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a b s t r a c t

Hydroxytyrosol and dihydrocaffeoyl catechols with lipophilic properties have been synthesized in high
yield using tyrosinase immobilized on multi-walled carbon nanotubes by the Layer-by-Layer technique.
All synthesized catechols were evaluated against a large panel of DNA and RNA viruses, including
Poliovirus type 1, Echovirus type 9, Herpes simplex virus type 1 (HSV-1), Herpes simplex virus type 2
(HSV-2), Coxsackievirus type B3 (Cox B3), Adenovirus type 2 and type 5 and Cytomegalovirus (CMV).
A significant antiviral activity was observed in the inhibition of HSV-1, HSV-2, Cox B3 and CMV. The
mechanism of action of the most active dihydrocaffeoyl derivative was investigated against a model of
HSV-1 infection.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Catechol derivatives show different biological properties,
including inhibition of hypoxia inducible factor-prolyl hydroxy-
lase-2 (HPH) in the treatment of colitis,1 antiepileptogenic,2

pulmonary fibrosis,3 anticancer,4–6 antimicrobial,7 and anti-
Parkinson activities.8 Moreover, they are active against viruses, as
in the case of rhinovirus,9 HIV-1 integrase,10,11 HIV-1 reverse tran-
scriptase,12 and coronavirus.13 The biological activity of catechols
is associated to their antioxidant property, that is the capacity of
transferring single-electron and/or hydrogen-atom to reactive free
radicals,14–16 as well as, to binding pro-oxidant metal ions.17 The
antioxidant activity can be oriented toward specific cellular com-
partments by controlling the chemical and physical properties of
the substituents on the aromatic ring.18 For example, the limited
accessibility of highly hydrophilic catechols to specific intracellular
targets has been improved by the synthesis of lipophilic derivatives
possessing long carbon alkyl side chains.19–21 In the case of bioac-
tive hydroxytyrosol and dihydrocaffeic acid derivatives,22,23 which
are characterized by the concomitant presence of alcoholic and
ortho-diphenol groups,24,25 the side-chain functionalization
requires expensive and tedious protection/deprotection sequences.
As an alternative, we described the synthesis of lipophilic catechols
by selective oxidation of side-chain functionalized phenol deriva-
tives, using tyrosinase supported on Eupergit C250L resin
(Tyr/ECM), by sequential deposition of alternatively charged
poly(allylamine hydrochloride) (PAH) and polystyrene sulfonate
(PSS).26 Tyrosinase is a copper enzyme which catalyzes the hydrox-
ylation of monophenols to ortho-diphenols and ortho-quinones
using dioxygen (O2) as primary oxidant.27 In this latter case, dihy-
drocaffeoyl catechols showed antiviral activity against Influenza A
virus, an infection that continue to represent a severe threat word-
wide.28 Derivatives characterized by antioxidant activity and
longer carbon alkyl side-chains were more effective, suggesting
the possibility of novel inhibition mechanisms based on both redox
and lipophilic properties.26 These data were in accordance with
previous findings about the activity of lipophilic glutathione
(GSH) derivatives, which were able to enter into the cell more
easily than GSH, thus inhibiting the replication of DNA and RNA
viruses.29 The efficacy of tyrosinase in the synthesis of simple cat-
echol derivatives was successively increased by immobilization of
the enzyme on multi-walled carbonanotubes (MWCNTs), using the
Layer-by-Layer (LbL) procedure.30 The LbL procedure is based on
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the consecutive deposition of alternatively charged polyelec-
trolytes onto the active species, able to protect proteins from
high-molecular-weight denaturing agents.31 MWCNTs are
characterized by high surface area for enzyme loading, as well as
biocompatibility, and favorable electrochemical and mechanical
properties.32,33 The best catalyst (indicated in the follow as
MWCNT/Tyr) was obtained by co-immobilization of Tyr and
Bovine Serum Albumin (BSA) on oxidized MWCNTs, in the pres-
ence of polydiallyldimethyl ammonium chloride (PDDA).30 Here
we report the use of MWCNT/Tyr for the improved synthesis of
lipophilic hydroxytyrosol and dihydrocaffeoyl catechols, and their
antiviral activity against a large panel of DNA and RNA viruses,
including Poliovirus type 1, Echovirus type 9, Herpes simplex virus
type 1 (HSV-1) and type 2 (HSV-2), Coxsackie virus type B3 (Cox
B3), Adenovirus type 2 and type 5, and Cytomegalovirus (CMV).
Some of these compounds were endowed with antiviral activity
at sub-toxic concentrations. The mechanism of action of the most
active dihydrocaffeoyl derivative was investigated in detail against
a model of HSV-1 infection.

