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Abstract Poly(hydroxybenzene)-trimethoprim conjugates
were prepared using methylparaben as substrate of the oxida-
tive enzyme tyrosinase. MALDI-TOF MS analysis showed
that the enzymatic oxidation of methylparaben alone leads to
the poly(hydroxybenzene) formation. In the presence of tri-
methoprim, the methylparaben tyrosinase oxidation leads
poly(hydroxybenzene)-trimethoprim conjugates. All of these
compounds were incorporated into lubricant hydroxyethyl
cellulose/glycerol mixtures. Poly(hydroxybenzene)-trimetho-
prim conjugates were the most effective phenolic structures
against the bacterial growth reducing by 96 and 97 % of

Escherichia coli and Staphylococcus epidermidis suspen-
sions, respectively (after 24 h). A novel enzymatic strategy
to produce antimicrobial poly(hydroxybenzene)-antibiotic
conjugates is proposed here for a wide range of applications
on the biomedical field.
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Introduction

Catheter-related infections (CRIs) have been one of the most
problematic issues in the management of nosocomial infec-
tions (Kumon et al. 2001). The infection usually occurs in
indwelling devices following three possible routes, namely
bacterial colonization onto the outer/inner catheter surface,
bloodstream or urethral fluids infection, and skin exit site in-
fection (Alkubati et al. 2015). Despite the high rates of CRIs,
these have been considered to be preventable nosocomial in-
fections since various practices as easy-to-perform rules for
hygiene viz. usage of sterile barriers during catheter insertion,
masks, gowns and caps have proven to be effective for
avoiding early CRIs (Capdevila 1998). Hereupon, multiple
strategies for the CRIs prevention have been emphasized
which include educating and training health care workers
who insert and maintain the indwelling catheters. The appli-
cation of locking formulations containing bioactive com-
pounds as antibiotics (heparin, vancomycin) as well as the
use of antimicrobial lubricants attempts to block the catheter
colonization and subsequent development of CRIs (Frasca
et al. 2010; Snaterse et al. 2010). An antimicrobial formulation
can be defined as a system containing an active molecule
along with some inert ingredients as gelling/thickening (e.g.,
hydroxyethyl cellulose) and lubricating (e.g., glycerol) agents
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(Egbaria and Friedman 1990; Garg et al. 2001). Preservative
agents such as parabens are also often present in pharmaceu-
tical formulations in order to inhibit the bacterial growth dur-
ing storage (Naik and Nandibewoor 2013; Wang and Chang
1998). Their biological action is generally related to their in-
hibitory effects on membrane transport and mitochondrial
function processes (Naik and Nandibewoor 2013; Soni et al.
2005). Parabens have an ester group derived from p-
hydroxybenzoic acid at the C-4 position. These are stable
compounds in a wide pH range and do not have a perceptible
odor or taste. Moreover, they do not cause changes on the
product consistency, and most of all, they are safe, i.e.,
parabens evidence low frequency of sensitization, low toxicity
levels, and do not evidence carcinogenic activity (Błędzka
et al. 2014; Mielech-Łukasiewicz et al. 2011; Soni et al.
2002). Amongst the most common parabens used,
methylparaben, propylparaben, and butylparaben possess a
broad spectrum of antibacterial activity that is directly related
to the alkyl chain length; however, the last two compounds are
less soluble than methylparaben. In addition, gram-positive
strains revealed to be more sensitive to methylparaben than
gram-negative bacteria (Soni et al. 2002). Nevertheless, dif-
ferent parabens combinations have been reported to promote a
synergistic effect on gram-negative bacteria (Charnock and
Finsrud 2007).

In this work was studied the enzymatic oxidation of
methylparaben using tyrosinase as biocatalyst aiming to ex-
ploit its antimicrobial properties, maintaining its known pre-
servative behavior and therefore expanding its application
range. Themonohydric phenol on the methylparaben structure
makes it a potential substrate for tyrosinase (EC 1.14.18.1,
monophenols, o-diphenol: oxygen oxidoreductase). Tyrosi-
nase is capable to oxidize both monophenols to o-diphenols
and o-diphenols to the corresponding o-quinones. The qui-
nones formed are highly reactive compounds that can undergo
nucleophilic attack, i.e., nonenzymatic reactions, by other
compounds as phenolic groups, amino acids, peptides, or pro-
teins (Sousa et al. 2009). The rapid polymerization of o-qui-
nones leads to polyphenols with increased antimicrobial prop-
erties than the corresponding monomer. Moreover, these high-
ly hydroxylated compounds have great biological activities
such as anti-inflammatory, anti-allergic, anti-thrombosis, anti-
oxidant, and antimicrobial properties (Alberto et al. 2011). As
described previously by Gonçalves et al. (Gonçalves et al.
2015), the conjugation of polyphenols with antibiotics had a
synergistic effect against bacterial growth. The oxidation pro-
cess involved a two-stage method in which the monomer
(catechin) was chemically conjugated with antibiotics and fur-
ther polymerized through laccase action.

