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ABSTRACT: A thiol-β-cyclodextrin was synthesized by a simple and environmentally friendly three-step method comprising
epoxy activation of β-cyclodextrin, thiosulfate-mediated oxirane opening, and further reduction of the S-alkyl thiosulfate to a thiol
group. The final step was optimized by using thiopropyl-agarose, a solid phase reducing agent with many advantages over soluble
ones. β-Cyclodextrin thiolation was confirmed by titration with a thiol-reactive reagent, NMR studies, and MALDI-TOF/TOF.
Thiolated cyclodextrin had an average value of one thiol group per molecule. Thiol-β-cyclodextrin proved to be an excellent
agent for controlling polyphenol oxidase activity. This copper-containing enzyme is responsible for browning in fruits and
vegetables. Under the same conditions, thiol-β-cyclodextrin generated a reductive microenvironment that increased the
antibrowning effect on Red Delicious apples compared to unmodified β-cyclodextrin.
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■ INTRODUCTION

Cyclodextrins (CDs) are macrocyclic oligosugars shaped like a
truncated cone with a hydrophobic internal cavity and a
hydrophilic outer surface.1 The particular significance of CDs
lies in their ability to form inclusion complexes with other
molecules.2−9 Moreover, on the basis of the reactivity of their
external OH groups, chemically modified CDs can be
synthesized to vary their solubility, to modify their complex-
ation properties, and/or to introduce certain specific functional
groups.10 These characteristics facilitate the control of
enzymatic activity, not only by encapsulation of substrates or
products but also by generating new microenvironments
around the enzyme when modified CDs are used.
In particular, β-cyclodextrin (β-CD) has found specific

application in the food industry because it has been classified
in the list of food additives as “generally recognized as safe”
(GRAS) by the U.S. Food and Drug Administration (FDA).11

In recent years, the potential value of β-CD as an inhibitor of
enzymatic browning in fruits and vegetables has been
extensively reported. Browning is one of the most important
causes of quality loss; organoleptic qualities and nutritional
properties may be strongly altered, resulting in product
rejection by consumers.11−13

The control of enzymatic browning is a challenge to the food
industry, and various physical and chemical methods have been
used to reduce this oxidative process.14,15 Polyphenol oxidase is
the major enzyme responsible for this process and catalyzes two
different reactions in the presence of molecular oxygen: the
hydroxylation of monophenols to o-diphenols (monophenolase
activity) and the oxidation of o-diphenols to o-quinones
(diphenolase activity).15,16 Several mechanisms are proposed

for the CD antibrowning effect; the most well-known is the
complexation of PPO substrates by CDs, preventing their
oxidation to o-quinones and subsequent polymerization to
brown pigments. Because PPO activity depends on the
oxidative effect of the copper ions present in its active site,
the reduction of these metallic ions is an excellent strategy for
controlling enzyme activity. It is reported that after the
oxidation of o-diphenols to o-quinones by molecular oxygen,
catalyzed by PPO, these o-quinones can react with thiol
compounds by nucleophilic thiolate addition, giving thiol−
diphenol adducts. The formation of these adducts under
reducing conditions is another explanation why thiols can be
used for controlling enzymatic browning in fruits and
vegetables.17,18

Several studies have been carried out to search for new
natural inhibitors of enzymatic browning, such as sulfur-
containing amino acids and their derivatives. These amino acids
were evaluated as an alternative to sulfite, which was used as a
very effective antibrowning agent until 1986, when its use was
limited by the FDA.19 This search led to thiol-containing
compounds, which are promising agents for the control of
enzymatic browning in fruits and vegetables; more specifically,
cysteine, N-acetyl-L-cysteine and reduced glutathione have been
reported as effective PPO inhibitors.20−22

The present study was focused on the development of a β-
CD modified with thiol groups, which could create a reductive
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environment and simultaneously capture enzyme substrates in
its hydrophobic cavity. Furthermore, thiol-cyclodextrin (thiol-
CD) could be used as a carrier for natural antioxidant additives,
stabilizing them and increasing their antioxidant capacity.
Different strategies for the synthesis of thiolated-β-cyclo-

dextrin are known, with those involving tosylation of CDs being
most frequently used.23−26 Cyclodextrin monotosylate is the
most important derivative of this host molecule for access to
modifications on the primary hydroxyl side of the macrocycle.27