2. Results and discussion

The MWCNT/Tyr was prepared as previously reported.30 Briefly,
mushroom Tyr from Agaricus bisporus and BSA (BSA/Tyr ratio 3:1)
were immobilized on oxidized MWCNTs,34 by deposition of a layer
of PDDA (MWCNTs-PDDA/Tyr ratio of 5:1) in sodium phosphate
buffer (PBS; 0.1 M, pH 7) at room temperature (Fig. 1, step A).
The excess PDDA was removed by centrifugation/re-dispersion
cycles since residual PDDA in the solution can precipitate upon
mixing with enzyme. The concentration of adsorbed PDDA was
evaluated by UV–vis analysis (at 595 nm) of the supernatant after
treatment with Comassie Brillant Blue (CBB) (experimental details
and the calibration curve for PDDA are in Supplementary informa-
tion, SI # 1, Table A, Fig. 1).35 The amount of PDDA adsorbed per mg
of starting material was found to be 0.58 ± 0.01 mg. This amount is
similar to the ‘just enough’ amount of PDDA (0.48 mg) required to
cover all the surface of MWCNTs (100% covering efficacy), as previ-
ously reported.36

The presence of cationic PDDA facilitates the loading of Tyr, that
is negatively charged at the operative pH 7.0 (isoelectric point of
Tyr 4.7–5.0).37 Bovine Serum Albumin (BSA), an inert enzyme char-
acterized by an isoelectric point close to Tyr, was used during the
co-immobilization procedure to reduce the surface area available
to the enzyme, avoiding undesired conformational changes
due to enzyme strives for the greatest surface coverage.38

Glutaraldehyde (GA) was then added to increase the reticulation
grade and stability of the catalyst (Fig. 1, step B).39 Crosslinking
with glutaraldehyde is a widely applied procedure for the immobi-
lization/reticulation of enzymes on different kind of support.40 In
accordance with data reported in the literature,41 the effectiveness
of the crosslinking procedure was confirmed by FT-IR analysis,
Figure 1. Preparation of MWCNT/Tyr. Step A: coating of Tyr and BSA
observing the appearance of a new absorption band in the range
of 1700–2100 cm�1 attributable to the formation of Schiff bases
(representative FT-IR spectra of MWCNT/Tyr with or without GA
are in Supplementary information, SI # 2, Figs. 2 and 3). The activ-
ity of native Tyr (81.2 U/mg) was determined by the dopachrome
assay following the oxidation of L-tyrosine at 475 nm (the enzyme
unit is defined as the increase in absorbance of 10�3 unit/min at
25 �C in 0.1 M phosphate buffer, pH 7.0).42 The activity of
MWCNT/Tyr (80.5 U/mg), and the value of activity parameters,
namely immobilization yield (68%), and activity yield (48.5%), were
in accordance with our previous data (for the definition of these
parameters see in the experimental part).30 The Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
of MWCNT/Tyr were in accordance with data previously reported,
and confirmed the polyelectrolyte deposition and enzyme immobi-
lization.30 In particular, the AFM analysis clearly showed function-
alized nanotubes characterized by a smooth surface probably due
to the presence of BSA in the interstitial sites between Tyr mole-
cules. The maximum height and width were higher than that
observed for MWCNTs alone (experimental procedures, SEM anal-
ysis, and magnified details of the bi-dimensional high resolution
AFM images of MWCNT/Ty and MWCNTs with the corresponding
profiles, are in Supplementary information SI #3, Figs. 4 and 5).30

Kinetic parameters for native Tyr and MWCNT/Tyr were evalu-
ated in CH2Cl2 and PBS, using tyrosol acetate 2a as a selected sub-
strate to be oxidized (see next). The initial reaction rates were
measured at substrate concentrations ranging from 1.0 to 20 mM
at 25 �C. Kinetic constants were evaluated by using different linear
regression equations (Lineweaver–Burk, Hanes and Eadie–
Hofstee). The kinetic parameters (Km, Vmax, and Kcat) for the native
enzyme and MWCNT/Tyr are reported in Table 1. MWCNT/Tyr
shows a performance about two times lower than the native
enzyme, in agreement with the expected decrease of catalytic effi-
ciency after immobilization. The catalytic efficacy of MWCNT/Tyr
(defined as Vmax/Km) was found to be 81.7 10-4 (as the average
value of the three tests). The ester derivatives of commercially
available 3(4-hydroxyphenyl)propanoic acid 1 and tyrosol 2 (4-hy-
droxyphenylethyl alcohol) were used as substrates. In particular,
the ester derivatives 1a–d (Scheme 1) were prepared by reaction
of 1 with an excess of the appropriate alcohol in the presence of
trimethylchlorosilane (TMCS) at 25 �C (experimental details are
in Supporting SI #4).43

The esterification of 2 to yield compounds 2a–d (Scheme 2) was
carried-out using lipase from Candida antarctica to avoid the possi-
ble formation of mixture of esters, due to competition between
alcoholic and phenol groups (Supporting SI #5).44 The oxidation
of compounds 1 and 1a–d (0.05 mmol) was performed with
MWCNT/Tyr (240 U) in CH2Cl2/buffer (Na phosphate 0.1 M pH 7,
CH2Cl2/buffer ratio 1.0:0.1) at 25 �C under O2 atmosphere for
24 h (Scheme 1, Table 2). The use of CH2Cl2 as reaction solvent
was necessary to increase the solubility of hydrophobic substrates,
on functionalized PDDA/MWCNTs. Step B: cross-linking with GA.