The main goal of this work is to produce novel antimicro-
bial polyphenolic-antibiotic conjugates by a one-step method
and compare it’s efficiency with a previously produced
poly(catechin)-trimethoprim conjugate. Herein, the

poly(hydroxybenzene)-trimethoprim conjugates were pro-
duced through in situ enzymatic oxidation of methylparaben
using tyrosinase as biocatalyst. The poly(catechin)-trimetho-
prim conjugates were obtained following the Gonçalves et al.
(2015) methodology. Both polyphenolic-antibiotic conjugates
were incorporated into a newly optimized lubricant matrix
envisaging a topical application and the antimicrobial activity
of each formulation was evaluated against gram-negative and
gram-positive bacteria.

Material and methods

Material

Tyrosinase (EC 1.14.18.1) from mushroom (3130 U/mgsolid),
methylparaben, catechin hydrate, trimethoprim, chloroform,
methanol, sodium acetate trihydrate, ethanol, trifluoroacetic ac-
id, acetonitrile, water, bovine serum albumin (BSA), 2,2′-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), N,
N-disuccinimidyl carbonate (DSC), 4-(dimethylamino)pyridine
(DMAP), hydroxyethyl cellulose (HEC), glycerol, and
Mueller-Hinton (MH) broth and agar were purchased from
Sigma-Aldrich (Spain). Laccase (EC 1.10.3.2) from ascomy-
ceteMyceliophthora thermophila (17 g protein/L, 410 U/mL at
50 °C), Novozym® 51003, was obtained from Novozymes
(Denmark).

Bacterial strains

The bacterial strains, Escherichia coli HB101 and Staphylo-
coccus epidermidis ATCC 35983, were used from the collec-
tion of University of Minho (Braga, Portugal).

Methods

Enzymatic synthesis of poly(hydroxybenzene) using
methylparaben as tyrosinase substrate

In a first stage, methylparaben was oxidized by tyrosinase
using different concentrations of substrate (1, 5, and 10 mM)
and a fixed enzyme amount (20 U/mL). Methylparaben was
dissolved in 0.1 M sodium phosphate buffer (pH 7) and incu-
bated with tyrosinase at 30 °C for 24 h under orbital agitation
(90 rpm). Posteriorly, the optimum tyrosinase dosage was in-
vestigated by varying the enzyme concentration (10, 20, 30,
50, and 100 U/mL) and fixing the methylparaben concentra-
tion previously determined. The resulting polyphenol, obtain-
ed using the best experimental conditions, was freeze-dried
under vacuum conditions for 24 h and stored at dry and dark
conditions.
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In situ enzymatic synthesis of poly(hydroxybenzene)
-trimethoprim conjugates through tyrosinase action

For the in situ enzymatic synthesis of poly(hydroxybenzene)-
trimethoprim conjugates, 1 eq. of trimethoprim previously
dissolved in methanol was added to the methylparaben solu-
tion prepared in 0.1 M sodium phosphate buffer (pH 7). The
reaction was performed using 50 U/mL of tyrosinase at 30 °C
for 24 h with 90 rpm. The obtained polyphenol was freeze-
dried under vacuum conditions over 24 h.

Enzymatic synthesis of poly(catechin) using catechin as
laccase substrate

According to literature (Gonçalves et al. 2014), a solution of
10 mM of catechin monomer was oxidized by laccase (2 U/
mL) to produce poly(catechin). Catechin was previously dis-
solved in methanol and further diluted with 0.1 M sodium
acetate buffer (pH 5). The reaction was carried out at 50 °C
and 70 rpm for 24 h. The polymer was obtained by centrifu-
gation at 4000 rpm for 10min at 4 °C using anAllegra® X-15r
Centrifuge (Beckman Coulter International) and washed three
times with distilled water.