However, it is necessary to control the reaction to avoid
overtosylation.28 The synthesis of monotosylated CD is mainly
performed according to the method reported by Melton and
Slessor29 using pyridine as solvent; this requires dry conditions,
which, if rigorous, cause formation of a cyclodextrin−pyridine
gel,30 with a risk of chlorination during workup.31 Moreover,
the direct sulfonylation at primary positions of cyclo-
maltooligosaccharides does not usually proceed with high
yields and selectivity. Thus, many other alternative routes for
synthesizing thiol-CDs start with direct iodination of the cyclic
oligosaccharide with triphenylphosphine in dimethylformamide
and iodine.32−35 A different strategy involves cross-linking β-
cyclodextrin with epichlorohydrin, giving a polymer with
residual hydroxyl groups that are later activated with tosyl
chloride.36

Here we report a new method for the synthesis of a thiol-
CD, involving an initial step in which 1,4-butanediol diglycidyl
ether (DGE) was used for the introduction of reactive oxirane
groups on β-CD, followed by a thiolation process. This
approach was reported by Sundberg et al.37 for the synthesis of
epoxy-activated agarose for the preparation of chromatography
adsorbents. On the basis of our previous studies on the
introduction of thiol-reactive groups to epoxy-agarose,38−40 the
complete synthesis of thiol-CD was carried out in an aqueous
milieu, at room temperature, involving an alkyl thiosulfate
intermediate41 followed by reductive treatment with a solid
phase reducing agent (thiopropyl-agarose).39,42,43 Thiopropyl
agarose has many advantages over soluble reducing agents: no
contaminant products are liberated, separation from the
reduced molecule is easy, as is regeneration, and it can be
reused many times.
The antibrowning effect of thiol-CD was evaluated both in a

PPO extract and on slices of Red Delicious apples. After the
treatment, browning decrease was determined by quantifying
PPO residual activity in the extract and by measuring pulp
color.

■ MATERIALS AND METHODS
β-Cyclodextrin (β-CD), dithiothreitol (DTT), epichlorohydrin (1-
chloro-2,3-epoxypropane), 1,4-butanediol diglycidyl ether (DGE),
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), phenolphthalein, Triton
X-100, and polyvinylpolypyrrolidone (PVPP) were purchased from
Sigma (St. Louis, MO, USA). Biotech dialysis membranes, Spectra/
Por 500−1000 MWCO, were obtained from Spectrum Laboratories
(Rancho Dominguez, CA, USA). Sepharose 4B was from Pharmacia
BTG (Uppsala, Sweden).
Thiopropyl-agarose Preparation. Thiopropyl-agarose was pre-

pared in our laboratory as reported by Batista et al.40 Epichlorohydrin
(15 mL per 100 g of suction-dried Sepharose 4B) and 100 mL of 1 M
NaOH were used for the epoxy activation step. The gel-bound epoxy
groups formed were then reacted with sodium thiosulfate, and the
resulting alkyl thiosulfate esters were finally reduced to thiol groups by
treatment with DTT. Thiopropyl agarose with 1000 μmol SH/g dried
gel was obtained.

Thiol-CD Synthesis. The method comprises three steps: epoxy
activation of β-CD, conversion of the introduced oxirane groups into
thiosulfate groups, and their reduction to thiol groups.

Epoxy Activation of β-Cyclodextrin .37 β-CD (1 g) was dissolved in
5.0 mL of 0.6 N sodium hydroxide solution under magnetic stirring at
room temperature. Aliquots of DGE were added at a rate of about 100
μL every 5 min over a total period of 50 min, under agitation. After
another 40 min, the reaction was ended and excess reagent was
removed by extraction with petroleum ether.

Alkyl Thiosulfate Preparation (Bunte Salt-CD) .41 The solution
containing the epoxy-cyclodextrin (epoxy-CD) was made pH neutral
with hydrochloric acid. Then 2 M sodium thiosulfate in 0.5 M sodium
phosphate buffer, pH 6.3, was added, and the resulting solution was
stirred for 6 h at room temperature.

