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Abstract

methods is important to obtain correct DS values.

Background: Natural polysaccharides such as starch are becoming increasingly interesting as renewable starting
materials for the synthesis of biodegradable polymers using chemical or enzymatic methods. Given the complexity
of polysaccharides, the analysis of reaction products is challenging.

Results: Esterification of starch with fatty acids has traditionally been monitored by saponification and back-
titration, but in our experience this method is unreliable. Here we report a novel GC-based method for the fast and
reliable quantitative determination of esterification. The method was used to monitor the enzymatic esterification
of different starches with decanoic acid, using lipase from Thermomyces lanuginosus. The reaction showed a
pronounced optimal water content of 1.25 mL per g starch, where a degree of substitution (DS) of 0.018 was
obtained. Incomplete gelatinization probably accounts for lower conversion with less water.

Conclusions: Lipase-catalysed esterification of starch is feasible in agueous gel systems, but attention to analytical

Background

Naturally abundant polysaccharides, in particular starch
and cellulose, are increasingly being considered as renew-
able and potentially biodegradable starting materials in
many traditional industries [1,2]. In many applications,
the properties of natural polysaccharides are not ade-
quate for their intended uses and physical or chemical
modification is employed in order to obtain a material
with improved properties. It has been found that even
small changes in the structure of the polysaccharide can
lead to extensive alterations of chemical and physical
properties [1]. Chemical modification usually aims to
hydrolyse glucoside links in the chain, or to attach differ-
ent types of molecules on to the chains, taking advantage
of the three hydroxyls present in each anhydroglucose
unit. This has led modified starches to become important
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commercial products, with a range of uses most notably
in the food industry [2].

Biocatalysis is an attractive option for chemical modifi-
cation of starch, and has been extensively used for partial
hydrolysis to generate oligomers. However, the enormous
range and diversity of available enzymes offers the possi-
bility to obtain completely novel products with new or
improved functionalities that were impossible to produce
through traditional means. The use of enzymes to acylate
the starch molecule, and generate compounds with com-
mercial importance, is a relatively unexplored field [3-7].
Even where the modifications have been made previously,
enzymatic routes may be preferable because the chemical
processes include extreme pH conditions, solvents that
push the limits of acceptability for health and other rea-
sons, and substrates such as anhydrides and acid chlor-
ides [2]. New possible uses of modified starches in fields
such as the pharmaceutical or biomedical industries and
even traditional uses are challenged by new waves of
strict health and safety laws and regulations. This results
in the need to update or replace traditional methods of
modified starch formation with “cleaner” methods. Bioca-
talysis is a possible solution considered in situations
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where milder reaction conditions are required, with fewer
by-products and higher selectivity.

Starch fatty acid esters have traditionally been domi-
nated by starch acetates which presented more desirable
properties for the intended uses. In recent years how-
ever starch acylates of medium or longer chain acids
have emerged as candidates for novel uses, mainly in
the biodegradable and renewable materials industries.
One of the main advantages of these materials is the
ability of longer chain esters to work as internal plastici-
zers of starch’s glucan matrix [8]. The extent of acyla-
tion is characterised by the degree of substitution (DS),
defined as the average number of acyl groups per anhy-
droglucose unit.

When starch has been esterified, whether by conven-
tional chemical or enzymatic routes, product analysis is
important. The analysis of esterified starch samples has
been approached in a few different ways. The oldest and
most common method however has been a titrimetric
one, first proposed by Genung and Mallatt [9]. The
principle of the method is that if modified starch is
saponified with a known amount of hot aqueous NaOH,
the ester bonds will be hydrolysed and sodium acylates
will form. When this solution is back-titrated with a
standard strong acid (e.g. HCI), the amount of NaOH
used for saponification can be calculated and conse-
quently the acyl group substitution can be quantified
(Figure 1a). This method is still widely employed, as
shown by recent references [6,7,10-13]. Recently this
method has also been used to quantify starch esters of
fatty acids [6,7,11]. The case of cellulose has been
approached with the same methodology. Saponification
followed by titration has been used to a great extent,
even in recent years [14].

