5 3.20 ± 0.00 b 1.25  3.07 ± 0.22 b 1.21 

5 < 1.15 c >3.38  2.53 ± 0.07 c 1.75 

 437 

  438 
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Figure legends 439 

 440 
Figure 1. Representative TEM field showing negatively stained untreated VLPs (A) 441 

and VLPs treated with aged-GTE (0.5 mg/ml) (B). The white star indicates a 40 nm 442 

putative T3 symmetry VLP. The black arrow points to a 23 nm putative T1 symmetry 443 

VLP. The white arrow points to VP1 capsomer. The scale bar indicates 200 nm. 444 

 445 

Figure 2. Effect of aged-GTE on the binding of human norovirus GI to PGM analyzed 446 

by ISC-RT-qPCR. Each bar represents the average of triplicates. 447 

Asterisks show statistical differences (p<0.05) 448 

 449 

Figure 3. Reduction of murine norovirus (MNV) (A) and hepatitis A virus (HAV) (B) 450 

titers (log TCID50/ml) after treatments with aged-GTE (5 mg/ml) prepared in simulated 451 

salivary fluid (SSF; 2 min at 37 ºC), simulated gastric fluid (SGF; 2 h at 37 ºC) and 452 

simulated intestinal fluid (SIF, 2 h at 37 ºC) 453 

*Black: Control (virus in simulated fluids); grey: aged-GTE prepared in simulated 454 

fluids  455 

**Each column represents the average of triplicates. Each bar represents the average of 456 

triplicates. Within each column for each virus, different letters denote significant 457 

differences between treatments (P < 0.05). 458 

Solid line depicts the detection limit. 459 

 460 