Afterward, dialysis was performed to remove salts with membrane
Spectra/Por 500−1000 MWCO, checking the absence of thiosulfate
by Ellman’s reaction.44

Bunte Salt-CD Reduction with Solid Phase Reducing Agent. Ten
milliliters of Bunte salt-CD (dialyzed against 10 mM sodium
phosphate buffer, pH 8.0) was incubated with 1.6 g of thiopropyl-
agarose (with 53 μmol SH/g suction dried gel) under agitation at
room temperature. After 2 h, the gel was removed by filtration on a
sintered glass filter, and the resulting filtrate was extensively dialyzed
against 10 mM acetate buffer, pH 4.5, using a membrane with 500−
1000 MWCO. Then it was frozen for later lyophilization.

Determination of Oxirane Groups.37 Quantitative determina-
tion of oxirane groups involved a reaction between the oxirane ring
and sodium thiosulfate. Release of OH− groups was followed by
titration with 0.1 M hydrochloric acid. The amount of oxirane groups
in the solution was calculated from the amount of hydrochloric acid
needed to maintain neutrality. It was necessary to start with a neutral
solution of oxiranes.

β-CD Titration with Phenolphthalein.45 Aliquots of sample
were incubated with 1.0 mL of phenolphthalein (60 μM in buffer 0.2
M sodium bicarbonate, pH 10.5) for 15 min. Absorbance at 550 nm
was determined against a blank of buffer pH 10.5. The presence of β-
CD causes a decrease in color intensity leading to negative values of
absorbance.

SH Titration (Ellman’s Method).46 Sample aliquots were
incubated for 15 min with 1.0 mL of 0.1 M buffer sodium phosphate,
pH 8.0, and 100 μL of DTNB (4 mg/mL) in the same buffer.
Absorbance at 412 nm was determined, and SH groups were
calculated as the amount of 2-nitro-5-thiobenzoic acid (TNB) released
(molar extinction coefficient at 412 nm of TNB is 13600 M−1 cm−1).

MALDI TOF/TOF. Analysis was carried out in a 4800 MALDI
TOF/TOF analyzer (ABI Sciex, Framingham, MA, USA) operating in
a reflection mode in the range m/z 900−20000. Dissolved sample was
mixed with two different matrix solutions: (1) α-cyano-4-hydroxycin-
namic acid in 50% acetonitrile/water and (2) α-cyano-4-hydroxycin-
namic acid in 60% acetonitrile and 0.1% trifluoroacetic acid.

NMR Spectroscopy. NMR spectra were recorded on a Bruker
Avance DPX-400 spectrometer at 303 K, using D2O as solvent. The
chemical shifts are expressed in parts per million, and the signal of
HDO at 4.79 ppm was used as reference for 1H NMR spectroscopy.
13C NMR spectroscopy was performed using the following acquisition
parameters: pulse program, zgpz30; number of raw data points (TD),
64K; number of scans (NS) ranging 18584 to 70947 along different
runs; number of dummy scans (DS), 4; spectral window (SWH),
23980.814 Hz (240 ppm); relaxation delay (D1), 2 s; pulse length
(P1), 17 μs.

Fully decoupled: composite pulse decoupling sequence (set by
CPDPRG2) waltz, 16; nucleus 2 (NUC2), 1H; transmitter power level
(PL1), −6.00 db; decoupler power level (PL12), 22.50 db; gated
decoupler power level (PL13), 20.26db; decoupler offset (O2), 1600
Hz.

Process parameters: number of real data points (SI), 32K;
frequency, 100.6127690 MHz; window function (WDW), EM; line
broadening, 1.00 Hz.

PPO Extraction from Red Delicious Apple. Organic apples
(Red Delicious) harvested at commercial maturity in April 2010 at a
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local farm were selected to avoid interferences with pesticides.
Representative samples were stored at 0 ± 2 °C and manual peeling,
cutting, and washing were performed.
PPO extraction was performed as reported by Yucheng et al.47

Apple sample (100 g) was blended with a homogenizer for 3 min, with
160 mL of extraction buffer (0.2 M sodium phosphate−citrate, pH
7.4), 2 g of PVPP, and 0.25 mL of Triton X-100. The homogenate was
incubated for 90 min at 4 °C and centrifuged for 15 min at 12000g at 4
°C.
Enzymatic Activity Assay. PPO activity was assayed by mixing

