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Improved Alkyl Glycoside Synthesis by trans-Glycosylation 
through Tailored Microenvironments of Immobilized β-
Glucosidase 
Christian Hoffmann[a], Carl Grey[b], Manuel Pinelo[a], John M. Woodley[a], Anders E. Daugaard[a]*, 
Patrick Adlercreutz[b] 
Abstract: Here, we present for the first time, how the micro-
environment can directly improve biocatalytic selectivity of 
immobilized β-glucosidase. β-Glucosidase from Thermotoga 
neapolitana was immobilized on a variety of functionalized off-
stoichiometric thiol-ene (OSTE) particles, where highest activities 
were observed for thiol and imidazole functional particles. Compared 
to the soluble enzyme, the selectivity (rs/rh) between trans-
glycosylation of p-nitrophenyl β-D-glucopyranoside (pNPG) with 1-
propanol over hydrolysis was increased by a factor of 2-3 using 
particles containing imidazole (rs/rh of 6.7) and carboxylic acid 
moieties (rs/rh  of 9.2), respectively. These results demonstrate clearly 
that enzyme selectivity depends directly on the local environment of 
the enzyme with the support. 

Alkyl glycosides are amphiphilic molecules, in which a hydrophilic 
sugar moiety is covalently linked through a glycosidic bond to a 
hydrophobic alkyl chain. Due to their structure, alkyl glycosides 
are industrially useful as non-ionic surfactants in detergents and 
cosmetics.[1] Compared to the traditional method of chemical 
preparation, enzymatically catalyzed synthesis of alkyl glycosides 
using glycoside hydrolases (EC 3.2.1) has lately received 
increased attention due to mild reaction conditions and high 
selectivity.[2] Enzymatic glycosylation involves the reaction of an 
alcohol directly with a monosaccharide in reverse hydrolysis 
(thermodynamic control), or with a glycoside as a donor 
undergoing a trans-glycosylation (kinetic control). The 
developments within this field have been the subject of a recent 
mini review, which summarized different approaches in order to 
increase the catalytic activity, selectivity and yields.[3] Especially 
the selectivity between synthesis (s) (in this case trans-
glycosylation) and hydrolysis (h) is an important parameter that 
can be described as a ratio of the individual reaction rates rs/rh or 
as a selectivity, Sc taking the nucleophile concentrations (or 
activities) into account.[4] For the synthesis of alkyl glycosides, 
water-miscible[5] as well as water-immiscible alcohols, as 

