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Abstract

Proanthocyanidins (PACs) find wide applications for human use including food, cosmetics, dietary
supplements, and pharmaceuticals. The chemical complexity associated with PACs has triggered
the development of various chromatographic techniques, with countercurrent separation (CCS)
gaining in popularity. This study applied the recently developed DESIGNER (Depletion and
Enrichment of Select Ingredients Generating Normalized Extract Resources) approach for the
selective enrichment of trimeric and tetrameric PACs using centrifugal partition chromatography
(CPC). This CPC method aims at developing PAC based biomaterials, particularly for their
application in restoring and repairing dental hard tissue. A general separation scheme beginning
with the depletion of polymeric PACs, followed by the removal of monomeric flavan-3-ols and a
final enrichment step produced PAC trimer and tetramer enriched fractions. A successful
application of this separation scheme is demonstrated for the four polyphenol rich plant sources:
grape seeds, pine bark, cinnamon bark, and cocoa seeds. Minor modifications to the generic
DESIGNER CCS method were sufficient to accommodate the varying chemical complexities of
the individual source materials. The step-wise enrichment of PAC trimers and tetramers was
monitored using normal phase TLC and Diol-HPLC-UV analyses. CPC proved to be a reliable
tool for the selective enrichment of medium size oligomeric PACs (OPACs). This method plays a
key role in the development of dental biomaterials considering its reliability and reproducibility, as
well as its scale-up capabilities for possible larger-scale manufacturing.
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1 Introduction

The concept of chemical subtraction entails the selective removal of targeted component(s)
from a complex mixture or an extract. It was first developed in 2008 and experimentally
demonstrated by the removal of benzoic acid from cranberry juice fractions using
countercurrent separation (C S) [1]. Due to the broad applicability of this technique in the
field of natural product research, the concept was further developed to encompass both the
selective enrichment and/or the depletion of extracts, guided by the intended biological
application. The term DESIGNER (Deplete and Enrich Select Ingredients to Generate
Normalized Extract Resources) was, thus, coined and the methodology was demonstrated
for bioactive prenylated flavonoids from the extract of Humulus lupulus [2]. The current
study demonstrates a new application of the DESIGNER methodology for the preparation of
proanthocyanidin based biomaterials (Figure 1) that were prepared for dental hard tissue
applications.

Proanthocyanidins (PACs) are oligomers of monomeric flavan-3-ols. PACs are ubiquitously
present and structurally complex metabolites that plants synthesize as a predatory defense
mechanism. Many food plants such as grape seeds, green tea, mangosteen pericarp,
cinnamon bark, cocoa seeds, and cranberries are particularly rich in PACs. The increasing
number of reports on the in vivo and in vitro bioactivities of PACs is primarily contingent
upon their anti-oxidant and anti-inflammatory activity, as well as their anti-infective
potential [3-6]. In fact, most recently, FDA approved the plant based oligomeric PAC
(OPAC) mixture obtained from Croton lechleri, FulyzaqR (crofelemer, now sold under the
brand name Mytesi™), for the alleviation of HIV-associated diarrhea (FDA FulyzagR

approval) [7,8].

Recent efforts aimed at the development of PAC-based biomaterials have resulted in several
chemical separation, optimization, and dentin biomechanical evaluation studies for
prolonging the lifespan of composite based dental restorations [9]. Through recently
performed in-vitro studies on dentin, it was observed that the OPACs, especially trimers and
tetramers, as well as their galloylated analogues, are potent dentin biomodifiers [10-12].
Certain OPACs are capable of structurally modifying dentin via inter-molecular and inter-
microfibrillar collagen cross-linking. Optimum molecular size (degree of polymerization)
and shape (relative/absolute stereochemistry) of the OPACs are the most important factors
for this biomimetic property. Thus, the present study focuses on the application of CPC
methodology for the preparation of PAC trimer and tetramer enriched (DESIGNER)
biomaterials.