0.9 mL of substrate in activity buffer (0.1 M sodium acetate, pH 4.6)
with 0.1 mL of enzyme sample. The change in absorbance at 420 nm/
min was determined using chlorogenic acid as substrate.48 A blank
with substrate solution and buffer was run.
One enzyme unit is the amount of enzyme necessary to produce a

change in absorbance at 420 nm of 0.001/min at 22 °C and pH 4.6.
Effect of β-CD, Thiol-CD, and DTT on Soluble PPO. Aliquots of

PPO extract were incubated for 1 h at room temperature with each
agent (Thiol-CD and DTT 20 μM, β-CD 10 mM) under end-over-
end agitation. A control was run with enzyme in activity buffer.
Aliquots were taken at intervals of 10 min, and the residual PPO
activity was determined.
Sliced Apple Treatment with PPO Inhibitors. Organic apples

(Red Delicious) were peeled, cored, sliced, and divide into 2 g aliquots
in Petri boxes.
One mililiter of test solution (β-CD or thiol-CD, both 700 μM in

0.1 M sodium acetate buffer, pH 4.6) was added to each box. Controls
with the same buffer and controlled atmosphere were run at the same
time. Apple slices were kept closed in Petri boxes with adherent film at
room temperature for 24 h. Afterward, a Konica Minolta CM-700d/
600d spectrophotometer was used to assess apple pulp color. The
measuring aperture diameter was 8 mm, and CIE/10° was the
illuminant/viewing geometry. Three different areas were monitored
(slice extremes and middle) by five measurements each. Readings were

expressed as L*, a*, and b* parameters.49−52 The parameter ΔE* was
calculated as follows: ΔE* = (ΔL*2 + Δa*2 + Δb*2)1/2.

Statistical Analysis. All determinations were replicated at least
three times, and analysis of variance (ANOVA) of the data was carried
out. The Tukey test was employed to determine the statistical
significance of the differences between the means (p ≤ 0.05).

■ RESULTS AND DISCUSSION

Synthesis of a Thiol-CD. The present research was based
on our previous experience on derivatization of hydroxylated
solid phases (e.g., agarose) with thiol groups. Due to the
structure of β-CD we here report its activation using the same
chemistry with modifications.38−40The synthesis of thiol-CD
involved an epoxy activation, followed by a Bunte salt
preparation and a final reduction step (Figure 1).

Epoxy Activation. Initially, epoxy activation was carried out
with epichlorohydrin in alkaline medium as reported by Renard
et al. for β-CD polymer preparation.53 However, higher epoxy
activation degree of β-CD was achieved using DGE, a reagent
reported for agarose activation.37 Epoxy titration and 13C NMR
data confirmed the presence of the oxirane residue, for which
signals at δ 44.8 and 51.6 appeared after DGE treatment (see
the Supporting Information).

Bunte Salt Preparation. This was accomplished by the
procedure reported for polysaccharide matrixes using sodium
thiosulfate.37 The elimination of excess reagent by gel filtration
or dialysis was important because otherwise this salt will
consume the reducing agent used in the next step. NMR data
for Bunte salt-CD showed almost the same peaks as the epoxy-
CD, except for the absence of the signals corresponding to the
oxirane (δ 44.8 and 51.6) and the presence of a new signal at δ

Figure 1. Thiol-CD synthesis.
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37.5, which agreed with a CH2 bound to S2O3
−2 (see the

Supporting Information).
Bunte Salt Reduction. Bunte salt reduction was carried out

with thiopropyl-agarose. This insoluble reagent has been
extensively used for protein reduction42 but, to our knowledge,
this was the first attempt to reduce oligosaccharides using this
solid phase reducing agent. The solid phase reducing agent was
selected because its excess can be easily removed by filtration,
allowing an easier control of the reaction and avoiding methods
that dilute the concentration of the reduced product and
lengthen the overall process. Moreover, solid phase reducing
agents do not liberate any contaminating byproducts, and it is
possible to reuse them many times. Optimization of Bunte salt-
CD reduction was carried out by studying kinetic aspects of the
reaction for 24 h. As shown in Figure 2, the highest SH titer