Table 1
Kinetic parameters for native tyrosinase (Tyr) and catalyst MWCNT/Tyra

Plot Km (mM) Vmax�104 (DAbs�min�1�lg
enzyme�1)

Kcat (min�1)

Tyr MWCNT/Tyr Tyr MWCNT/Tyr Tyr MWCNT/Tyr

Lineweaver-Burk 0.13 0.10 30 6 909 181
Hanes 0.11 0.15 27 14 818 424
Eadie-Hofstee 0.11 0.13 26 12 788 364

a Kcat is defined as vmax (Dabsorbance per minute)/[Tyr] (micromoles per milliliter). All experiments were conducted in triplicate using free and immobilized tyrosinase.
Average errors in kinetic parameters were 2–4% for Km and 1–3% for Vmax.
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in accordance with improved stability and selectivity (with limited
formation of ortho-benzoquinones and polymeric side-products)
reported for Tyr in organic solvents.45

The oxidation of 1 and 1a (as selected samples) was also
performed using previously reported Tyr/ECM as reference, in
which Tyr is covalently immobilized on micro-spheres of the
synthetic resin Eupergit C250L (methacrylamide, N,N0-methylen-
bis-acrylamide polymer).26 MWCNT/Tyr selectively afforded cate-
chol derivatives 3 and 3a–d in quantitative conversion of substrate
and yield of product (Table 2). In these reactions, MWCNT/Tyr
showed a reactivity similar to Tyr, and higher than Tyr/ECM
(Table 2, entry 3 versus entries 1 and 2, and entry 6 versus entries
4 and 5). In this latter case 600 U were required to obtain the
quantitative yield of products (Table 1, entries 2, 5 and 10).

These data further confirm the benign role of MWCNT as nano-
sized supports for the immobilization of Tyr in synthetic applica-
tions. In a similar way, the oxidation of tyrosol esters 2a–d
afforded the corresponding lipophilic catechols 4a–d (Scheme 2)
in quantitative conversion of substrate and yield of product
(Table 2, entries 10–14). Again, MWCNT/Tyr performed better than
Tyr/ECM (Table 2, entry 11 vs entry 10). Recycling experiments
proceeded with success in the oxidation of compound 1 under sim-
ilar experimental conditions. After the first oxidation, MWCNT/Tyr
was recovered by centrifugation, washed, and reused with fresh
substrate. As shown in Table 3, MWCNT/Tyr was used for at least
six cycles with only a slight decrease of efficiency to give 3
(Table 3, entry 1 vs entry 6). Note that MWCNT/Tyr was more
stable than Tyr/ECM, for which a significant decrease in the activity
was observed (ca. 37%; Table 3, entry 1 vs entry 6).

3. Antiviral activity

The development of antiviral agents has progressed rapidly over
the last decades. The drugs approved for use generally inhibit speci-
fic steps of viral replication usually by targeting viral proteins with
an enzymatic function. Unfortunately, a large majority of the avail-
able antiviral drugs are limited in their efficacy by systemic toxicity
and drug resistance.46 Many different circumstances favor the selec-
tion of drug resistant strains, for example, high viral loads, intrinsic
mutation rates, and prolonged exposure to the drug. For this reason,
natural or de-novo designed molecules able to inhibit the
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Scheme 1. Oxidation of compounds 1 and 1a–d with MWCNT/Tyr.
replication of DNA or RNA viruses with different mechanisms have
been synthesized.47–52 The antiviral activity of lipophilic catechol
derivatives 3, 3a–d, and 4a–d was evaluated against several DNA
and RNA viruses (Polio 1, Echo 9, HSV-1, HSV-2, Cox B3, Adeno 2,
Adeno 5 and CMV). Cell monolayers were infected at multiplicity
of infection (MOI) 0.1 and treated with different concentrations
(ranging from 25 to 200 lg/mL) of each compound. The values of
CD50 (concentration which inhibited cells growth by 50% when
compared with control culture) and ID50 (concentration which
inhibited virus plaque formation and virus-induced
cytopathogenicity by 50%) of catechol derivatives are shown in
Tables 4 and 5, respectively.