In situ enzymatic synthesis of poly(catechin)-trimethoprim
conjugates through laccase action

According to Gonçalves et al. (2015), the enzymatic synthesis
of poly(catechin)-trimethoprim conjugates followed a two-
step pathway: (1) chemical conjugation of catechin with tri-
methoprim and (2) enzymatic polymerization of catechin-
trimethoprim conjugates through laccase oxidation. In the first
stage, the conjugation was initiated by the activation of hy-
droxyl groups present at the catechin structure by mixing
0.03 M of phenol with DSC (0.1 M) and DMAP (0.1 M) in
1,4-dioxane anhydrous under a nitrogen atmosphere for 24 h.
Subsequently, for catechin-trimethoprim conjugation, 1 eq. of
TMPwas added to the activated catechin previously dissolved
in methanol, and the process remained overnight at room tem-
perature with stirring. Furthermore, the enzymatic oxidation
of catechin or catechin-trimethoprim conjugates was carried
out using 2 U/mL of laccase at 50 °C for 2 h with 70 rpm
under aired conditions. The reaction product was centrifuged
at 4 °C for 15 min, washed with distilled water, and dried at
room temperature.

MALDI-TOF MS spectrometry

The poly(hydroxybenzene) compounds obtained by
tyrosinase-catalyzed oxidation were identified through
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). The α-cyano-4-
hydroxycinnamic acid (CHCA) was the matrix selected. Five

milligrams per milliliter of CHCAwas dissolved on a solution
of 33 % (v/v) of ethanol, 31 % (v/v) of distilled water, 33 % (v/
v) of acetonitrile, and 3 % (v/v) of trifluoroacetic acid. For the
sample-matrix preparation, 1.5 mg of sample was dissolved in
20 μL of CHCA matrix. A 0.5 μL of the sample-matrix solu-
tion was placed on FlexiMass™-DS plates (Kratos analytical,
Shimadzu, UK) equipped with a nitrogen laser radiating at
337 nm and dried at room temperature for 10 min. The anal-
yses were performed on an Axima LNR system (Kratos ana-
lytical, Shimadzu, UK). All the spectra were recorded using a
linear mode with a delay time of 104 ns, an acceleration volt-
age of +20 kV, and 0.002 % of guide wire in a mass range
from 50 to 5000 Da. The resulting peaks were identified using
the Shimadzu Biotech software. All the analyses were per-
formed in triplicate.

UV-Visible measurements

The spectrophotometric changes through polymerization were
assessed by UV-visible spectrophotometry at a wavelength
between 230 and 700 nm. The equipment used was a Multi-
mode Microplate Reader Synergy™ Mx and Gen5™ pur-
chased from Biotek® Instruments, Inc. (USA). Each polyphe-
nolic solution was measured in triplicate.

Lubricant formulation production

The lubricant formulation production was achieved using a
HEC/glycerol matrix prepared in distilled water. Three differ-
ent HEC/glycerol ratios were tested, namely 2.8:11.1, 2.5:10,
and 2.1:8.3 % (w/v). The mixture was stirred at room temper-
ature for 24 h.

Incorporation of polyphenolic compounds onto the lubricant
formulation

Aiming to introduce the polyphenolic compounds in the lu-
bricant matrix and due to their own low solubility, 2.5 mg of
each polymer was dissolved in a volume ratio of 1:4 of solvent
phase (ethanol)/aqueous phase (distilled water) and mechani-
cally mixed for approximately 10 min at room temperature.
Then, the obtained solution was sonicated for 30 min (ultra-
sound pulses of 8 s ON and 8 s OFF at 20 kHz with 40 % of
amplitude) to ensure total dissolution. Afterward, the polyphe-
nolic solution was incorporated in the lubricant formulation
(30 % v/v) using a dropwise technique and left under magnetic
stirring until it was completely mixed.

Rheological tests

The rheological behavior of each lubricant formulation was
evaluated using a rheometer Physica MCR-300 (Anton Paar,
Austria) and employing a couette geometry in which the
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material viscosity changes versus the shear rate were evaluat-
ed. Ten milliliters of each formulation was placed inside the
cylinder of the rheometer, and the flow measurements were
carried out at 25 and 37 °C. The shear rate was ranged from
0.01 to 100/s. The results obtained were fitted using the
Carreau Yasuda model (Eq. 1):

η ¼ η∞ þ η0−η∞ð Þ 1þ γλ̇ð Þa½ �n−1a ð1Þ

where η is the viscosity, η∞ is the infinite-shear-rate (parameter
fixed at 0), η0 is the Newtonian viscosity, γ̇ is the shear rate
(1/s), λ is the relaxation time (s), n is the power law index, and
a is the polydispersity in relaxation times.

