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ABSTRACT
Pectin fragments have powerful anti-metastatic properties but the molecular structure of the active component(s) is still unknown. Pectin hydrogels
are used to encapsulate drugs for oral drug delivery. This polysaccharide is not digested in the upper intestinal tract but its degradation in the colon
releases oligomers with potential bioactivity. Here we tested the release of pectin fragments in standard simulated digestion media. Calcium-pectin
beads, some of them further reticulated by polyethyleneimine and/or chitosan were incubated in simulated gastric, intestinal or colonic media in
presence or absence of pancreatin or pectinases. Pectin oligomers were released only in simulated colonic media (i.e. in presence of pectinase) but
the fragments were not longer than dimers which is much shorter than previously reported for pectin incubated with human faeces. The in vitro
study of pectin digestion will therefore need simulated digestion media with much lower pectolytic enzyme concentrations.
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INTRODUCTION
Polysaccharide hydrogels are used in oral drug delivery devices for a
more effective release of active agents in the colon 1. Colonic delivery
overcomes hurdles such as poor drug stability in the small intestine
or poor transport across biological membranes in the upper
gastrointestinal tract. Direct drug delivery to the colon is also more
effective in the case of diseases such as ulcerative colitis, colorectal
cancer and Crohn's disease. The active agents, such as proteins,
antibiotics, nucleotides, etc, are encapsulated in high cross linked
polymeric beads allowing their direct administration to the colon. It
also benefits from lower protease activity and longer residence time
delivery in the colon, something useful in the treatment of nocturnal
asthma, angina and arthritis 2,3.

Several polysaccharides among which pectin, chitosan, alginates and
carrageenans are degraded by colonic bacterial enzymes only and
are therefore used as carriers for targeting drugs to the colon.

Pectin is a complex polysaccharide whose main constituent is a
linear polymer of
(1 -4)-D-galacturonic acid whose carboxylic
groups are naturally more or less methylesterified 4. Acidic pectin is
a polyanion at pH above 5 and can be easily cross linked by calcium
cations in mild conditions, ideal to entrap different bioactives. Pectin
molecules form so-called calcium “egg boxes” when at least nine
non-esterified galacturonic acid residues are present in sequence. A
monoclonal antibody (2F4) that specifically binds this
supramolecular conformation has been described 5. De-esterified
pectin can be chemically converted to carboxamide to yield neutral
amidated pectin. Amidation of pectin promotes association of amide
groups along the chain through hydrogen bonding.

Since pectin is not digested by gastric or intestinal enzymes 6, but
easily degraded by pectinases produced by the colonic microflora,
calcium pectinates have been used in different formulations for
colon drug delivery 7. A subsequent coating with polycations, such as
polyethyleneimine (PEI) or chitosan, has been used to stabilize
calcium pectinate beads: coating pectin beads with PEI for example
considerably improves their stability in simulated intestinal medium
8.

In human and mammalian cells, pectin fragments have relevant
bioactivities. Intravenous injection of murine melanoma cells with
citrus pectin (CP) resulted in a significant increase in the appearance
of tumor colonies in the lung, while injection of shorter modified
citrus pectin (MCP) obtained by -elimination at alkaline pH
significantly decreased experimental metastasis by more than 90% 9.
MCP is a reduced molecular weight and debranched pectin
consisting of a homogalacturonan backbone with little
methylesterification 10. In another study 11, MCP given orally to

athymic mice inhibited tumor growth, angiogenesis and metastasis
in vivo. MCP appears to be capable of targeting multiple critical ratelimiting steps in cancer metastasis and the main established
mechanism of action for MCP is by antagonizing a -galactoside
binding protein galectin-3 12. Pectin and pectin oligosaccharides also
induced apoptosis in a human colonic adenocarcinoma cell line as
demonstrated by caspase-3 activity and DNA laddering 13. Heat
treatment instead of alkaline treatment of citrus pectin also
generates pectin fragments that lead to the induction of significant
levels of apoptosis in prostate cancer cells 14.
Pectin fragments have also prebiotic properties 15, and were found to
possess anti-adhesive properties for pathogenic microorganism cells
16,17. However, the structural requirements of pectin fragments for all
these bioactivities are not yet well defined.