Other more recent methods include the quantification
based on the absorption band assigned to the vibration of
the carbonyl in the ester group, with FTIR [15] and a
method based on NMR spectroscopy [16]. However due
to the need for instrumentation and the uncertainty of
analysis of polymers with these methods, the titration
analysis has been the method of choice in the past years.
In recent years and with the introduction of specialised
high throughput titration tools, there has been, to our
knowledge, no attempt at a more insightful look at the
parameters of this method. We attempted to perform
this analytical approach, with an automatic titrator,
which allows for precise readings and accurate titration
of samples of small volume. These experiments revealed
flaws that led us to seek another approach for an easy
benchtop analytical method. Alkaline methanolysis is
used in many cases to produce methyl esters via a trans-
esterification reaction. The products are usually suitable
for GC analysis, especially in the case of esters of medium
chain length fatty acids. Methanolysis of cellulose
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acetates has been reported, followed by GC analysis of
the methyl acetate [17]. Here we propose an analysis
scheme for starch esters of fatty acids, based on treat-
ment of the starch ester with sodium methoxide, fol-
lowed by GC analysis of the resulting fatty acid methyl
ester.

Results and Discussion

Potentiometric titration analysis

The published saponification method (Figure 1a) indi-
cates that back-titration should end at the initial pH of
the starch suspension (before NaOH addition), but does
not specify a precise value. It is clearly important that
the end-point pH value is sufficiently high that sodium
acylate does not significantly titrate. To investigate the
possible application to decanoyl starch, we ran some
standards and controls on an automatic titrator. These,
presented in Figure 2 indicated some issues that com-
promise the method’s reliability.

Figure 2 shows the potentiometric titration curves
obtained after the saponification treatment was applied
to native starch and its mixture with decanoic acid.
There are a few points to makes on the resulting curves.
It should be noted that the viscosity of the solution is
high, as might be expected (alkali induced gelatinisation),
making it difficult to homogenise the solution during
titration. This may cause localized higher or lower pH
values, and probably accounts for the noisy artifact visible
on the titration curve of the starch blank, which was typi-
cally observed. However, the starch blank curve is clearly
not close to the sodium hydroxide curve. There seems to
be a generation of acid during the saponification treat-
ment of starch, which neutralizes some of the sodium
hydroxide. This could be caused to a certain extent by a
slow alkaline decomposition and partial oxidation by
atmospheric oxygen, which generates small carboxylic
acids, such as ethanoic and lactic acid, as known to occur
during the alkaline treatment of starch [9,18]. This
means that it is necessary to take into account this con-
tribution when quantifying a modified product. From
these results it is clearly necessary always to use a titra-
tion of the native unmodified starch, as a blank. This
blank is only mentioned in a few early publications [19].
It might be considered obvious that a blank should be
used, but it is possible that some workers feel that the
blank will be negligible, as native starch does not contain
significant numbers of acid or basic groups. However,
even if a blank is used, in our experiments these starch
blanks were found not to be very reproducible, nor to
vary proportionally to the amount of starch used.
Together with the fact that the starch blank can be a very
large correction, this makes the method not reliable.

Another problem is the nature of the titration curve for
the starch/fatty acid mixture. When sodium decanoate
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Figure 1 Reactions and side-reactions of starch ester analyses. a) Titration Analysis: 1 Hydrolysis of starch ester (circle denotes starch),
2 Saponification of acid, 3 Titration of residual hydroxide ions, 4 Titration of saponified acid, b) Transesterification/GC Analysis: 1 Methanolysis of
starch ester and formation of methyl ester, 2 Hydrolysis of methoxide 3 Hydrolysis of methyl ester, 4 Deprotonation of acid to form acyl ion, no
methyl ester synthesis.

was titrated alone, there was a clear phase of significant
acid consumption between pH of around 8 to 6. This titra-
tion occurs well above the true pK value, because the neu-
tral decanoic acid formed comes out of solution, pulling
the equilibrium over. However, after the saponification
treatment in a mixture with starch, there is no indication

of this titration of sodium decanoate (Figure 2). The curve
does show the expected consumption of NaOH by initial
neutralization of the decanoic acid. This means that even
though a portion of NaOH neutralizes the decanoic acid,
the subsequent titration of the sodium decanoate can not
be clearly recorded. We also found the pH of the aqueous
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Figure 2 pH curves from titration analysis. Curves from titration
by 0.5 M HCl of (-):1.4 mL of 1.0 M NaOH, (—): Native starch
treated with 1.4 mL 1.0 M NaOH, (—): Native starch and decanoic
acid mixture treated with 1.4 mL 1.0 M NaOH.

starch mixture, prior to sodium hydroxide addition, to
have values close to 6. This of course means that when
back titrating in order to reach a pH of 6, some of the
sodium decanoate molecules formed would also be
titrated, thus adding to the errors in the DS quantification.
These same problems were found when using the
titration method with a range of different starch types
(data not shown). Overall, our observations suggest that
the titration method is unreliable, at least for starch
esters of medium chain fatty acids. It might be accepta-
ble for high DS acetyl derivatives, for example, where
blanks may be smaller relative to the sample titrations.