Antimicrobial assays

The antimicrobial activity of each developed polyphenol was
assessed against gram-negative (E. coli) and gram-positive
(S. epidermidis) bacterial strains following two experimental
approaches, namely, optical density (O.D.) measurement and
CFUs count in plate. As a preliminary stage, the bacteria were
inoculated overnight in Mueller-Hilton broth (MHB) at 37 °C
and 120 rpm. Thereafter, the bacteria cells were centrifuged at
9000g for 10 min and washed twice with distilled water. A
calibration curve was performed in order to determine the
bacterial concentration for different O.D. measured at
640 nm. The cellular suspension was adjusted to a final con-
centration of 2×105 CFUs/mLmeasured by O.D. at the wave-
length of 640 nm. Five milliliters of bacterial suspension was
mixed with 5 mL of lubricant and incubated at 37 °C for 72 h
with 120 rpm. The O.D. at 640 nm was measured every 24 h
in triplicate. For the CFUs count in plate, 100 μL of sample
was serially diluted with distilled water and three drops of
10 μL each were platted onto MH-agar plates. Aiming to
explore the antimicrobial durability of each produced poly-
phenolic compound, the plates were incubated at 37 °C for
24, 48, and 72 h and the resulting CFUs counted. Lubricant
solutions without any phenolic compound were used as refer-
ence samples. The percentage of bacterial reduction consid-
ered the CFUs obtained after the inoculation of each tested
phenolic lubricant matrix against control samples.

Results

Enzymatic synthesis of poly(hydroxybenzene) using
methylparaben as tyrosinase substrate

The antimicrobial profile of methylparaben was improved
through enzymatic oxidation using tyrosinase as biocatalyst.
Considering the well-described oxidation of phenolic

compounds by this enzyme (Ba et al. 2014; Faccio et al.
2012; Xu and Yang 2013) and the known chemical oxidation
of methylparaben (Steter et al. 2014), it proposed four main
sequential steps for methylparaben oxidation: (1) nucleophilic
addition of the hydroxyl radical to the carbon of the carbonyl
group present in the methylparaben structure, followed by the
elimination of the methoxyl group (-OCH3) leading to the p-
hydroxybenzoic acid formation (Steter et al. 2014), (2) decar-
boxylation of the p-hydroxybenzoic acid (-COOH) to form
phenol units, (3) hydroxylation and oxidation of monophenols
to o-quinones by tyrosinase action (Decker and Tuczek 2000;
Demarche et al. 2012), and (4) nonenzymatic polymerization
of o-quinones resulting polyphenolic compounds. Another re-
action by-product that can be obtained is the benzoic acid
derived from the dehydroxylation (-OH) of p-hydroxybenzoic
acid (Fig. 1).

The formation and nature of polyphenols from tyrosinase-
catalyzed reactions using methylparaben as substrate were
explored by MALDI-TOF MS. As it was abovementioned,
in this work, it was expected that the enzymatic oxidation of
methylparaben could give rise to a panoply of structures,
namely polymers with different lengths. Table 1 shows the
most significant m/z peaks representing polymers of
hydroxybenzene with a length range from 5 to 37 phenolic
units. Considering that each hydroxybenzene unit corresponds
to 93 Da, it was easily confirmed that compounds containing
at least five hydroxybenzene units (m/z 465) resulted from the
methylparaben oxidation via tyrosinase. Besides, other
poly(hydroxybenzene) chains containing various functional
groups as methyl esters (m/z 1178) and carboxylic acids
(m/z 2766 and m/z 3696) were also identified by MALDI-
TOFMS analysis which indicate the great variability amongst
the formed reaction products.

Aiming to maximize the react ion yield, three
methylparaben concentrations were tested, and the UV/
Visible changes at 430 nm were more pronounced when
5 mM of the substrate was used (Fig. 2a). This concentration
was therefore considered as the optimal for the subsequent
experiments. Different concentrations of tyrosinase were
assessed, and the results indicated the highest absorbance at
430 nm when 50 mM of enzyme was used (Fig. 2b). For
higher enzyme concentrations, the absorbance at 430 nm
reached a plateau meaning that no modifications are observed
above this concentration.