In plant cells, the biological activities of the pectin fragments are well
know 18 as well as their size dependency: fragments with a degree of
polymerization higher than 8 are able to associate intermolecularly
through Ca2+ bridges to form so-called “egg boxes”, a conformation that
determines their bioactivity 19,20. WAK1, a membrane receptor that
binds this conformation of pectin has been described 21.
Here we were interested to see whether and where pectin fragments
could be released during incubation of different calcium pectinate
beads reticulated or not by polycations in standard simulated
gastric, intestinal or colonic media. It had already been shown
during in vitro incubation of pectin with human faeces flora that
oligogalacturonides of DPs between one and seven were produced
and finally fermented into short chain fatty acids 21. Here, we could
show that in standard simulated colonic media containing
recommended concentrations of pectinolytic enzymes only
oligogalacturonides with a degree of polymerization (DP) lower than
three were released. No oligogalacturonides long enough to
associate intermolecularly through Ca2+ bridges could be detected at
any time.
MATERIALS AND METHODS

Non-amidated Pectin with degree of methylesterification of 30%,
polyethyleneimine (PEI, Supelco) and chitosan were purchased from
Sigma-Aldrich; 20% amidated pectin and 22-28% methylesterified
OG175C Unipectin were obtained from Degussa. Pancreatin was
supplied by Sigma.
Preparation of Pectin Beads and reticulation with chitosan
and/or Polyethyleneimine

Different pectin-containing beads were tested. The pectin beads
were prepared by described procedures 7, 8. An aqueous solution of
6% (w/v) pectin (non-amidated with degree of methylesterification
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of 30% or 20% amidated and 22-28% methylesterified OG175C
Unipectin) was introduced dropwise by a peristaltic pump
(Pharmacia LKB P-1, Sweden) through a plastic tubing (0.8 mm
inner diameter) into a calcium chloride solution (CaCl 2 6%, w/v)
to form gel particles. The particles were kept in the Ca2+ solution
for 20 min. The beads were then rinsed repeatedly with distilled
water until neutrality and dried at 37°C. For reticulation in PEI the
undried pectin beads recovered by filtration from the CaCl 2
solution were introduced in a PEI (0.8% w/v) solution for 20 min
with magnetic stirring. The reticulated beads were recovered by
filtration and part of them was treated for a second time with fresh
PEI solutions.

The preparation of chitosan-reticulated pectin beads was based on
published protocols 23, 24, 25. Undried pectin beads were recovered
by filtration from CaCl 2 or PEI solutions and introduced in a
chitosan solution (1% w/v) for 20 min. Trimethylchitosan was
also tested instead of chitosan. These reticulated beads were also
rinsed repeatedly with distilled water until neutral pH and dried at
37°C.

The schematic representation of the procedures for producing nonamidated (D1 to D4) and amidated (D11 and D12) pectin-Ca2+ beads
reticulated with PEI and/or chitosan is presented in Figure 1A and
1B, respectively.

Pectin DM 30 (SIGMA) 6%

A

CaCl2 6%
Beads
PEI 0.8%
PEI 0.8% Chitosan 1%

D1

D2

Chitosan 1%

D3

D4
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B

Pectin DM 22-28%, DA 20%
CaCl2 6%
Beads
PEI 0.8%

Chitosan 1%

D11

Chitosan 1%

D12

Fig. 1: Preparation of non-amidated pectin (Sigma) (A) or
amidated pectin (OG175C Unipectin) beads (B) reticulated with
PEI (0.8%) and/or chitosan (1%)
Incubation of beads in simulated gastrointestinal media
In one set of experiments, beads were placed directly in each
individual simulated medium. The above-described beads (D1 - D4,
D11, D12) were incubated either in phosphate buffer (PBS 0.01 M,
pH 7.4) or in media simulating digestive juices: gastric medium USP
XXIV 26 (KCl 0.2 M adjusted at pH 1.4 with HCl) and intestinal
medium USP XXIV (SIM: phosphate buffer 50 mM and 1% pancreatin
at pH 6.8) as described 8. After incubation, the solutions were tested
by HPLC-PAD and ELISA for the presence of oligogalacturonides and
egg boxes (Figure 2A).

In another set of experiments, the particles were first incubated in
SIM for 5h, then placed in synthetic colonic medium (HEPES 10 mM
and NaCl 140 mM, pH 6) to test for OGA and egg boxes released after
increasing times of incubation with or without pectinase (Pectinex
Ultra SPL, Sigma) as described 8. These authors use a pectinolytic
enzymes concentration of 5200 PG/mL in SIM. Since such an
extremely high pectinolytic enzyme concentration completely
degrades pure pectin into monomers in a very short time, we used a
six times lower Pectinex enzyme concentration (i.e. 870 PG/mL) to
increase chances of producing oligosaccharides (Figure 2B).