glycoside acceptors have been studied. It has been shown that 
the enzyme activity and selectivity are highly dependent on the 
water activity[5,7] and the alcohol concentrations and can be 
exploited in 2-phase systems.[8,9] Protein engineering of β-
glucosidases[10] as well as the choice of other glycoside 
hydrolases[11] were also considered in order to improve the 
selectivity and activity. In addition, immobilization of β-
glucosidases on commercial resins was investigated for trans-
glycosylation reactions, resulting in improved activity and 
selectivity at low water activities compared to freeze-dried 
enzymes.[12] Increased stability and reusability was obtained from 
immobilization on zinc oxide (ZnO) as solid support.[13] In general, 
many different materials, such as chitosan, calcium alginate and 
polymer materials have already been applied for glycoside 
hydrolase immobilization.[14] Recently, off-stoichiometric thiol-ene 
(OSTE) materials, being a thermosetting polymer, prepared by 
photochemically cross-linking of thiol and alkene (termed “ene”) 
containing compounds, have also been used as an enzyme 
support.[15] We demonstrated the development of an OSTE 
microtiter plate as a screening platform for a large range of 
surface chemistries as promising supports for the immobilization 
of enzymes.[16] This type of platform allows the fast and versatile 
investigation of micro-environmental effects on enzyme activity, 
as verified by the use of horseradish peroxidase (HRP). This 
approach was further extended by a new method for the 
preparation of OSTE particles followed by versatile surface 
functionalization, which was successfully applied as a support for 
immobilization of HRP in a continuous plug-flow reactor.[17] 
Changes in the environmental properties at the interface between 
the enzyme and support surface have already been shown to be 
an important factor for the performance of immobilized 
enzymes.[18] For immobilized β-galactosidases and lipases for 
instance, it has been found that a favorable environment can 
improve both, the stability and activity.[19] 
The objective of this study was to exploit micro-environmental 
influences in order to promote biocatalytic activity, and more 
importantly selectivity, of an immobilized β-glucosidase. The goal 
was to increase the selectivity between trans-glycosylation (s) 
with 1-propanol compared to the hydrolysis (h) of p-nitrophenyl 
glucopyranoside (pNPG) by changing the surface chemistry of the 
support material and thus, the environmental properties between 
enzyme and support. Therefore, Thermotoga neapolitana β-
glucosidase 3B (belonging to glycoside hydrolase family 3) was 
immobilized onto functional OSTE particles, which were initially 
prepared by suspension polymerization in glycerol using the 
monomers pentaerythritol tetrakis(3-mercaptopropionate) 
(PETMP) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione 
(TATATO) and TPO-L as a photoinitiator. This simple method 
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allowed the formation of micrometer-sized monomer droplets in 
glycerol by rapid mixing, followed by photochemical cross-linking. 
The off-stoichiometric ratio between the monomers (90% thiol in 
excess) resulted in thiol functional OSTE particles, which were 
subsequently subjected for further surface functionalization. 
Photochemical thiol-ene chemistry (TEC) and surface chain 
transfer free radical polymerization (SCT-FRP) were previously 
described to be efficient methods for the introduction of distinct 
functionalities as a functional monolayer or thicker polymer 
grafts.[17] As illustrated in Scheme 1, TEC was applied with a 
variety of monomers, such as allyl alcohol (AA), allyl malonic acid 
(AMA), 2,2,3,3,4,4,5,5-octafluoropentyl acrylate (OFPA) and 1-
vinyl imidazole (Vim) in order to introduce different functional 
groups on the particle surface. Thus, hydroxyl, carboxylic acid, 
fluorine and imidazole functional particles were obtained. In 
contrast to this monolayer functionalization achieved by TEC, 
SCT-FRP was applied using Vim in order to create a thicker 
poly(1-vinyl imidazole) (pVim) layer on the particle surface. 
The chemical changes on the surface following TEC and SCT-
FRP were confirmed by FT-IR and x-ray photoelectron 
spectroscopy (XPS).[17] The different functionalities in this study 
were selected in order to create various surface environments for 
the immobilization of β-glucosidase, and thus impact the enzyme 
performance in terms of activity and selectivity. Hydroxyl or 
carboxylic acid functional particles were intended to form 
hydrophilic interactions or hydrogen bonds, whereas fluorinated 
particles have the potential of creating hydrophobic interactions 
between the surface and the immobilized enzymes. Imidazole 
groups and their derivatives are known for their biological 

importance and have already demonstrated beneficial effects for 
immobilized horseradish peroxidase.[16] 
As a model system, the β-glucosidase catalyzed competition 
reaction between trans-glycosylation and hydrolysis of p-
nitrophenyl glucopyranoside (pNPG) was selected, as illustrated 
in Scheme 2. 1-Propanol was used as a water soluble glycosyl 
acceptor in order to obtain a one-phase reaction system with 
different volume ratios between alcohol and acetate buffer (0.1 M, 