In situ synthesis of poly(hydroxybenzene)-trimethoprim
conjugates by tyrosinase

The well-described oxidation, biodegradation, and metabo-
lism of trimethoprim (Michael et al. 2012) allowed to con-
clude that, in the presence of trimethoprim, the methylparaben
oxidation by tyrosinase yields poly(hydroxybenzene)-trimeth-
oprim conjugates. During this process, demethylation and/or
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hydroxylation of trimethoprim can promote compounds
which maintain the two-ring trimethoprim structure such as
the 5-((2,4-diaminopyridimidin-5-yl)methyl)-2,3-
dimethoxyphenol. Subsequently, the cleavage of these com-
pounds can result in N-heteroaromatic derivatives such as the
2,4-diaminopyrimidine-5-carboxylic acid (Fig. 3). Therefore,
it is our assumption that both of these products are suitable to
react with the poly(hydroxybenzene) chains that resulted from
the enzymatic oxidation of methylparaben by tyrosinase giv-
ing rise to newly poly(hydroxybenzene) conjugates.

As can be seen in Table 2, theMALDI-TOFMS analysis of
the reaction products resulted from the tyrosinase oxidation of
methylparaben in the presence of trimethoprim that allowed
identifying unchanged antibiotic molecules (m/z 292) that
were not affected by the enzymatic process as well as observ-
ing the poly(hydroxybenzene) conjugates formation in which
a trihydroxybenzene chain was conjugated with a trimetho-
prim molecule (m/z 570) and another hexahydroxybenzene
compound was linked to 2,4-diaminopyrimidine-5-carboxilic
acid (m/z 715), a degradation by-product of trimethoprim.

Development of lubricant formulations

Three different lubricant formulations were prepared by
changing the HEC/glycerol ratio. The rheological properties
of each mixture showed a non-Newtonian behavior (Fig. S1).
At both temperatures tested, 25 and 37 °C, a nonlinear rela-
tionship between the shear rate and the viscosity was ob-
served, and the highest viscosity profile was observed for
the most concentrated formulation (2.8:11.1 % HEC/glycerol,
w/v) for all the shear rate values tested.

Incorporation of polyphenolic compounds onto the lubricant
formulation

As previously mentioned, the two-step enzymatic synthesis of
poly(catechin)-trimethoprim via laccase oxidation reported by
Gonçalves et al. (2015) was also assessed in this work aiming
to compare the antimicrobial efficiency of two polyphenol-

antibiotic conjugates. When polyphenolic-trimethoprim con-
jugates were added into the lubricant formulation, the main
difference macroscopically observed was the color change.
The ini t ia l formulat ion was color less . Once the
polyphenolic-trimethoprim conjugates were added, the for-
mulation acquired a yellowish color (Fig. S2).

The rheological evaluation of the lubricant-containing con-
jugates was performed. Figure S3 shows that, at 37 °C, after
the conjugates addition, the non-Newtonian behavior of the
lubricant was maintained, being observed a significant de-
crease of the initial viscosity.

Antimicrobial activity of the lubricant-containing
polyphenolic compounds

The antimicrobial efficiency of lubricant formulations contain-
ing each developed polyphenolic compound, namely,
poly(hydroxybenzene), poly(catechin), poly(hydroxybenzene)-
trimethoprim, and poly(catechin)-trimethoprim conjugates was
evaluated against the S. epidermidis andE. coli growth. Figure 4
shows that the lubricant containing both poly(hydroxybenzene)
or poly(catechin) presented higher antimicrobial activity against
E. coli than against S. epidermidis, for all the incubation periods
tested. Indeed, the reduction of S. epidermidis is relatively low,
being more pronounced on the first 48 h of inoculation. The
lubricant-containing polyphenolic-trimethoprim conjugates pre-
sented the highest ability to reduce the bacterial growth. This
reduction is more evident for poly(hydroxybenzene)-trimetho-
prim conjugates, especially in the first 24 h of inoculation, and
their action against S. epidermidis was slightly more pro-
nounced in comparison with E. coli.