The structural possibilities for OPACs increase exponentially based on the variable
monomeric units, the type (A vs. B) and position of the interflavan linkages (IFLs), the
degree of polymerization (DP), and the inherent stereochemistry of the monomers (Figure
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2). In consequence, separation of OPACs from the already chemically complex plant extracts
has been a significant chromatographic challenge, even with the development of advanced
analytical techniques [13]. Despite the apparent similarities of the basic OPAC skeletons,
their structural differences deceive the untrained human eye in both 2D and 3D molecular
representations, but, in fact, the variances are major and give rise to distinct chromatographic
fingerprints and biological potential for each plant source. Consequently, specific
chromatographic methods need to be adapted according to the starting material, despite the
goal of separating the same general class of compounds. The chromatographic elution order
of the different classes of PACs and the number of steps required to achieve the desired
separation depends on the specific PAC chemistry of each plant source.

While hydrodynamic CCS methods employing HSCCC (high speed countercurrent
chromatography) have been used frequently [14-18], their success depends on the specific
type of the target molecules. For instance, HSCCC has enabled successful separation of
green tea polyphenols that mainly represent mixtures of the flavan-3-ol monomers, catechin,
epicatechin, epigallocatechin gallate, and epicatechin gallate, along with galloylated dimers
[15]. Separation of grape seed extract by HSCCC vyields relatively poor resolution of the
dimers and leads to co-elution of all higher oligomers [18]. In fact, as documented in the
literature, PAC research hardly extends beyond dimers owing to the increasing complexity of
the higher order oligomers with regards to chromatography as well as structural analyses.
The current study presents a scheme for preparative separation that yields the desired, most
bioactive DP 3+4 cuts from the PAC-rich extracts using source-dependent, minor solvent
system modifications and employing CPC methodology. The effect of step-wise enrichment
of trimers and tetramers from grape seed and cocoa extract on dentin biomodification is also
demonstrated using dentin stiffness as the means of evaluation of biomechanical
enhancement.

2 Experimental

2.1 Materials

Grape seed extract (Vitis vinifera, VV) was kindly donated by Polyphenolics MegaNatural
Gold Grape Seed Extract, Madera, California, USA (No. 206112508-01/122112505-01).
Cocoa extract ( Theobroma cacao, TC) was obtained from Barry Callebaut Ltd., NCE-
PO804-WW41 [polyphenol extract], Meulan, France, (No. 700900001). Pine bark extract
(Pinus massoniana, M) was obtained from Xi’an Chukang Biotechnology Co. Ltd., China
(No. PB120212). Cinnamon stem-bark powder (Cinnamomum verum, CV) was purchased
from Oregon’s Wild Harvest, Sandy, Oregon, USA (No. CIN-07011p-OMHO01) and
extracted in house using 70 % acetone, and the extract was dried and lyophilized. All
solvents were of analytical grade and obtained from Fisher Scientific (Fair Lawn, NJ, USA)
or Sigma-Aldrich (St. Louis, MO, USA).

2.2 Instruments

A centrifugal partition chromatography (CPC) extractor, SCPC-250-B (Armen Instrument
Gilson Inc. SAS, France), was used. Diol-HPLC profiles were acquired on a Waters 600
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HPLC (Waters, USA) instrument using a Develosil 5 pm Diol 100A 250 x 4.6 mm column
(Phenomenex, Torrance, CA, USA) equipped with a Waters 2996 PDA detector.

2.3 Preparation of trimeric and tetrameric PAC enriched fractions

A three-step separation scheme was employed beginning with the depletion for polymeric
PACs, followed by a monomer knock-out step and a trimer and tetramer enrichment in the
final step (Figure 1). Slight modifications were made for individual methods based on the
plant source, level of complexity and type of PAC chemistry/composition, as indicated
below. A flow rate of 30 (for TC, PM and CV) or 35 ml/min (for VV) and rotation speed of
2500 rpm was used throughout. All the CPC separations were performed at room
temperature without additional temperature control. An analytical Diol HPLC column was
used for the monitoring of CPC fractions. The HPLC mobile phase consisted of acetonitrile/
acetic acid (98/2) as solvent and methanol/water/acetic acid (95/3/2) as solvent B. solvent
gradient beginning at 7 % B for 5 min, increasing up to 37.6 % B from 5-57 min and finally
reaching 100 % B at 60 min was used. This was followed by washing and re-equilibration
with a total run time of 80 minutes [19].