Scheme 1. Surface functionalization of OSTE particles via thiol-ene chemistry (TEC) using Vim, AA, AMA, and OFPA to introduce a functional monolayer; and via 
surface chain transfer free radical polymerization (SCT-FRP) using Vim to graft the surface with a dense polymer layer (pVim) followed by immobilization of β-
glucosidase on pristine and functional OSTE particles 
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Scheme 2. Enzymatic conversion of p-nitrophenyl β-D-glucopyranoside 
(pNPG) to propyl-glucoside (propyl-G), p-nitrophenol (pNP) and glucose 
catalyzed by β-glucosidase immobilized on pristine and functional OSTE 
particles. 
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pH 5.0). β-Glucosidase from Thermotoga neapolitana, which 
already demonstrated its potential as a catalyst for the trans-
glycosylation of pNPG with 1-hexanol in a 2-phase system (rs/rh = 
4.0),[8] was immobilized on pristine and functional OSTE particles 
(see Scheme 1). Since all surfaces have different surface 
chemistry, it is not possible to ensure the exact same loading of 
enzyme in all systems. With a fixed immobilization time of 17h, 
the amount of immobilized enzyme on each type of particle is 
considered only a result of surface chemistry, since all other 
particle properties are constant. It will therefore reflect the ability 
of the particles to act as immobilization systems in terms of both 
loading (activity) and selectivity.  
Initial experiments with free β-glucosidase, in which the 1-
propanol content was varied from 75 to 5 vol%, demonstrated 
high preference of β-glucosidase for trans-glycosylation over 
hydrolysis at high water contents (see Figure S1). Under these 
conditions, the ratio between trans-glycosylation and hydrolysis 
rs/rh ranged between 28.3 and 2.6 (see Table S1). 
However, it is particularly interesting to improve the selectivity 
even further at lower alcohol contents. In order to study the effects 
of the micro-environment on the enzyme selectivity with high 
precision, a regime with significant reaction rates for both trans-
glycosylation and hydrolysis was chosen, which was achieved 
using 1-propanol contents of 5, 2, and 1 vol% and 95, 98, 99 vol% 
acetate buffer, respectively. In these experiments, the pristine and 
functional OSTE particles with immobilized β-glucosidase (≈ 0.6 g 
particles) were submerged in acetate buffer/1-propanol solutions 
containing pNPG (28 mM) as the substrate. The resulting enzyme 
activity, as combined initial reaction rate of trans-glycosylation 
and hydrolysis was evaluated according to the particle 
functionality as well as the amount of 1-propanol, which is 
presented in Figure 1. 
From these results, a general increase in overall enzyme activity 
with increasing alcohol content was observed, indicating that the 
enzyme has a high preference for 1-propanol as acceptor 
substrate. Furthermore, the activity varied substantially between 
the individual functional particles due to micro-environmental 
differences around the enzyme. Depending on the amount of 1-
propanol, the reference OSTE particles containing β-glucosidase 
showed a high activity of 4.2 to 9.7 µM h-1 gparticles

-1, whereas a 
significantly lower activity was observed for hydroxyl (OSTE-AA), 
carboxylic acid (OSTE-AMA) and fluorine (OSTE-OFPA) 
functional particles. Immobilization of β-glucosidase on imidazole 
functional particles (OSTE-Vim) resulted in activities of 3.2 to 

Figure 1. S Activity (combined initial reaction rates of trans-glycosylation and hydrolysis) of β-glucosidase immobilized on pristine (OSTE) and functional OSTE 
particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim in solutions with different 1-propanol contents, such as 5, 2 and 1 vol%. 

Figure 2. Time course of fractional pNPG conversion catalyzed by β-
glucosidase immobilized on pristine (OSTE) and functionalized OSTE particles 
OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-Vim and OSTE-pVim in reaction 
solution, containing (A) 5 vol% , (B) 2 vol% and (C) 1 vol% 1-propanol. 
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6.9 µM h-1 gparticles
-1, which was even further increased by 

immobilization on the polymer grafted particles (OSTE-pVim) (6.9 
- 13.6 µM h-1 gparticles

-1), corresponding to a factor of 1.4 compared 
to the pristine particles. Reactions ran in total for 23 hours and the 
conversion was monitored in time course plots as shown in 
Figure 2A-C. The reaction reached 100 % conversion for OSTE-
pVim particles within 9 hours and for OSTE-Vim as well as pristine 
OSTE particles within 23 hours at any alcohol concentration. 
Whereas, for OSTE-AA (84-52%), OSTE-AMA (43-26%) and 
OSTE-OFPA (75-40%) conversions below 100% were observed.  
 