Discussion

In this work was studied the methylparaben oxidation
through tyrosinase, a well-known enzyme able to oxidize
monohydric phenols into the corresponding o-quinones.
The tyrosinase-dependent activation of hydroxybenzenes

Fig. 1 Schematic representation of enzymatic methylparaben oxidation using tyrosinase as biocatalytic agent
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Fig. 2 Optimization of the
experimental conditions for
enzymatic oxidation of
methylparaben by tyrosinase
considering the substrate (a) and
tyrosinase (b) concentrations. The
procedures were carried out in
0.1 M sodium phosphate buffer
(pH 7) at 37 °C for 24 h

Table 1 MALDI-TOF MS analysis of different polymers formed during enzymatic oxidation of methylparaben through tyrosinase action

erutcurtSsremonomforebmuN m/z 

5 465 

10 933 

11 1178 

27 2766 

37 3696 
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yielding reactive compounds including free radicals has
also been reported as an important characteristic of this
enzyme (Tada et al. 2010, 2014). On the other hand, the
in situ generation of radicals has been considered as an
effective technology in the degradation of various organic
compounds as methylparaben (Steter et al. 2014). Indeed,

hydroxyl radicals (·OH) are able to react with the carbon of
the carbonyl group present in the methylparaben structure
and subsequently to eliminate the methoxyl group (-
OCH3). The resulting p-hydroxybenzoic acid can be easily
decarboxylated (-COOH) by the ·OH insertion yielding
monohydric phenol units that are suitable to be oxidized

Fig. 3 Reaction products
resulting from the trimethoprim
cleavage and demethylation/
hydroxylation reactions (Michael
et al. 2012)

Table 2 MALDI-TOF MS analysis of different oligomers formed during enzymatic oxidation of methylparaben through tyrosinase action in the
presence of trimethoprim

erutcurtSsremonomforebmuN m/z 

Trimethoprim 292 

3 570 

6 715 
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by tyrosinase action. At that time, the formation of
poly(hydroxybenzene) chains is expected since the
tyrosinase-catalyzed oxidation of monohydric phenols in-
volves the o-hydroxylation followed by the oxidation of so
formed dihydric phenol units to the corresponding o-qui-
nones which are highly reactive intermediates that can un-
dergo nonenzymatic reactions as polymerization (Sousa
et al. 2009). MALDI-TOF MS analysis allowed identifying
m/z peaks related with oligo- and poly(hydroxybenzene)
compounds after tyrosinase-catalyzed methylparaben oxi-
dation. The smallest oligomer was constituted at least by

five repeating phenol units, while the highest molecular
weight polymer was constituted by 37 repeating phenol
units. Other by-products derived from this enzymatic reac-
tion as benzoic acid and p-hydroxybenzoic acid were also
detected on the mass spectrum (data not shown).

The enzymatic oxidation of methylparaben by tyrosinase
was also tested in the presence of trimethoprim with the con-
comitant conjugation of the last at the reactive sites of oxi-
dized methylparaben. The oxidation, biodegradation, and me-
tabolism of trimethoprim are well described in literature (Mi-
chael et al. 2012). The major transformation steps include
three pathways, namely cleavage, hydroxylation, and demeth-
ylation reactions. In general, the two-ring trimethoprim struc-
ture is maintained, and the major modifications are in the
trimethoxybenzyl moiety. Demethylation/hydroxylation reac-
tions can occur in parallel resulting in protonated molecules
that can suffer hydroxyl radical attack forming different hy-
droxylated compounds. The trimethoprim cleavage on the left
side of the central methylene group also yields low molecular
weights products that can be further transformed by an oxida-
tive opening of the aromatic ring. According to literature
(Mallikarjunaswamy et al. 2013; Mohamed et al. 2010), the
trimethoprim cleavage preserves the pyrimidine structure that
is known to exhibit a range of pharmacological activity such
as antibacterial and antifungal effects. As pyrimidine deriva-
tives also possess a wide variety of potentially biological prop-
erties as antimicrobial activity, it is our assumption that the
pyrimidine resulted from the trimethoprim cleavage conjugat-
ed with a polyphenolic chain allows producing a novel
biologically active compound. At this point, it was our as-
sumption that the poly(hydroxybenzene) units derived from
the methylparaben oxidation by tyrosinase could be conjugat-
ed with trimethoprim or with trimethoprim oxidation by-prod-
ucts. Besides the presence of unchanged trimethoprim mole-
cules,MALDI-TOFMS analysis allowed to confirm the in situ
enzymatic poly(hydroxybenzene)-trimethoprim conjugation
being identified trihydroxybenzene and hexahydroxybenzene
chains coupled with trimethoprim molecule and its 2,4-
diaminopyrimidine-5-carboxylic acid oxidation by-product,
respectively. Therefore, the in situ enzymatic conjugation of
poly(hydroxybenzene) with trimethoprim was successfully
achieved.