was achieved between 120 and 240 min. Additionally, the
amount of reducing agent was adjusted, because it was found
that no significant increase (by Tukey’s test) in the SH titer was
achieved using more than 6 mol SH/mol β-CD in the reducing
gel (Figure 3). The resulting product had an average of 1 SH

per unit of β-CD. This degree of reduction can be explained
considering that the alkyl thiosulfate groups on the bulky CD
and the thiopropyl groups on the solid phase reducing agent
must be in close proximity to react. Consequently, for alkyl
thiosulfate groups farther away from the thiopropyl groups the
reduction process would be more difficult. This was
experimentally confirmed by comparing the mass spectra
(MALDI TOF-TOF) of Bunte salt-CD and thiol-CD, because
a peak at m/z 1495.43, corresponding to the Bunte salt
structure, could be seen in both.

The use of a soluble reducing agent, such as DTT, could
increase the number of SH groups per unit of CD, but it would
give less control of the reduction process and would hinder
scaling up of thiol-CD synthesis because the reducing agent
could not be reused.
Different analyses were carried out to confirm the chemical

structure of the reduced product, including SH titration
(Ellman’s reaction), NMR measurements, and MALDI TOF-
TOF MS analysis.
Mass spectra in a reflection mode in the range m/z 900−

20000 suggested a low degree of polymerization because no
peaks of high molecular weight appeared in the m/z range
5000−20000. Thus, most of the chemically modified β-CD
molecules remained as monomers. In addition, only mono-, di-,
and trisubstituted compounds (i.e., CD units with one to three
side chains) appeared in the MS spectra (peaks at m/z 1393.49,
1627.58 and 1865.70), and the presence of thiol groups was
confirmed by titration in solution (Ellman’s reaction). An
average of 1 mol SH/mol β-CD was obtained, in agreement
with the presence of a heterogeneous population of species
including β-CD without thiolation.
The fragmentation spectra of the monosubstituted peak (M

+ Na, m/z 1393.49) showed the successive loss of glucose units
(sequential loss of 162 mass units) until a last fragment (m/z
421) corresponding to glucose functionalized with the thiolated
side chain. Other fragmentation sequences showed that the
functionalized glucose could be removed first, followed by the
repeated loss of glucose units (Figure 4). Moreover, the mass of
the side chain matched exactly that of the proposed structure
shown in Figure 1.
From the reactivity point of view it has been reported that in

β-CD the primary C6-OH groups are more reactive than the
secondary C2-OH and C3-OH. Therefore, derivatives with
substituted primary carbons are expected.35

The 13C NMR spectra of thiol-CD showed no significant
shifts for C2 and C3 compared to β-CD control, in agreement
with the absence of substitution at these positions.34 However,
the signal corresponding to C6 could not be identified because
it overlapped with that of the side chain (δ 60−70) (see the
Supporting Information). In brief, all signals indicated the
presence of a thiolated cyclodextrin, the mass spectra confirmed
that it was mainly a monomer with one to three substituents
per β-CD unit, and the thiol groups could be titrated by specific
reaction with Ellman’s reagent.

Thiol-β-CD as an Antibrowning Agent for Apple PPO.
PPO catalyzes the oxidation of o-phenols to o-quinones, which
then convert to brown melanin pigments, though any event
that disrupts these transformations should reduce enzymatic
browning. There are different mechanisms to explain the
antibrowning effect: direct action on the enzyme (preventing
the formation of o-quinones) and other actions that affect
reaction intermediates (avoiding the transformation of o-
quinones to brown pigments). Because Cu2+ ions in the
enzyme are essential for PPO activity and thiol groups have a
strong affinity for this metal, thiol-containing compounds are
potentially good antibrowning agents. Moreover, nucleophilic
addition of the thiolate anion to o-quinone intermediates can
generate colorless thiol-o-quinone adducts instead of brown
pigments. Another antibrowning mechanism extensively
reported in the literature11−13,54 is based on the encapsulation
of the enzyme’s substrates (polyphenols) by cyclodextrins. We
aimed to synthesize a derivatized cyclodextrin with thiol groups
that could act combining all of these mechanisms and allow the

Figure 2. Kinetics of Bunte salt-CD reduction on solid phase. Results
represent averages of at least three experiments. The same letter
indicates no significant difference at the p ≤ 0.05 level according to
Tukey’s test.