Fig. 2: Protocol used for testing the presence of oligogalacturonides and egg boxes released from pectin beads D1, D2, D3, D4, D11 and
D12 incubated in phosphate buffer or simulated gastric or intestinal media (A) or in simulated intestinal media with or without
pectinolytic enzymes (B).
Chromatographic analysis of oligogalacturonides
Each sample was filtered (0.45 µm) and then analyzed by High
Performance Anion Exchange Chromatography (HPAEC-PAD) for the
determination of the degree of polymerization of the
oligosaccharides following a procedure adapted from existing
protocols 27. HPAEC was performed on a Dionex GP50 gradient
pump (Dionex, California, USA) equipped with a LC Packings Famos

autosampler, a Carbopac PA100 column and ICS-3000 Pulsed
Amperometric Detector (PAD) from Dionex (California, USA).

The mobile phases were all degassed with helium to prevent carbon
dioxide solubilization and carbonate formation. Chromoleon
software (Dionex, California, USA) was used for controlling
chromatographs and data acquisition and processing. The analysis
was carried out at 1mL/min with a linear gradient of 200 mM to 500
293
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re-equilibrated with the starting buffer solution. The HPAE column
was calibrated using standard oligogalacturonides. A typical
example of oligogalacturonides separation is presented on Figure
3A.

mM sodium acetate in 100 mM sodium hydroxide (0-50 min) and
500 mM to 800 mM sodium acetate in 100 mM sodium hydroxide
(50-65 min). The column was reconditioned by washing with 800
mM sodium acetate containing 100 mM sodium hydroxide and then
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Fig. 3: HPAEC-PAD profile of oligogalacturonides (OGA) of degrees of polymerization between 1 and 15 (A) and pancreatin-containing SIM
(B) separated on Carbopac PA100. The labels above the peaks on graph A indicate the degree of polymerization of the OGA eluted in each
peak. Unidentified contaminants from the pancreatin preparation produced peaks of low retention times.
Immunological detection of pectin egg boxes

RESULTS

Pectic fragments with a DP>8 dimerize in presence of calcium ions
and can be detected by immunoprecipitation-GaMIg ELISA tests
carried out as described 20. Briefly, samples were
immunoprecipitated with the 2F4 antibody that specifically binds
pectin chain dimerized through calcium ions under the egg box
conformation. After centrifugation, the free unreacted antibodies in
the supernatant were assayed in a sandwich ELISA test using goat
anti-mouse immunoglobulin (GaMIg) as capture antibody and
horseradish peroxidase-labeled sheep anti-mouse immunoglobulin
as detection antibody.

Analysis of the soluble fraction released from simulated gastric
and intestinal media
The non-amidated pectin-Ca2+ beads (D1 to D4, Figure 1A) and the
amidated pectin beads (D11 and D12, Figure 1B) were first
incubated in PBS buffer at pH 7.4, in simulated gastric medium at pH
1.4 (Figure 4) or in simulated intestinal medium in presence of 1%
pancreatin at pH 6.8 (Figure 5) for increasing times, before testing
the presence of oligogalacturonides in solution. No pectin oligomers
could be detected in any case.
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Fig. 4: HPAEC-PAD profiles of the soluble fraction of amidated pectin beads D12 incubated in PBS buffer at pH 7.4 (A) or non-amidated
pectin beads D3 and D4 (B) and amidated pectin beads D12 (C) incubated in simulated gastric medium at pH 1.4 for different times (15h). No pectin oligomer could be detected in the incubation buffer of any of the beads even after 5 h treatment.

In simulated intestinal medium in presence of 1% pancreatin at pH 6.8, small peaks were detected in the incubation medium of non-amidated D3
and D4 and amidated D12 beads at retention times lower than the ones of oligogalacturonides of DP 9-20 (Figure 5). These peaks originated from
the pancreatin preparation (Figure 3B).
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Fig. 5: HPAEC-PAD profiles of the soluble fraction of non-amidated (A) and amidated (B) pectin-Ca beads incubated in SIM with pancreatin
for different times. No high DP OGA was detected even after 5 h treatment.
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Analysis of the soluble fraction released by sequential
incubation in simulated intestinal and colonic media

Int J Pharm Pharm Sci, Vol 3, Suppl 5, 292-299

transferred to colonic medium with Pectinex Ultra SPL, only peaks
with retention times lower than DP3 could be observed (Figure 6).
This is not surprising since even the six times reduced enzyme
activity we used in this experiment (i.e. 870 PG/mL instead of 5200
PG/mL as recommended for SIM) was still about one thousand times
more concentrated than the one used to obtain pectin fragments of
DP9-20 in controlled conditions 28..