Derivatives 3b, 3d, 4a and 4b were characterized by selective
antiviral activity. In particular, compounds 3b and 4a demon-
strated the highest level of activity against HSV-1 (DNA virus), with
ID50 values of 15 and 20 lg/mL, respectively. Moreover, the same
compounds showed slight activity against HSV-2 (60 and
40 lg/mL, respectively) and Cox B3 (RNA virus; 20 and 50 lg/mL,
respectively). With regard to 4b, a modest activity against HSV-1
was observed, probably due to toxic effect on cell monolayer, as
suggested by the low value of CD50 (40 lg/mL). Finally, 3b and
3d were effective against CMV (DNA virus), 3d being the most
active compound with an ID50 value of 25 lg/mL. Since 3b was
effective against several RNA or DNA viruses, especially in the case
of herpetic viruses (HSV-1, HSV-2 and CMV), its mechanism of
action was investigated in more detail using a model of HSV-1
infection. In particular, compound 3b was added at different times
on VERO cells infected with 0.1 MOI of HSV-1, to determine the
inhibition of the virus yield during specific periods in the virus
life-cycle. The results clearly demonstrate that 3b interferes with
an early step of the viral replicative cycle. Indeed, the viral replica-
tion was blocked during the first hour of infection. Otherwise, no
reduction was observed when 3b was added after 2 h. Moreover,
a slight reduction of virus yield was observed during the adsorp-
tion period (Fig. 2).

As 3b exerted its activity through the inhibition of the early
events in HSV-1 replication, we set up some experiments in order
to deepen its mechanism of action. First, the effect of the com-
pound was studied during the viral adsorption period by means
of the infective center assay. Results obtained from this experiment
demonstrated that 3b did not significantly inhibit adsorption of
HSV-1 at concentrations higher than 5 times the ID50 (Fig. 3).
Furthermore, it was important to establish if any virucidal effect
HO

O

HO

OHO

2a-d 4a-d

2a,4a R=CH3
2b,4bR= CH2CH3
2c,4c R=CH2CH2CH3
2d,4dR= CH2(CH2)2CH3

MWCNTs/Tyr cat(I)

CH2Cl2/buffer (1.0:0.1)
25°C 24h
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Scheme 2. Oxidation of compounds 2a–d with MWCNT/Tyr.



Table 2
Synthesis of hydroxytyrosol and dihydrocaffeoyl catechol derivatives 3, 3a–d and
4a–da

Entry Substrate Catalyst Product Conversion (%) Yield (%)

1 1 Tyr 3 98 98
2 1 Tyr/ECM 3 45 44b

3 1 MWCNT/Tyr 3 98 98
4 1a Tyr 3a 98 98
5 1a Tyr/ECM 3a 47 46b

6 1a MWCNT/Tyr 3a 98 98
7 1b MWCNT/Tyr 3b 98 98
8 1c MWCNT/Tyr 3c 98 98
9 1d MWCNT/Tyr 3d 98 98
10 2a Tyr/ECM 4a 53 51b

11 2a MWCNT/Tyr 4a 98 98
12 2b MWCNT/Tyr 4b 98 98
13 2c MWCNT/Tyr 4c 98 98
14 2d MWCNT/Tyr 4d 98 98

a The oxidation was performed on 0.05 mmol of substrate with the appropriate
catalyst (240 units) in CH2Cl2/buffer (Na phosphate 0.1 M pH 7, CH2Cl2/buffer ratio
1.0:0.1) at 25 �C under O2 atmosphere for 24 h.

b In this case an higher amount of immobilized enzyme (600 units) was required
to obtain a quantitative yield of desired product.

Table 3
Reusability of MWCNT/Tyr and Tyr/ECM in the oxidation of 1a,b

Entry Run Tyr/ECM (yield%) MWCTN/Tyr (yield%)

1 1 46 98
2 2 46 98
3 3 41 98
4 4 36 97
5 5 32 95
6 6 29 91

a Reusability is expressed as the yield in% of catechol 3 obtained by oxidation of 1
with Tyr/ECM-LbL and MWCTN/Tyr.

b The oxidation of 1 (0.05 mmol) was performed in the presence of the appro-
priate catalyst (240 units) in CH2Cl2/buffer (Na phosphate 0.1 M pH 7, CH2Cl2/buffer
ratio 1.0:0.1) at 25 �C under O2 atmosphere for 24 h.

Table 5
Cytotoxicity of cathecol derivatives 3, 3a–d and 4a–d

Compound CD50
a,b (lg/mL)

VERO HEp2 HFF1

3 >200 >200 >200
3a 100 100 100
3b 75 40 40
3c >200 >200 ND
3d 200 200 100
4a 100 50 50
4b 40 40 40
4c 100 100 100
4d 25 25 25

a Values are mean ± 0�5 SD (maximal SD estimated) for three separate assays.
b CD50, concentration which inhibited cells growth by 50% when compared with

control culture.