2.3.1 Grape seed extract DESIGNER fraction—As a first step, crude grape seed
extract (VV) was partitioned between methyl acetate (Ma)/water to achieve depletion of
polymeric PACs, yielding a polymer knockout (PKO) fraction as described previously [12].
The VV-PKO was then subjected to separation on a CPC extractor (CPC-E) to produce a
monomer depleted fraction (MKO), using the solvent system (SS) HEMaWat 0.8/4/1/4 in
descending mode. Stationary phase retention (S was 80 % before injection. In step 3, the
VV-MKO was subjected to CPC-E, resulting in the depletion of dimeric PACs and
enrichment of trimers and tetramers. For this step, HEMaWat 0.4/4/1/4 was used in
ascending mode with an Sgof 76 % before injection.

2.3.2 Cocoa extract DESIGNER fraction—Consistent with the step 1 used for VV
(2.1.1), solvent partitioning was used for the removal of polymeric PACs from TC extract.
Separation via CPC-E in ascending mode using HEMWat 1/10/1/10 was performed to
achieve monomer depletion (TC-MKO) from the TC-PKO with an Srof 80 %. In the final
step, the TC-MKO was further separated by CPC-E using HEMaWat 0.4/4/1/4 in ascending
mode (S¢= 83 %) to yield the trimer and tetramer enriched product.

2.3.3 Pine extract DESIGNER fraction—Pine extract (PM) was suspended in water and
partitioned with ethyl acetate instead of methyl acetate to afford pine polymer depleted
extract. The polymer knockout fraction (PM-PKO) was further fractionated by CPC-E using
a HEMaWat 2/4/1/4 SS, resulting in a monomer-dimer depleted fraction PM-MDPKO (PM-
monomer/dimer/polymer knockout fraction). Fractionation was performed in descending
mode (Srof 45%). Then PM-MDPKO was subjected to the second CPC-E step in ascending
mode (S¢= 64%) with a HEMaWat 0.5/4/1/4 SS to afford the trimer and tetramer enriched
fraction.
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2.3.4 Cinnamon extract DESIGNER fraction—To produce the trimer and tetramer
enriched fraction, the 70 % acetone extract of cinnamon bark (CV) was subjected directly to
CPC-E using EtOACc/EtOH/water 6/1/5 as the SS in ascending mode (S¢= 60%).

2.3.5 Evaluation of dentin biomechanical property—Enhancement of dentin
strength was evaluated in terms of increase in the modulus of elasticity (ME) of
demineralized dentin post-sample treatment as described previously [20,21]. Briefly, the
dentin portion of human molars were cut into thin beams of 1.7 x 0.5 x 6.0 mm dimension.
These dentin beams were demineralized with phosphoric acid, followed by treatment with
the extracts and fractions. The modulus of elasticity (a measure of the mechanical strength)
was assessed before and after treatment and compared against the control (no treatment) to
evaluate the dentin strength enhancement.