The previously obtained activities (combined initial reaction rates) 
were split into the individual rates for trans- glycosylation and 
hydrolysis (see Table S2) in order to calculate the reactivity ratios 
rs/rh for the individual particles. The ratios rs/rh as a measure for 
the selectivity is presented in Figure 3 for the three different 1-
propanol contents and the different particles. The selectivity (rs/rh) 
improved with increasing alcohol concentration. Furthermore, the 
results demonstrated that the immobilization has a significant 
impact on selectivity, especially at higher alcohol contents. Using 
1 vol% 1-propanol, rs/rh ratios below 1 (0.35 to 0.60) were 
obtained, implying substantial preference for the hydrolysis for all 
types of particles as well as in solution. An increase of 1-propanol 
content to 2 vol% resulted in similar trans-glycosylation and 
hydrolysis rates and therefore rs/rh values of about 1 were 
obtained for immobilized and free enzyme. An exception being 
OSTE-AMA particles consisting of carboxylic acid surface 
moieties, which generated a preference for trans-glycosylation 
(rs/rh = 2.3) already at this low alcohol content. This tendency was 
even more pronounced at higher alcohol concentration (5 vol%) 
with a rs/rh of 9.2. The high preference for trans-glycosylation of 
OSTE-AMA was also seen for Vim and pVim functional (6.6/6.7), 
pristine OSTE (5.4), OSTE-OFPA (4.4) and OSTE-AA (3.7) 
particles. At this 1-propanol content, immobilization of β-
glucosidase improved in each case the formation of propyl-G 
compared to the reaction in solution (with rs/rh of 3.2). Particles 
employed in this study are only differentiated by their surface 
chemistry, and it is therefore possible to directly compare this 
influence on selectivity. It is clear that the differences in selectivity 
can be ascribed to the variations in surface chemistry and 
consequently in the generation of different enzyme-surface 

environments. Paricularly, the comparison of OSTE-Vim and 
OSTE-pVim particles, having the same functional surface 
(imidazole) in different concentrations (monolayer and polymer 
coating, respectively), illustrates how the activity can be affected 
by the thickness of the layer, whereas selectivity is dependent 
only on surface chemistry and independent of thickness. It is 
expected that similar correlations can be observed for other 
enzymes, resulting in a need to match a given immobilization 
system/surface to specific enzymes for optimal activity and 
selectivity. Future studies will be required to investigate, if specific 
classes of enzymes can be grouped into categories, having 
particularly beneficial interactions with specific surface 
chemistries.  
In this study, we present how different surface chemistries can be 
exploited to improve the selectivity of trans-glycosylation over 
hydrolysis of β-glucosidases by changing the micro-environment 
through immobilization on OSTE particles with specific surface 
chemistries. OSTE particles were prepared by suspension 
polymerization in glycerol, followed by surface functionalization 
via TEC and SCT-FRP. Thereby particles with varied surface 
chemistries were prepared (on the same platform), such as 
hydroxyl (AA), carboxylic acid (AMA), fluorine-containing (OFPA) 
and imidazole (Vim and pVim) groups. β- glucosidase from 
Thermotoga neapolitana, immobilized on the particles via 
physical adsorption, exhibited significant activity for the reaction 
of pNPG, depending on the surface functionality. Especially, 
pristine OSTE (containing surface thiols) as well as imidazole 
(OSTE-Vim and OSTE-pVim) functional particles demonstrated 
high activities between 6.9 and 13.6 µM h-1 gparticles

-1. Furthermore, 
in each case an increase in overall activity was observed with 
increased 1-propanol contents from 1 to 5 vol%. Similarly, the 
trans-glycosylation over hydrolysis ratio increased with increasing 
alcohol concentration. Compared to free β-glucosidase, trans-
glycosylation could be promoted by immobilization of the enzyme 
on OSTE particles. Especially at 5 vol% alcohol, the selectivity 
rs/rh increased almost 3 fold from 3.2 up to 9.2 for carboxylic acid 
functional particles (OSTE-AMA), which was attributed to the 
specific surface chemistry. These results demonstrate clearly that 
variations in surface chemistry and thus, changes in surface 
environment, have a significant impact on the selectivity of 
immobilized enzymes and therefore can be used to tailor 
biocatalytic reactions, as demonstrated here with β-glucosidase. 