Figure 2. Effect of addition of compound 3b (5 � ID50) at various times during the
replicative cycle of HSV-1. Time 0 = post 2 h adsorption period at 4 �C. The
concentrations used are ratios with respect to the ID50 (e.g., 5� the ID50 is 5 times
the ID50 of the compound). Each value represents the mean ± SEM of three separate
assays.
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or protective actions for Vero cells was produced. Our results
demonstrated that 3b was not virucidal for HSV-1 and did not
exerted any protective action for the cells, thus suggesting that
the reduction in the virus yield, immediately after the adsorption
period, could be related to the interference of the compound with
penetration, un-coating and/or another early step of HSV-1
replication.
Table 4
Antiviral activity of cathecol derivatives 3, 3a–d and 4a–d against different DNA and
RNA viruses

Compound ID50
a,b (lg/mL)

Polio 1 CoxB3 ECHO9 HSV-1 HSV-2 Adeno 2 Adeno 5 CMV

3 >200 >200 >200 >200 ND >200 >200 >200
3a >100 >100 >100 >100 >100 >100 >100 100
3b >75 20 >75 15 60 >40 >40 40
3c >200 >200 >200 >200 ND >200 >200 ND
3d >200 100 >200 >200 >200 >200 >200 25
4� >100 50 >100 20 40 >50 >50 >50
4b >40 >40 >40 20 40 >40 >40 >40
4c >100 >100 >100 >100 100 >100 >100 >100
4d >25 >25 >25 25 ND >25 >25 >25

a Values are mean ± 0�5 SD (maximal SD estimated) for three separate assays.
b ID50, concentration which inhibited virus plaque formation and virus-induced

cytopathogenicity by 50%.

Figure 3. Effect of compound 3b (1�, 5� ID50) on the adsorption of HSV-1. Infective
center assay data were plotted as percentage of virus infectivity relative to the no-
drug control. The concentrations used are ratios with respect to the ID50.
4. Conclusions

MWCNTs/Tyr was an efficient catalyst for the synthesis of tyro-
sol and dihydrocaffeoyl catechols by oxidation of phenol ester
derivatives under mild experimental conditions, in quantitative
conversion of substrate and yield. The activity of MWCNT/Tyr
was comparable to native Tyr and greater than previously reported
Tyr/E-250 catalyst, confirming the benign role of carbon nanotubes
in the enzyme immobilization process. MWCNT/Tyr was a stable
catalyst for at least six recycle experiments. Among lipophilic cat-
echols, compounds 3b, 3d, 4a and 4b were active against HSV-1,
HSV-2, Cox B3 and CMV. In a previous study, compounds 4a and
4b were also active against influenza A/PR8/H1N1 virus, showing
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the highest antioxidant activity as measured by the 2,2-diphenyil-
picrylhydrazyl (DPPH) radical scavenging assay.26 In the case of the
inhibition of HSV-1 and HSV-2 viruses, the highest antiviral activ-
ity prevailed in derivatives characterized by a low/medium long
alkyl side-chain. The mechanism of action of compound 3b was
studied in detail using a model of HSV-1 infection. Data showed
that the inhibition of virus replication was effective in earlier
stages of the replication cycle, probably related to penetration,
un-coating and/or another early step of HSV-1 replication.
5. Experimental

5.1. Materials

Mushroom tyrosinase from Agaricus bisporus (Tyr), multi-
walled carbon nanotubes (MWCNTs), L-tyrosine, bovine serum
albumin (BSA), glutaraldehyde (GA), polydiallyldimethylammo-
nium chloride (PDDA), sodium sulfate anhydrous (Na2SO4),
3(4-hydroxyphenyl)propanoic acid 1,,tyrosol (4-hydroxy phenyl
ethyl alcohol) 2, alcohols and organic solvents were purchased
from Sigma–Aldrich. All spectrophotometric measurements were
made with a Varian Cary50 UV–vis spectrophotometer equipped
with a Peltier thermostatted single cell holder. FT-IR measure-
ments were performed using a Perkin Elmer FT-IR spectrometer
in KBr. All samples were dried before the analysis. 1H NMR and
13C NMR spectra were recorded on a Bruker (400 MHz) spectrom-
eter. Mass spectra were recorded on a VG 70/250S spectrometer
with an electron beam of 70 eV. Dichloromethane (CH2Cl2) was
dried on anhydrous sodium sulfate prior to use. All experiments
were done in triplicate using native and immobilized tyrosinase
in dichloromethane/buffer system and in H2O medium. Sodium
phosphate [(PBS) 0.1 M, pH 7.0] was used as the buffer solution.

5.2. Preparation of catalyst MWCNT/Tyr

MWCNT/Tyr was prepared as previously reported.30 Briefly,
PDDA coated MWCNTs in PBS were treated with a mixture of Tyr
(0.2 mg) and BSA (0.6 mg) for 30 min. Glutaraldehyde (GA, 2.5%)
was added to reach a final volume of 800 lL and the
mixture was shaken at 25 �C for 30 min and at 4 �C overnight.
The excess enzyme and GA were removed by centrifugation
(6000 rpm � 20 min) and the surnatant was used for the calcula-
tion of activity parameters. The catalyst was finally treated with
1.5 mL TRIS–HCl 0.1 M pH 7.2 by shaking for 1h at 4 �C and cen-
trifuged. MWCNT/Tyr was washed several times with PBS in order
to ensure the complete removal of unbounded Tyr (as evaluated by
the Bradford method).