Transesterification/GC analysis

Transesterification of acetyl groups from starch to
methanol has been employed, where the resulting methyl
acetate was distilled, then analysed with alkaline saponifi-
cation and titration [20,21]. In the case of longer chain
fatty acids (Figure 1b), the resulting fatty acid methyl
ester (FAME) can be easily detectable with great accuracy
on a gas chromatography system. We therefore investi-
gated GC detection of FAME as an alternative to the
titration method described above. At first, the GC analy-
sis was optimized for speed, accuracy and reproducibility.
Initial problems with irreproducibility due to heterogene-
ity of the solid starch product were overcome by dissolu-
tion of the whole reaction product in DMSO until a clear
solution was obtained (20-50 mg/mL DMSO).

In initial trials the quantity of methyl ester found
declined again after longer transesterification times, prob-
ably because of its hydrolysis. The rate of disappearance
was faster at higher temperatures, but could be reduced by
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the use of special grade anhydrous methanol. A transester-
ification reaction at 50°C gave maximum methyl ester at
just under one hour. The hydrolysis of the methyl ester
was not detectable under these conditions.

Once the FAME was quantified, the average mol of
acyl groups per anhydroglucose unit was calculated to
give the DS of the modified starch. As there are three
hydroxyl groups per unit present, the maximum value
the DS can reach is 3. It should be pointed out that
when used for systems with fatty acid substrates, any
residual free fatty acid in the final product will not
esterify and thus will not affect the resulting DS. This is
expected for alkaline methanolysis, because the fatty
acid is converted to the unreactive carboxylate anion.
Nevertheless, because we were measuring small DS
values, a control was performed where decanoic acid
was added to the mixture prior to transesterification. No
detectable methyl ester was found, unless fatty acid
esters were also present. This is a very important advan-
tage of this method, as, in our experience, it is not
uncommon for unreacted fatty acid to remain non-cova-
lently attached to the starch, even after several washes.
The titration analysis, will not distinguish between cova-
lently and non-covalently bound residues.

The reproducibility of the method was tested by repli-
cate analysis of samples taken from the same reaction
product, showing a standard deviation of less than 3%
(e.g. DS of 0.0042 + 0.0001).

Lipase catalysed esterification in concentrated aqueous
gelatinised starch systems

Systems using lipase-catalysed esterification of gelati-
nized starch with a low water concentration, surfactant
and a free fatty acid have been described in literature
[6,7] (Figure 3). In our hands, these systems show rather
low homogeneity and ability to be mixed.

The analysis of these enzymatic reaction systems with
the GC method described earlier showed clear peaks of
methyl decanoate, whilst controls (no enzyme) gave very
small peaks, or no peaks at all. Quantification of these
peaks showed that starch decanoate with a DS ranging
from 0.004-0.007 was obtained (Table 1). Such DS values
are close to 0.01, which is said to be approximately the
target for most starch acylates with desirable properties,
as further acylation alters too much the physical charac-
teristics of starch [1,22,23]. Furthermore we found the
presence of surfactant unnecessary for the reaction to
proceed, as similar DS were recorded for systems with or
without added Triton X-100. Presumably the viscous nat-
ure of the aqueous phase is enough to ensure adequate
dispersion of the fatty acid. It should be noted that the
product of these reactions did not appear to be homoge-
neous, and could be roughly separated into two fractions.
One fraction retained the powdery appearance of native
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Figure 3 Enzymatic acylation of starch. With lipolase, at 50°C for 60 minutes, mixed by overhead stirrer.

starch, while the other fraction was large particles of
aggregated starch, possibly containing some other reac-
tion ingredients that could not be removed by washing.
This fractionation was more profound for higher amylose
contents. The existence of these fractions made the dis-
solution of the whole product in DMSO prior to analysis
even more important. Only in this way could a represen-
tative sample be taken in order to obtain reproducible
and accurate measurements of bulk acylation.

Another point is that in general, starches with higher
amylopectin fractions seem to result in higher DS values
(Table 1). Rather than the chemistry of the molecule
itself, this probably can be related to the effect of amylo-
pectin content on the rheology of the gelatinized starch,
which likely influences the mixing of the system.

It is worth noting that a control where the enzymatic
reaction mixture is analysed without incubation (yield
for time zero), did not result in the generation of methyl
ester. This control was run in case any methyl ester was
generated from residual fatty acid, catalysed by residual
lipase, during the work-up and analysis process.

The reaction progress with time was monitored for the
starch type that resulted in the higher DS. From Figure 4
it is obvious that the reaction reaches a plateau after one
hour, though whether it is a true equilibrium can not be
deduced from these data alone.