After five hours in SIM-pancreatin, the amidated and non-amidated
pectin-Ca2+ beads were transferred to colonic medium without
pectinolytic enzymes. No oligogalacturonide could be detected in the
equilibrium solution even after 5 hours incubation (data not shown).
When beads treated for five hours in SIM-pancreatin were
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Fig. 6: HPAEC-PAD profiles of the soluble fraction of (A) non-amidated pectin-Ca beads (D3 and D4) and (B) amidated pectin-Ca beads
(D12) incubated in simulated colonic medium solution with pectinase. No pectin oligomer of DP 9 to 20 could be detected whatever the
incubation time
Calcium-induced egg box conformation
Pectin fragments long enough to associate cooperatively through
calcium ions are recognized by the conformation-specific
monoclonal antibody 2F4. Methylesterification and amidation of

pectin molecules as well as a reduction in the degree of
polymerization of non-substituted oligogalacturonides prevent
calcium-induced egg box formation, as recognized by the 2F4
antibody (Figure 7).
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Fig. 7: Quantification by 2F4 MoAbs of Ca2+ induced egg box dimers.
296

Cutsem et al.

Polygalacturonic acid (PGA), Non-amidated Pectin with degree of
methylation of 30% (Pectin DM30), 20% amidated and 22-28%
methylesterified
pectin
(Pectin
DM22-28,
DA20),
oligogalacturonides with degree of polymerization lower than 7
(OGA DP<7) and higher than 8 (OGA DP>8) were tested in a
sandwich ELISA test. The mean values of three replicates are
presented.
The effect of polyethyleneimine on OGA egg box stability was also
studied: since PEI is a polycation, we hypothesized that it could
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easily destroy the egg boxes by binding to the negative charges of
pectin. OGAs with DP > 8 were titrated by increasing PEI
concentration and the egg boxes detected by an ELISA test with the
2F4 antibody (Figure 8). At PEI concentrations about ten times
lower than OGAs, the egg boxes completely disappeared: the
addition of polycations such as PEI to pectin beads completely
destroyed the egg box conformation. Even if OGAs of the right size
were produced in the digestion media, the presence of such
polycations would hinder their direct association through calcium
ions and strongly modify their physico-chemical properties.

Egg box concentration
(% of control)

100
80
60
40
20
0
0,01
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PEI/OGA
Fig. 8: Effect of PEI on egg box dimer formation by high DP oligogalacturonides

The 2F4 MoAbs were incubated with high DP OGA (4.0 mg.L-1) in
presence of increasing concentrations of PEI. Egg box concentrations
were measured by an immunoprecipitation – GaMIg ELISA test. The
concentrations of egg boxes are represented as percentages of the
concentrations measured in control solutions without added PEI. No
OGA egg box could be detected by the 2F4 MoAb at PEI
concentrations nearly ten times lower than OGA concentration.
DISCUSSION

Drug encapsulation in pectin
Oral drug administration is most convenient for patients but
localized delivery in the colon for treatment of diseases like
ulcerative colitis, Crohn’s disease or carcinomas needs protection of
the drugs from the hostile environment of the upper gastrointestinal tract. Polysaccharides are used to encapsulate drugs
because they are largely resistant to gastrointestinal environment
and enzymes. Once in the colon, polysaccharides are degraded by the
local microflora and drugs are released. Pectin is commonly used to
encapsulate drugs for colon delivery but the polymer must be made
less water soluble to avoid premature release of the drug.
Polycations such as chitosan, a β-1,4- polymer of glucosamine, or
polyethyleneimine have been used for that purpose 2, 3. The stability
of such formulations is routinely tested in simulated digestion
media. Simulated colonic media contain large amounts of pectolytic
enzymes to mimic the action of colonic microflora.

Since modified citrus pectin is known to have powerful anticancer
properties and consists mostly in linear homogalacturonan of DP 8
up to >30 10, we wondered what type of pectic fragments such
simulated digestion media would release. Experiments were
therefore carried out on beads of pectin, crosslinked with calcium
and/or reticulated with chitosan or trimethylchitosan and/or
polyethyleneimine to check whether and which oligogalacturonides
would be produced upon beads incubation in simulated gastro-

intestinal media. Both HPLC-PAD and ELISA tests with the 2F4
antibody that recognizes homogalacturonan of DP>8 were used to
detect oligogalacturonides and their capacity to adopt the
supramolecular conformation induced by calcium ions.