5.3. Activity data

The activity of native and immobilized Tyr was determined by
measuring the oxidation of L-tyrosine. The reaction was started by
adding L-tyrosine to the solution of Tyr or MWCNT/Tyr in PBS under
magnetic stirring. The initial rates were measured as linear increase
in optical density at 475 nm, due to dopachrome formation. One
unit of enzyme activity was defined as the increase in absorbance
of 0.001 per minute at pH 7, 25 �C in a 3.0 mL reaction cuvette con-
taining 0.83 mM of L-tyrosine and 67 mM of PBS pH 7.0. The activity
was expressed as activity unit per milligram of support:

Activity ðU=mgÞ ¼ Ux=Wsupport

where: Ux is the activity of the immobilized enzyme assayed by
dopachrome method. The activity yield represents the % of the ratio
of activity of the immobilized enzyme to the total units of native
enzyme used:
Activity yield ð%Þ ¼ ½Ux=ðUa� UrÞ� � 100

where: Ua is the total activity of enzyme (unit) added in the solu-
tion and Ur is the activity of the residual Tyr (unit) evaluated by
dopachrome method in the washing solutions. The immobilization
yield is defined as:

Immobilization yield ð%Þ ¼ ½ðUa� UrÞ=Ua� � 100:
5.4. Determination of the kinetic constants

The catalytic properties of native and immobilized tyrosinase
were determined in the organic solvent media by measuring initial
rates of the reaction with the substrate at 25 �C. The reactions were
carried out by using different concentrations of tyrosol acetate 2a,
ranging from 1 to 20 mM. The appropriate amount of 2a was dis-
solved in DCM (2.5 mL) and free or immobilized tyrosinase in the
optimum aqueous amount (275 lL of PBS) was added. The reaction
mixture was stirred for 30 min. Sampling was performed every
6.0 min, the absorbance at 395 nm was measured and the sample
returned to the flask as rapidly as possible. One unit of enzyme activ-
ity was defined as the increase in absorbance of 0.001 at 395 nm,
25 �C, CH2Cl2 and PBS 0.1 M, pH 7.0. Km and Vmax values were calcu-
lated by plotting data in Lineweaver-Burk, Hanes and Eadie–Hofstee.

5.5. Synthesis of catechol derivatives 3, 3a–d and 4a–d

MWCNT/Tyr (240 U) was added to a solution of the appropriate
substrate (0.05 mmol) in CH2Cl2 (2.5 mL) in PBS (275 lL), and the
mixture was stirred at 25 �C under O2. After 24 h, the catalyst
was recovered by centrifugation and the organic fraction was con-
centrated and treated with a solution of sodium dithionite in THF
and H2O [1:1 (v/v)]. The mixture was stirred at 25 �C for 5 min to
allow the complete reduction of benzoquinones to catechols and
extracted twice with ethyl acetate (EtOAc; 2.0 mL � 2). The col-
lected organic extracts were dried over anhydrous sodium sulfate,
filtered and concentrated under vacuum to yield catechol deriva-
tives 3, 3a–d and 4a–d. All experiments were conducted in tripli-
cate. The structure of catechol derivatives was characterized
without further purification by comparison with data previously
reported in the literature.26

5.5.1. (3,4-Dihydroxyphenyl)propanoic acid (3)
Oil; 1H NMR (400 MHz, CDCl3): dH (ppm) = 2.64 (2H, m, CH2),

2.81 (2H, m, CH2), 6.76–6.94 (3H, m, Ph-H); 13C NMR
(50 MHz,CDCl3): dC (ppm) = 30.44 (CH2), 35.81 (CH2),115.36
(2 � CH), 119.46 (CH), 132.33 (C), 145.10 (C), 145.93 (C), 174.98
(CO); MS (EI): m/z 398; elemental analysis: calcd C, 59.34; H,
5.53; O, 35.13, found C, 59.30; H, 5.53; O, 35.04.

5.5.2. 3-(3,4-Dihydroxyphenyl)propanoic acid methyl ester (3a)
Oil; 1H NMR (400 MHz, CDCl3): dH (ppm) = 2.56 (2H, m, CH2),

3.57 (3H, s, OCH3), 6.8–7.1 (3H, m, Ph-H); 13C NMR (50 MHz,
CDCl3): dC (ppm) = 30.68 (CH2), 35.68 (CH2), 51.60 (CH3), 115.90
(CH), 116.20 (CH), 120.30 (CH), 133.30 (C), 144.20 (C), 145.70 (C),
173.65 (CO); MS (EI): m/z 340; elemental analysis: calcd C,
61.22; H, 6.16; O, 32.62, found C, 61.20; H, 6.16; O, 32.68.