Because water plays an important role in both stages of
the process, as a gelatinization medium and as an enzy-
matic reaction solvent, the effect of water concentration
in the gelatinization mixture was also investigated. It

Table 1 Degrees of substitution for enzymatic acylation
of different starches with decanoic acid using lipase from
Thermomyces lanuginosus (lipolase)

Starch source DSs? % Amylose
Amylose 0.0025 £ 0.0006 100%

Hylon VII (high amylose) 0.0039 + 0.0005 70%

Wheat 0.0042 + 0.0001 25%

Maize 0.0040 £ 0.0006 25%
Tapioca 0.0093 + 0.0011 17%
Amioca (high amylopectin) 0.0084 + 0.0010 <1%

@Analysis with transesterification/GC method, errors are standard deviation for
triplicate experiments, all controls had DS <0.00001. The values for amylose
content were given by the suppliers of each starch type.

seems that although the enzymatic reaction as expected
is favored by reduced water concentration (or increased
starch concentration), a minimum amount of water is
necessary for the progression of the gelatinization. This
seems like a reasonable interpretation of the optimum
observed in Figure 5, which displays this trade-off
between increased enzymatic synthetic activity at lower
water concentrations and complete disruption of the
granular structure at higher water concentrations.

Product analysis by NMR

We attempted to analyse the product of an enzymatic
starch acylation by nuclear magnetic resonance and com-
pare the spectrum with that of unmodified native starch.
With the aid of a COSY experiment, we successfully
assigned the peaks corresponding to carbohydrate pro-
tons. Figure 6 shows the NMR spectrum for decanoylated
starch ester. Peaks b (3.322-3.357 ppm), d (3.601-3.668
ppm) and g (5.108 ppm) can be assigned to the CH pro-
tons from the C4/C2, C5/C3/C6 and C1 anhydroglucose
carbons respectively. Peaks f (4.415 ppm), h (5.264 ppm)
and i (5.305 ppm) are due to protons from the hydroxyl
groups of C6, C3 and C2 carbons respectively. As well as
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0.002

0.000 T T T -
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Figure 4 Progress of lipolase catalysed synthesis of tapioca
starch decanoate. This used standard conditions with 1.5 mL H,O
per g starch during gelatinisation.




Alissandratos et al. BVIC Biotechnology 2010, 10:82
http://www.biomedcentral.com/1472-6750/10/82

0.020

0.015 4

0.010 1

DS

0.005 4

0.000
0.0 0.5 1.0 1.5 2.0 25

mL H20 / g starch

Figure 5 Change in obtained DS for different initial
concentrations of tapioca starch/water mixtures. This shows the
ratio of starch to water mixed prior to the gelatinisation stage.
Water content of the starch, and water losses were negligible, but
additional water is present during the enzyme reaction, because this
is added as an aqueous solution (0.5 mL per g starch). Reaction
time was 1 hr.

these peaks assignable to the carbohydrate, we also found
three extra peaks, appearing exclusively in the modified
starch spectrum, a (1.006-1.072 ppm), ¢ (3.446 ppm) and
e (4.207 ppm), and not recorded with native starch. The
upfield peak was at a shift that has been attributed to
protons in the fatty acid chain in previous published
work on starch fatty acid esters [3-5]. A scan of the same
sample after addition of deuterated methanol verified our
peak assignments for the starch protons, as the hydroxyl
proton peaks disappeared, but also resulted in the loss of
peak e. This made us suspect the possibility of residual
ethanol from the washing stages of the reaction. Our sus-
picions were verified by measurement of the spectrum of
ethanol in the same DMSO-dg medium, showing perfect
agreement of chemical shifts with peaks a, ¢ and e. We
further analyzed a sample of acylated starch precipitated
with acetone instead of ethanol. The peaks attributed to
ethanol were indeed now missing, with instead a large
peak appearing at 2.08 ppm, as expected for acetone pro-
tons. Small low-shift peaks were revealed, which might
be attributable to methyl and methylene protons in the
decanoyl chains. Their small size made accurate quantita-
tion difficult, but estimated DS values were about twice
those from the GC method. However, fatty acid non-co-
valently attached to the carbohydrate would also contri-
bute to these peaks. No "H-NMR peaks were detectable
that could be assigned exclusively to covalently (or non-
covalently) bound fatty acid. Hence we conclude that this
NMR approach is not a reliable method for estimation of
DS in the low range encountered with our samples. It
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may well be accurate for much higher DS starch deriva-
tives, especially when purified (one report [24] suggests
that the method should be used for DS > 2). On the con-
trary, as mentioned above, the transesterification/GC
analysis does not have a contribution from non-cova-
lently attached fatty acid, and can accurately measure low
DS values.