Experimental Section 

Materials. Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, 
>95%), 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO, 
98%), allyl alcohol (AA, 99%), allyl malonic acid (AMA, ≥98%), 1-vinyl 
imidazole (Vim, ≥99%), 2,2,3,3,4,4,5,5-octafluoropentyl acrylate (OFPA, 
97%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%), p-nitrophenyl 
β-D-glucopyranoside (pNPG, ≥98%), p-nitrophenol (pNP, ≥98%), n-Amyl 
β-D-glucopyranoside (AG, 98%), D-(+)-glucose (≥99%) were obtained 
from Sigma-Aldrich. Ethyl-2, 4, 6-tri- methylbenzoylphenyl phosphinate 
(Lucirin TPO-L) was obtained from BASF. Ethanol absolute (99.97%) was 
purchased from VWR. Glycerol was kindly provided by Emmelev, Otterup 
A/S Denmark and was used as received. Thermotoga neapolitana β- 
glucosidase 3B (EC 3.2.1.21) was obtained from Escherichia coli batch 
cultivations. It was purified using a two-step protocol, including heat 
treatment of the cell extract (70 ◦C, 30 min), which was followed by 

Figure 3. Selectivity (rs/rh) between trans-glycosylation (s) and hydrolysis (h) 
of pNPG catalyzed by β-glucosidase immobilized on pristine (OSTE) and 
functionalized OSTE particles OSTE-AA, OSTE-AMA, OSTE-OFPA, OSTE-
Vim and OSTE-pVim at different 1-propanol contents. 
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immobilized metal ion affinity chromatography using the supernatant from 
the heat treatment step as described by Pozzo et al. The enzyme was 
stored at 4 °C until use.[20] 

Methods. β-glucosidase reactions were followed using HPLC (LaChrom; 
pump L-7100, interface L-7000, autosampler L- 7250 with a 20 ml injection 
loop, UV-detector L7400, Hitachi Ltd. Tokyo, Japan) equipped with an 
evaporative light scattering detector (Alltech 500 ELSD, Alltech Associates 
Inc., Deer-field, USA) with evaporator temperature 78 °C, a nebulizer gas 
flow of 2.0 standard liters per minute and a Kromasil 100-5-NH2 column 
(4.6 µm × 250 mm, Kromasil). Isokratic conditions with 85 % acetonitrile 
and 15 % MQ water under a constant flow rate of 1.0 ml min-1 were used. 
pNP has a retention time of 4.1 and was monitored at 405 nm using the 
UV detector. pNPG elutes after 4.9 min and was followed at 405 nm as 
well as with ELSD. PG eluted after 6.2 min and glucose after 13.8 min, 
both were detected by ELSD. Concentrations were determined by use of 
8 point external standard curves. For PG no standard was available, 
therefore the calibration was prepared using n-amyl β-D-glucopyranoside. 
Combined initial reaction rates taking both, trans-glycosylation and 
hydrolysis into consideration, were estimated from the initial changes in 
molar concentration of pNPG over time. Similarly, the individual initial 
reaction rates for trans-glycosilation and hydrolysis were estimated using 
the initial changes molar concentrations over time of propyl-G and glucose, 
respectively. 

Preparation off-stoichiometric thiol-ene (OSTE) particles. TPO-L (3.0 
mg, 0.1 wt%), PETMP (2.217 g, 0.0012 mol), TATATO (0.794 g, 0.0016 
mol), and glycerol (30 mL) were added into a mixing cup under exclusion 
of light. Then, the mixture was mixed in a Speedmixer at 1000 rpm 
(SpeedMixerTM DAC 150.1 FVZ) for 1.5 minutes before the formed 
emulsion was exposed to UV light (λ= 365 nm, 1.4 mW cm-2) for 10 minutes. 
Subsequently, ethanol was added to the formed particles in glycerol, which 
was homogenized by brief manual stirring and the resulting particles were 
filtered and thoroughly rinsed with ethanol. 

Surface functionalization of OSTE particles via thiol-ene chemistry 
(TEC). In a general procedure, the full batch of previously prepared OSTE 
particles was directly submerged in a solution containing 1-vinyl imidazole 
(0.824 mL, 0.009 mol), TPO-L (28.6 mg) and 20 mL ethanol. After 
magnetically stirring for 5 min under light exclusion, the stirring mixture 
was exposed to UV-light (λ= 365 nm, 1.4 mW cm-2) for 5 minutes. 
Thereafter, the particles were filtered and thoroughly rinsed with ethanol 
before drying in vacuo overnight, which led to a white material (2.1459 g, 
yield 71 %). 