5.5.3. 3-(3,4-Dihydroxyphenyl)propanoic acid ethyl ester (3b)
Oil; 1H NMR(400 MHz, CDCl3) dH (ppm) = 1.18 (3H, m, CH3),

2.48 (2H, m, CH2), 2.72 (2H, m, CH2), 4.05 (2H, m, OCH2), 6.65–
6.71 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): dC (ppm) = 16.10
(CH3), 36.07 (CH2), 60.10 (CH2), 117.00 (2 CH), 120.30 (CH),
133.30 (C), 144.20 (C), 145.70 (C), 172.10 (CO); MS (EI): m/z 354;
elemental analysis: calcd C, 62.85; H, 6.71; O, 30.44, found
C,62.81; H, 6.71; O, 30.37.
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5.5.4. 3-(3,4-Dihydroxyphenyl)propanoic acid propyl ester (3c)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 1.20–1.35 (5H, m,

CH2+CH3), 2.55 (2H, m, CH2), 2.82 (2H, m, CH2), 4.15 (2H, m,
OCH2), 6.40–6.80 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): dC
(ppm) = 10.35 (CH3), 22.03 (CH2), 30.68 (CH2), 35.95 (CH2), 65.79
(CH2), 115.90 (CH), 116.20 (CH), 120.30 (CH), 132.51 (C),
114.20(C), 145.60 (C), 172.15 (CO); MS (EI): m/z 368; elemental
analysis: calcd C, 64.27; H, 7.19; O, 28.54, found C, 64.38; H,
7.18; O, 28.44.

5.5.5. 3-(3,4-Dihydroxyphenyl)propanoic acid butyl ester (3d)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 0.90 (3H, m, CH3),

1.20 (2H, m, CH2), 2.50 (2H, m, CH2), 2.80 (2H, m, CH2), 3.50 (2H,
m, CH2), 4.10 (2H, m, OCH2), 6.50–7.80 (3H, m, Ph-H); 13C NMR
(50 MHz, CDCl3): dC (ppm) = 16.10 (CH3), 19.13 (CH2), 30.10 (2
CH2), 36.34 (CH2), 64.10 (CH2), 115.45 (2 CH), 129.10 (CH),
129.50 (C), 137 (C), 143.10 (C), 173.20 (CO); MS (EI): m/z 382; ele-
mental analysis: calcd C, 65.53; H, 7.61; O, 26.86, found C, 65.45; H,
7.61; O, 26.75.

5.5.6. Hydroxytyrosol acetate (4a)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 2.13 (3H, s, CH3),

2.75 (2H, m, OCH2), 4.17 (2H, m, CH2), 6.68–6.74 (3H, m, Ph-H);
13C NMR (50 MHz, CDCl3): dC (ppm) = 20.97 (CH3), 34.36 (CH2),
65.36 (CH2), 115.24 (2 CH), 115.77 (CH), 130.19 (C), 142.64 (C),
143.99 (C), 171.69 (CO); MS (EI): m/z 340; elemental analysis:
calcd C, 61.22; H, 6.16; O, 32.62, found C, 61.18; H, 6.15; O, 32.54.

5.5.7. Hydroxytyrosol propionate (4b)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 1.08 (3H, m, CH3),

2.28 (2H, m, CH2), 2.78 (2H, m, CH2), 4.20 (2H, m, OCH2), 6.58–
6.76 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): dC (ppm) = 15.10
(CH3), 27.45 (CH2), 38.00 (CH2), 65.95 (CH2), 117.00 (2 CH),
124.10 (CH), 131.10 (C), 145.10 (C), 147.0 (C), 175.0 (CO); MS
(EI): m/z 354; elemental analysis: calcd C, 62.85; H, 6.71; O,
30.44, found C, 62.81; H, 6.71; O, 30.49.

5.5.8. Hydroxytyrosol butyrate (4c)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 0.88 (3H, m, CH3),

1.58 (2H, m, CH2), 2.25 (2H, m, CH2), 2.78 (2H, m, CH2), 4.21 (2H,
m, OCH2), 6.58–6.76 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): dC
(ppm) = 13.68 (CH3), 18.72 (CH2), 35.35 (CH2), 36.82 (CH2), 66.20
(CH2), 116.98 (2 CH), 121.60 (CH), 130.30 (C), 144.24 (C), 144.45
(C), 173.22 (CO); MS (EI): m/z 368; elemental analysis: calcd C,
64.27; H, 7.19; O, 28.54, found C, 64.23; H, 7.19; O, 28.48.

5.5.9. Hydroxytyrosol pentanoate (4d)
Oil; 1H NMR(400 MHz, CDCl3): dH (ppm) = 0.95 (3H, m, CH3),

1.64 (2H, m, CH2), 2.24 (2H, m, CH2), 2.75 (2H, m, CH2), 4.24 (2H,
m, OCH2), 6.64–6.75 (3H, m, Ph-H); 13C NMR (50 MHz, CDCl3): dC
(ppm) = 13.68 (CH3), 18.72 (CH2), 35.35 (CH2), 36.82 (CH2), 66.20
(CH2), 116.14 (2 CH), 121.70 (CH), 130.30 (C), 144.45 (C), 174.22
(CO). MS (EI): m/z 382; elemental analysis: calcd C, 65.53; H,
7.61; O, 26.86, found C, 65.53; H, 7.69; O, 26.66.