Figure 3. Reduction of Bunte salt-CD with different amounts of solid
phase reducing agent. Results represent averages of at least three
experiments. The same letter indicates no significant difference at the p
≤ 0.05 level according to Tukey’s test.
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generation of a reducing environment with the concomitant
capture of substrates. To elucidate the mechanisms involved,
thiol-CD, β-CD, and DTT were assessed as antibrowning
agents on PPO from Red Delicious apples. As can be seen in
Figure 5, after PPO incubation with thiol-CD, DTT, and β-CD,

the residual activity markedly decreased for both reducing
agents, remaining unchanged for β-CD. These results suggest
that the inhibitory effect of thiol-CD and DTT on PPO is due
to the interaction of thiol groups with copper ions in the active
site of the enzyme. However, DTT showed different kinetics,
because residual activity was depleted more rapidly than for
thiol-CD. The different chemical structure of those compounds
might explain this result, because DTT is a small hydrophilic
molecule, whereas thiol-CD is bigger and more hydrophobic. It
is important to observe that β-CD had no effect on protein
copper ions even though it was assayed at a concentration (10
mM) almost 500 times higher than that used for both reducing
agents.
When effects on the enzyme−substrate reaction were

evaluated, it was found that the antibrowning effect achieved

with thiol-CD was considerably higher than that found for the
same concentration of β-CD, indicating that substrate
encapsulation was not the only mechanism involved when
thiol-CD was used.
Moreover, as thiol groups can react with o-quinones,21

another mechanism for explaining the higher antibrowning
effect could be the formation of adducts between thiol-CD and
o-quinone intermediates. In summary, all of these results
suggest that the inhibitory effect of thiol-CD on PPO extract
was mainly due to the reducing microenvironment generated
by its thiol groups, although polyphenol capture contributed to
the global result.
For fresh-cut fruit comparative results between modified and

unmodified oligosaccharide (both at the same concentration,
700 μM) were observed. Changes in L*, a*, and b* were
measured to quantify the browning in sliced apple after 24 h
with different treatments: 0.1 M sodium acetate buffer, pH 4.7,
700 μM β-CD, and 700 μM thiol-CD (both in the same
buffer).
As can be seen in Table 1, the color measurements showed

that different effects were achieved by treatment with β-CD and

Figure 4. Fragmentation spectra (thiol-CD MS/MS 1393.4).

Figure 5. Antibrowning effect on soluble PPO: (▲) β-CD 10 mM;
(●) thiol-CD 20 μM; (■) DTT 20 μM, in 0.1 M sodium acetate
buffer, pH 4.7. Results represent averages of at least three experiments.

Table 1. Colorimetric Detection of Treated Apple Pulp
Colora

L* a* b*

controlb 67.26 ± 0.80 a 1.32 ± 0.48 a 26.92 ± 0.45 a
β-CD (700 μM)c 66.69 ± 1.91 a 1.55 ± 0.42 a 26.11 ± 1.20 a
thiol-CD (700
μM)d

70.20 ± 0.84 b −0.16 ± 0.16 b 19.92 ± 2.31 b

aMeans in the same column followed by the same letter are not
significantly different at the p ≤ 0.05 level according to Tukey’s test.
The experiment was replicated with three different apples, and five
measurements were taken at three different areas (slice extremes and
middle). bControl (0.1 M sodium acetate buffer, pH 4.7). c700 μM β-
CD in 0.1 M sodium acetate buffer, pH 4.7. d700 μM thiol-CD in 0.1
M sodium acetate buffer, pH 4.7.
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thiol-CD. Whereas a* did not change significantly for β-CD, a
decrease in a* was found for thiol-CD, corresponding to a
reduction in red color and therefore a decrease in enzymatic
browning. Moreover, the other color parameters confirmed this
fact, because an increase in brightness (L*) and a reduction in
yellow color (b*) were also observed.49−52,55 The parameter
ΔE* for thiol-CD and β-CD (7.68 and 1.02, respectively)
matched the expected results.
In brief, it was possible to synthesize a thiol-CD by an

environmentally friendly method, which has very promising
applications for controlling enzymatic browning not only in
fresh-cut fruits and vegetables but also in juices and other
processed foods. The use of thiol-CD in the food industry will
require future studies including the evaluation of its toxicity.
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