Conclusions

We have developed a new analysis scheme for determin-
ing degrees of substitution in starches acylated with fatty
acids. This analysis method has been used to evaluate a
number of enzymatic acylation reactions and to measure
the DS for a number of acylated starch types. We found
an optimum water concentration in the gelatinization
mixture, which can be attributed to its role in the dis-
ruption of starch’s granular structure while inhibiting
the synthetic reaction. Thus, acylation of Tapioca
derived starch using lipase from Thermomyces lanugino-
sus (lipolase) with decanoate was achieved to substitu-
tion yields of close to 0.02 DS with good reproducibility.

Methods
Enzymatic esterification of starch
Hylon VII (70% amylose), Tapioca Starch and Amioca
Powder TF (near 100% amylopectin) were provided by
National Starch (Germany). Amylose, lipase from Ther-
momyces lanuginosus (lipolase), Triton X-100 and
decanoic acid were obtained from Sigma-Aldrich(UK).
Starch (dried in a convection oven to constant weight)
was mixed with sodium phosphate buffer (0.1 M, pH =
7.0), at a ratio of typically 40% w/v in a 50 mL round
bottomed flask and gelatinised while mixed at 90°C, for
approximately 1 hour, followed by cooling to 50°C. 0.5
mL of lipolase solution (lipase from 7. lanuginosus,
approximately 50 kU for Sigma assay), per gram of
starch were added and mixed thoroughly. Finally 0.5 g
of liquid decanoic acid per gram of starch (0.46 mol per
mol anhydroglucose units) was placed in the vessel. The
reaction solution was mixed with an overhead stirrer
(Heidolph, anchor paddle, 50 rpm), for 1 hour. Smaller
scale reactions were carried out in 2 mL screw-top cen-
trifuge tubes and mixed in a Vortex Disruptor Genie.
The reaction solution was then quenched with 10 times
its volume of acetone or absolute ethanol, to precipitate
the starch. Ethanol is most commonly used in published
methods to precipitate starch, but we found that its use
could lead to formation of small but detectable amounts
of ethyl decanoate, probably through catalysis by the
enzyme still present. The amounts found (by GC analy-
sis) corresponded to less than 0.0005 DS, but it is
recommended to avoid ethanol, especially when low DS
values are to be measured. After centrifugation (4000
rpm or 2690 g) the supernatant was removed and the
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product was washed twice with the same volume of
acetone or ethanol. After washing, the product was
dried in a desiccator under vacuum. A control used an
equal volume of buffer instead of enzyme solution.

Potentiometric titration analysis

Potentiometric titration analysis was performed in an
automatic titrator (Radiometer Analytical, TIM 854). The
substituted starch (300 mg) was treated with H,O (3.6
mL) at 30°C for one hour, followed by measuring the pH,
and further treating with 1.4 mL 1.0 M NaOH at 50°C for
48 hours [10]. The solution was then titrated with a volu-
metric 0.5 M HCI solution until the pH reached a value of
approximately 1.5, so the full titration curve could be
observed. The literature method would suggest DS is cal-
culated from the amount of NaOH consumed during the
saponification, after the excess has been titrated back to
the pH value measured prior to NaOH addition.

Transesterification/GC analysis
Anhydrous methanol and sodium methoxide in methanol
solution were obtained from Sigma-Aldrich (UK). A small

sample (5-30 mg) of esterified starch dissolved in 0.5 mL
DMSO was mixed with 1 mL of sodium methoxide 0.07
M in methanol solution and a known amount (10 pL of a
100 mg/mL solution in n-heptane) of internal standard
(n-tetradecane was suitable in the case of decanoic acid).
Reagents were of anhydrous grade to minimise hydrolysis
of the methyl ester as a side-reaction. This mixture was
then heated (50°C) under reflux for 60 min, while shaken,
then cooled and 1 mL of deionised water and 1 mL of n-
heptane were added. The mixture was shaken for 1 min
and left to settle. The top organic phase contained the
methyl ester and could be removed and injected into the
GC-FID (Perkin-Elmer Autosystem XL with a CP Simdist
capillary column, oven set at 120°C, the injector at 130°C
and the detector at 150°C).

NMR analysis

'H and 2D-COSY experiments were conducted at 50°C
on an AVANCE/DRX500 spectrometer at 500 MHz.
The starch samples were dissolved at 50°C in DMSO-dg
or DMSO-d¢ : methanol-d, (4:1) at a concentration of
10 mg/mL (DMSO-d¢ and methanol-d, were obtained
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from Sigma-Aldrich). The samples were incubated at 50°C
for 5 min in the spectrometer, prior to analysis.
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