HPLC and ELISA analysis of fragments

The HPLC-PAD analysis showed that no oligogalacturonide could be
found in the soluble fraction of any amidated and non-amidated
pectin-Ca2+ beads, whether cross-linked or not with PEI and/or
chitosans, assayed after up to five hours incubation in gastric and
intestinal simulated media (Fig. 4). Pectin beads coated with
trimethylchitosan behaved similarly to chitosans-treated beads in all
respects (data not shown). In the soluble fraction of SIM incubation
media that contained pancreatin, some peaks with low retention
times were detected (Fig. 5). These peaks did not correspond to the
retention times of standard oligogalacturonides, and they were also
detected in the pancreatin enzyme preparation before incubation
with the beads: these peaks correspond to contaminants in the
pancreatin preparations. Beads incubated first in SIM-pancreatin
and then in colonic medium with pectinase released
monogalacturonic and digalacturonic acids in the incubation
solution. These oligogalacturonides of lower degrees of
polymerization were not able to form any egg-boxes as confirmed by
ELISA tests (data not shown). Additionally, even small
concentrations of polyethyleneimine were shown to strongly inhibit
calcium-induced OGA egg box formation (Figure 8). Chitosan had a
similar effect on OGA egg boxes (not shown).
None of the experimental procedures describing incubation and/or
digestion of pectin, pectin-chitosan or pectin-PEI beads in various
buffers and simulated digestion media could produce
oligogalacturonides of DP ≥ 3. In particular, longer fragments
susceptible to adopt the egg box conformation known to have
biological activity in other biological systems were not produced
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while a study on pectin metabolism in the gastrointestinal tract
report the transitory production of oligopectates of DP up to seven
by in vitro fermentation of pectin with human faecal flora 22.
Incubation of pectin with Bacteroides thetaiotaomicron obtained
from human faecal flora led to the transient production of a
spectrum of pectin oligomers of DP up to seven that peaked four to
six hours after the start of the incubation and the study suggests that
in vivo “some of the bioactive molecules formed from ingested pectin
may be absorbed in the colon.” 29
Composition of digestion media

Several factors might explain this discrepancy between the very
small size of oliogogalacturonides produced in simulated digestion
media and the size of oligomers obtained upon incubation with
faecal material or bacteria. Above all, the production by enzymatic
digestion of pectin oligomers of larger DPs requires very low
Pectinex Ultra SPL enzyme concentration (typically a 1:3000 dilution
of a solution at 30925 PG ml-1) 18. However, even with very dilute
enzyme preparations, the hydrolysis of pectin must be rapidly
stopped by boiling to avoid complete degradation into very short
oligomers and monomers. Concentrated Pectinex Ultra SPL solutions
routinely used in simulated intestinal media therefore immediately
chop up any nascent pectin fragment into very small DP oligomers.
This could have an impact on the kinetics of drug release estimated
by in vitro digestion of pectin beads.
Experiments with amidated and methylesterified pectin are not
expected to give many long oligogalacturonides because
polygalacturonases of fungal origin as is the case with the Pectinex
Ultra SPL preparation hydrolyze glycosidic bonds randomly between
acidic residues in pectin chains. With 30% methylesterification most
acidic stretches of pectin will probably be a few units long. If longer
fragments were present, methylesterification and amidation of
pectin would hinder calcium binding and subsequent egg box
formation as is shown in Figure 7.

Concerning the ELISA detection with the 2F4 antibody, even if pectin
fragments of the right size and composition were produced, the
buffers commonly used to simulate digestion are not suited to pectin
egg box formation. Ca2+-containing Tris buffers must be used to
induce and detect egg boxes in ELISA tests with the 2F4 antibody.
Phosphate buffers such as the one in simulated digestion media
induce calcium phosphate precipitation 30 which could prevent
calcium from interacting with oligopectates. EDTA 8 or citrate
buffers chelate calcium and strongly prevent pectin association
through calcium ions (data not shown). The colonic medium that
contains 140 mM NaCl without calcium is also clearly not suited for
pectin egg box formation.
CONCLUSION

Incubation of pectin-containing beads in standard simulated
digestion media in presence of recommended amounts of
pectolytic enzymes released pectin fragments not longer than
dimers. On the basis of these results we consider as highly unlikely
that longer oligogalacturonides such as the ones found in MCP
could be released from pectin-based drug delivery devices tested
in standard simulated digestion media. Such small oligomers do
not mimic what is found when pectin is incubated with faeces or
faecal bacteria. If the pectin-derived structures with anticancer
activity were shown to be related to oligogalacturonides with a
degree of polymerization higher than two, the composition of
simulated digestion media would need to be adapted in order to
prevent nearly complete degradation of pectin by the enzymes.
This would allow a more realistic in vitro study of the pectin
degradation process.
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