The rheological behavior of hydrophilic formulations, e.g.,
lubricants, used in pharmaceutical formulations is crucially
important since it will directly affect the pathway of formula-
tion development, the quality of raw and finished product, the
components efficiency, the patient’s compliance, and the over-
all healthcare costs (Mastropietro et al. 2013). In this work, the
developed lubricant formulation was mainly composed by
HEC and glycerol to confer the gelling/thickening and lubri-
cating properties required. HEC is a nonionic hydrophilic,
inexpensive, and nontoxic biodegradable natural biopolymer
derived from cellulose. It is often used as a thickener in food,

Fig. 4 Bacterial reduction (%) of S. epidermidis and E. coli when
exposed to polyphenolic lubricant formulations. Four samples were
tested: (1) lubricant-containing poly(hydroxybenzene) resulted from
methylparaben oxidation by tyrosinase, (2) lubricant-containing
poly(catechin) resulted from catechin oxidation by laccase, (3)
lubricant-containing poly(hydroxybenzene)-trimethoprim conjugates
obtained by in situ enzymatic oxidation of methylparaben and
trimethoprim using tyrosinase, and (4) lubricant-containing
poly(catechin)-trimethoprim conjugates produced in two operational
steps as described by Gonçalves et al. (2015). Each assay was
performed at 37 °C for 24, 48, and 72 h
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cosmetic, and pharmaceutical products (Beheshti et al. 2008;
Velickova et al. 2009). When introduced into an aqueous me-
dium, this compound increases the viscosity level. Glycerol
belongs to the alcohol family of organic compounds and is a
clear, colorless, viscous, and cheap raw material. It is highly
recommended for the development of surfactants, lubricants,
cosmetics, food additives, pharmaceuticals, personal care
products, and industrial applications. An advantage of glycer-
ol is the ability to highly influence the solution viscosity. De-
pending on the concentration of glycerol present in the solu-
tion, it is possible to obtain a solution with a high or low
viscosity. Besides, the percentage of water can influence
the fr ic t ion coeff ic ient a t the boundary and the
elastohydrodynamic lubrication (Gholami et al. 2014; Shi
et al. 2014). The developed lubricant formulations can be
classified as pseudoplastic materials due to their shear-
thinning behavior, i.e., their viscosity decreases with the shear
rate increase (Andrews et al. 2005; Rowe et al. 2006; Soares
et al. 2011). This behavior can be attributed to the aggregation
of individual particles that resulted from the break of intermo-
lecular forces and further align in the direction of increasing
shear (Cui et al. 1996; Rowe et al. 2006). The most concen-
trated formulation (2.8:11.1 % HEC/glycerol, w/v) presented
the higher viscosity level for all the shear rate values tested
due to the intermolecular associations amongst the polymer
chains leading to a much more compact network (Rowe et al.
2006; Soares et al. 2011). Moreover, this formulation was
sensitive to temperature changes related with the HEC includ-
ed in the lubricant. Indeed, as described in literature (Rowe
et al. 2006; Savage 1957; Shin and Cho 1993), an increase of
the temperature results in a reduction of the aqueous HEC
solutions viscosity.

As previously mentioned, the two-step enzymatic synthesis
of poly(catechin)-trimethoprim via laccase oxidation reported
by Gonçalves et al. (2015) was also assessed in this work
aiming to compare the antimicrobial efficiency of two
polyphenol-antibiotic conjugates. Therefore, both enzymatical-
ly synthesized poly(hydroxybenzene)- and poly(catechin)-tri-
methoprim conjugates were introduced in the optimized lubri-
cant formulation. Rheological tests showed that the lubricant-
containing poly(hydroxybenzene)- and poly(catechin)-trimeth-
oprim conjugates maintained its non-Newtonian behavior;
however, the initial viscosity values were slightly reduced. The-
se results are a good indication that the developed formulations
can be used for pharmacological proposes, as none of the com-
pounds added to the formulation have promoted significant
changes on its initial rheological properties (das Neves and
Bahia 2006; Richardson et al. 2013).