6. Biological part

6.1. Viruses and cells

Poliovirus type 1 (Sabin strain) (VR-1562), Human echovirus
type 9 (VR-1050), Herpes simplex type 1 (HSV-1: VR-260),
Herpes simplex type 2 (HSV-2: VR-734) and Coxsackie type B3
(Cox B3: VR-1034), were propagated in African green monkey kid-
ney cells (Vero: CCL-81). Adenovirus type 2 (VR-1080) and
Adenovirus type 5 (VR-1523) were propagated in Human
Epithelial type 2 cells (HEp2: CCL-23). Cytomegalovirus (CMV:
VR-538) was propagated in Human Foreskin Fibroblast Cell (HFF-
1: SCRC-1041). Viruses and cells were purchased from the
American Type Culture Collection (ATCC). Cell lines were kept at
37 �C in a humidified atmosphere with 5% CO2 and grown in
Dulbecco’s modified Eagle’s Minimum Essential medium (DMEM)
supplemented with 10% heat inactivated fetal calf serum (FCS), 2
mM L-glutamine, 0.1% sodium bicarbonate, 200 lg mL-1 of strepto-
mycin and 200 units mL-1 of penicillin G. Working stocks of all
viruses were prepared as cellular lysates using DMEM with 2% heat
inactivated FCS (maintenance medium).

6.2. Biological assays

The compounds were initially dissolved in dimethyl sulfoxide
(DMSO) and further diluted in maintenance medium before use
to achieve the final concentration needed. The final dilution of test
compounds contained a maximum concentration of 0.01% DMSO,
which was not toxic to our cell lines. Acyclovir was used as the
reference compounds.

6.3. Cell viability

The cytotoxicity of the test compounds was evaluated by mea-
suring their effect on cell morphology and growth. Cell monolayers
were prepared in 24-well tissue culture plates and exposed to
various concentrations (lg/mL) of the compounds. Plates were
checked by light microscopy after 24, 48, 72 and 96 h.
Cytotoxicity was scored as morphological alterations (e.g., round-
ing up, shrinking, and detachment). Cell growth was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) method.53 The cells were seeded at 1 � 104/mL
(100 lL/well) in 96-well tissue culture plates such that cell replica-
tion remained logarithmic all along the 4-day incubation period.
The 50% cytotoxic dose (CD50) was expressed as the highest con-
centration of the compound that resulted in 50% inhibition of cell
growth.

6.4. Antiviral activity

The assay of the antiviral activity against all the viruses tested
was carried out by the 50% plaque reduction assay or by 50%
virus-induced cytopathogenicity, as previously described.54–56

The compound concentration required to inhibit virus plaque for-
mation or virus-induced cytopathogenicity by 50% is expressed
as the 50% effective concentration (ID50) and calculated by
dose–response curves and linear regression.

6.5. Effect of addition time

Monolayers of cells were grown to confluence in 24-well plates
and inoculated with viruses at a MOI (multiplicity of infection) of
0.1. The plates were incubated for 2 h at 4 �C to ensure syn-
chronous replication of the viruses, with or without compound
R3 for the adsorption period. Then, the inoculum was removed
and fresh medium, with or without the compound, was added at
various times after the adsorption period. The plates were incu-
bated at 37 �C for 12 h, then cultures were frozen and virus yield
was determined by plaque assay.

6.6. Inhibition of virus adsorption

Infective center assay was used to study the effect of compound
3b on the virus adsorption step. A VERO cell suspension
(106 cells/mL) was cooled to 4 �C for at least 1h. HSV-1
(106 PFU/mL), incubated for 60 min at 37 �C with different concen-
trations of test compound, was cooled to 4 �C, and subsequently
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added to the cell suspension. Cells were incubated with the virus-
drug mixtures for 120 min at 4 �C to prevent the virus entering the
cells. After the adsorption period, un-adsorbed virus and free com-
pound were removed by washing three times with cold DMEM.
The cells were then diluted serially and plaque assayed for cell-as-
sociated viral activity.

6.7. Cell culture pre-treatment

Pre-treatment of cultures was performed by exposing the cell
monolayers to different concentrations of the test compound in
maintenance medium for 1 and 2 days at 37 �C. After treatment
the cell monolayers were washed thoroughly with PBS and
infected with HSV-1 at a MOI of 0.1 to allow viral cytopathic activ-
ity. The cell monolayers grown in maintenance medium without
the test compounds were used as control. Virus titration was per-
formed as described above.

6.8. Virucidal activity

To test possible virucidal activity, equal volumes (0.5 mL) of
viral suspension (containing 106 PFU/mL) and DMEM containing
compound 3b (5� the ID50) were mixed and incubated for 1 h at
37 �C. Infectivity was determined by plaque assay after dilution
of the virus below the inhibitory concentration.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmc.2015.07.061.
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