Surface functionalization via allyl alcohol (AA) by TEC. OSTE-AA was 
prepared in accordance to the general procedure, using 20 mL of an 
ethanolic solution of allyl alcohol (AA, 408 µL, 6.0 mmol) and TPO-L (28.6 
mg) as reagent. 

Surface functionalization via allyl malonic acid (AMA) by TEC. OSTE-
AMA was prepared in accordance to the general procedure, using 20 mL 
of an ethanolic solution of allyl malonic acid (AMA, 0.864 g, 6.0 mmol) and 
TPO-L (28.6 mg) as reagent. 

Surface functionalization via 2,2,3,3,4,4,5,5 octafluoropentyl acrylate 
(OFPA) by TEC. OSTE-OFPA was prepared in accordance to the general 
procedure, using 20 mL of an ethanolic solution of 2,2,3,3,4,4,5,5 
octafluoropentyl acrylate (OFPA, 1.36 mL, 6.0 mmol) and TPO-L (28.4 mg) 
as reagent. 

Surface functionalization of OSTE particles via surface chain transfer 
free radical polymerization (SCT FRP) with 1-vinyl imidazole (OSTE-
pVim). In a general procedure, the full batch of previously prepared OSTE 
particles was submerged in a solution containing 1-vinyl imidazole (Vim, 

10.4 mL, 0.115 mol), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 142.8 
mg, 0.50 mol%) and ethanol (20 mL), which was screened from ambient 
light. Under magnetic stirring, this mixture was subsequently irradiated 
with UV light (λ= 365 nm, 0.4 mW cm-2) for 30 min. Thereafter, the particles 
were filtered and thoroughly rinsed with ethanol before drying in vacuo 
overnight, which led to a light yellow material. 

Immobilization of β-glucosidase. 1.5 g of the previously functionalized 
particles was resuspended in ethanol, which was subsequently 4 times 
solvent exchanged by phosphate buffer (0.1 M, pH 7.2). The final amount 
of buffer was 7.5 mL and β-glucosidase (7.5 mg, 1.0 mg mL-1) was added 
to this mixture. The suspension was incubated under shaking at 4 °C. After 
17 h the particles were filtered under suction and thoroughly washed with 
phosphate buffer (0.1 M, pH 7.2). 

Selectivity study of immobilized β-glucosidase. The particles used for 
immobilization of β-glucosidase were directly after filtration divided into 
three equal sized portions. To portion 1 (0.6724 g), 4 mL of a mixture of 
acetate buffer (0.1 M, pH 5.0) and 1-propanol in a volume ratio of 95 : 5 
containing pNPG (28 mM) was added. Similarly, to portion 2 (0.6570 g) 
and portion 3 (0.6872 g), 4 mL of an acetate buffer/1-propanol mixture in 
a volume ratio of 98 : 2, and 99 : 1 vol% containing each pNPG (28 mM) 
was added. These suspensions were vortex mixed for 10 s and 
subsequently incubated under shaking (750 rpm) at 37 °C. Samples of the 
supernatant (100 µL) were withdrawn after 0, 0.25, 0.5, 1, 2, 5, 9 and 23 
h. To each aliquot, 100 µL of a NaOH solution (2 mM) and 500 µL of 
acetonitrile were added, and the final samples were analyzed by HPLC. 

Selectivity study of free β-glucosidase. To 2.0 mL of a 95 : 5 vol% 
acetate buffer (0.1 M, pH 5.0)/1-propanol solution containing pNPG (28 
mM), 5 µL of dissolved β-glucosidase (in phosphate buffer, 0.1 M, pH 7.3, 
3.95 mg mL-1) was added resulting in a final enzyme concentration of 9.85 
µg mL-1. In the same way, a 98 : 2 vol% acetate buffer (0.1 M, pH 5.0)/1-
propanol solution containing pNPG (28 mM) and a 99 : 1 vol% acetate 
buffer (0.1 M, pH 5.0)/1-propanol solution containing pNPG (28 mM) were 
used. These reaction mixtures were incubated at 37 °C under shaking (750 
rpm) and samples (100 µL) were withdrawn after 0, 0.25, 0.5, 1, 2, 5, 9 
and 23 h. To each aliquot, 100 µL of a NaOH solution (2 mM) and 500 µL 
of acetonitrile were added, and the final samples were analyzed by HPLC. 
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