When the lubricant formulations containing both pro-
duced polyphenolic compounds, poly(catechin) and
poly(hydroxybenzene), were inoculated with E. coli and
S. epidermidis, the bacterial reduction was higher in the first
24 h of incubation, due to a burst release of the antibacterial

compounds from the lubricant matrix. After this period, it was
expected the decrease of antibacterial compounds release and,
therefore, the bacterial reduction also decreased. It is also
noteworthy that a period for the lubricant dissolution is nec-
essary to disrupt the barrier offered by the gel matrix and
initiate the release of the compounds. Only after the lubricant
dissolution, it was observed the maximum bacterial effect of
each developed antimicrobial phenol. However, this behavior
was not observed for the polyphenol-trimethoprim conjugates
which can be attributed to the antibiotic action. The presence
of free trimethoprim molecules in the polymeric mixture
(Table 2) that easily diffuse through the lubricant matrix and
subsequently promote bacterial damage masks the release of
the polyphenol conjugates. After 72 h of incubation, all the
developed compounds presented a decrease in the bacterial
reduction which can be correlated with an increase in cell
tolerance to the antimicrobial substances. As it is well de-
scribed (Heipieper et al. 1994), one major adaptive mecha-
nism of bacterial cells to the presence of phenols is to increase
the degree of saturation of membrane lipids, therefore reduc-
ing the bacterial cell membrane damage. Comparing the
antimicrobial efficiency of poly(hydroxybenzene),
poly(catechin), poly (hydroxybenzene)-, and poly(catechin)-
trimethoprim conjugates incorporated into a lubricant matrix,
it can be concluded that the tyrosinase methylparaben oxida-
tion in the presence of trimethoprim enhanced the ability to
reduce the bacterial growth. One of the reasons that can ex-
plain this result is the different structural conformation of each
polyphenolic chain. Gonçalves et al. (2014) reported that the
catechin oxidation yields a ramified polymer once on this
work it was well expressed that the methylparaben oxidation
leads to a more simple polymer constituted by repeating phe-
nol units. This structure will have the phenol units more ac-
cessible to affect the structure of the bacterial cell wall. An-
other interesting phenomenon that can be responsible for the
high antimicrobial activity of poly(hydroxybenzene)-trimeth-
oprim conjugates synthesized by tyrosinase is the trimetho-
prim oxidation by-product, namely 2,4-diaminopyrimidine-
5-carboxylic acid that is positively charged. As it is well de-
scribed (Carmona-Ribeiro and de Melo Carrasco 2013), cat-
ionic compounds are emerging as promising candidates for
the development of antimicrobial agents with reduced bacte-
rial resistance since they are able to damage the bacterial cell
through various action mechanisms such as adsorption and
penetration into the cell wall, reaction with the cytoplasmic
membrane (lipid or protein) followed by membrane disorga-
nization, leakage of intracellular low-molecular-weight mate-
rial, degradation of proteins and nucleic acids, and wall lysis
caused by autolytic enzymes. Nevertheless, these
polyphenol-trimethoprim conjugates offer the combination
of two possible antimicrobial mechanisms such as the lipid
bilayers perturbation and the intramembranous material leak-
age with consequent aggregation provided from the phenolic
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action and the dihydrofolate reductase inhibition caused by
trimethoprim (Gonçalves et al. 2015) resulting in a higher
inhibition of the bacterial growth. In addition, the polyphenols
hydrophobicity considerable changes membrane functioning
and influences protein-to-lipid ratios in the membrane, leading
to the bacterial cells damage (Heipieper et al. 1994; Sikkema
et al. 1995).

This work introduced a novel one-step enzymatic approach
to produce antimicrobial poly(hydroxybenzene)-antibiotic
conjugates. Methylparaben and trimethoprim were in situ ox-
idized through tyrosinase action leading to the formation of
poly(hydroxybenzene)-trimethoprim conjugates. The incor-
poration of the poly(hydroxybenzene)-trimethoprim conju-
gates into a lubricant formulation did not compromised their
rheological behavior and prompted antimicrobial activity
against E. coli and S. epidermidis. Therefore, the in situ enzy-
matic conjugation of methylparaben and trimethoprim using
tyrosinase as biocatalyst proved to be a great eco-friendly
alternative approach to extend the methylparaben bacterial
spectrum and to overcome the microbial resistance problems.
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