3 Results and Discussion

3.1 Trimers and tetramers as PACs with optimum DP

It is commonly reported that the degree of polymerization (DP) of the PACs is one of the
primary factors for their biological effects [22-25]. Previous studies have shown that the
dentin biomechanical activity increases with increasing DP among the same class of PACs.
In particular, OPAC trimers and tetramers are more active than the dimers, which in turn
have a better activity than flavanol monomers; however the dentin activity starts plateauing
at DP > 4 [12,26]. This suggests that OPCAs with DP 3 to 4 strike the optimum balance
between effective cross-linking of dentin-collagen, structural complexity, and associated
analytical challenges. In the present study, the effect of the DP on dentin biomechanical
activity was demonstrated using enriched fractions from VV and TC. Dentin biomechanical
activity, observed as dentin stiffness was measured in terms of the increase in modulus of
elasticity (ME) of the demineralized dentin relative to the untreated control (baseline) [9]. It
was observed that the dentin bioactivity increased moderately, but significantly, from crude
extract to the final trimer and tetramer enriched product with each chromatographic
refinement step (Figure 5). The DESIGNER fraction from TC exhibited a 5-fold increase in
the ME as compared to the 4-fold increase observed with crude TC. The DESIGNER
fraction of VV exhibited a 7.1-fold increase in the ME, as compared to a 5.7-fold increase
observed for the polymer KO fraction (step 1) of crude VV and a 4.6-fold increase for the
crude VV extract. Additionally, galloylated PACs have higher activity than their non-
galloylated counterparts [11]. Furthermore, representing the most potent dentin-active
principles, a trimer with one -type and one B-type interflavan linkage (IFL) was identified
recently from pine bark extract [10]. This not only supports the general observations
regarding the optimum DP of 3 to 4, but also suggests that subtle structural differences
caused by the stereochemistry or the positions of the IFLs in PACs can lead to significant
differences in their dentin biomechanical effects. Interestingly, these structural differences
also affect the chromatographic behavior of the PACs in a source dependent manner. In line
with the observations for VV and TC, the trimer and tetramer enriched fractions from PM
and CV also exhibited superior dentin enhancing properties compared to the respective
crude extracts (data not shown).
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3.2 Preparative separation on centrifugal partition chromatography

PACs are known to adsorb irreversibly on solid supports, especially on silica based
materials, causing smearing on the stationary phase, and reducing the column life. In
awareness of the chemical complexity of PAC rich extracts, and owing to the exponentially
increasing structural possibilities for oligomers, use of solid stationary phases such as
Sephadex LH-20 or C18 silica gel has become nearly indispensable for isolation/
purification. Hence, CCS is a superior choice for the preparative-scale separation of PACs
due to its high reproducibility, near theoretical recovery, and large loading capacity
[13,14,16,17,27-29]. Preliminary fractionation using CCS methodology reduces the
complexity of the crude material, thus lowering the chromatographic load on the solid
phases in subsequent steps. In case of PACs, the partition of crude mixtures into different
DP-based classes is preferred over the multistep isolation of single chemical (O)PAC
entities. This enrichment approach is more practical for biomedical applications, and makes
a strong case for the application of CCS as a separation method.

The first step in any CCS method development is the choice of an appropriate two-phase SS.
Separation of VV using HEMWat 1/10/1/10 has been reported previously [12]. Methyl
acetate was employed as one of the solvents as a means of enhancing the resolution between
the galloylated and non-galloylated dimeric PACs. However, the method did not result in
sufficient resolution between the non-galloylated dimers, trimer, tetramers, and higher order
oligomers. Hence, modified SSs in which the methanol contained in the traditional HEMWat
systems was replaced with methyl acetate (Ma) were employed. SSs such as EMaWat 3/2/4,
HEMaWat 0.5/4/1/4, and HEMaWat 0.8/4/1/4 were short-listed based on the distribution of
compounds between the two phases and were evaluated by partition experiments and TLC.
SSs were then optimized based on actual CPC fractionation results.

Once a desired CCS SS is selected, one other crucial factor affecting the resolution is the
stationary phase retention (Sp. Oligomeric PACs (OPACS) are highly hydrophilic
compounds and, hence, require SSs of high polarity (e.g., HEMWat + 7 or even more polar).
Due to the relatively low density difference between the upper and lower phases, and the
resulting longer settling times, these SSs are retained poorly on hydrodynamic CCS
instruments such as the HSCCC, as per our observations. Thus, CPC representing a
hydrostatic CCS system was chosen. CPC also has advantages in terms of increased sample
loads and flow rates, without decline in stationary phase retention. This allows for more
rapid preparative separations, which was one requirement resulting from the general goal of
this dentistry/pharmacy inter-disciplinary study aimed at developing intervention materials
for clinical applications. To this end, the ability of the Armen CPC-E instrument to finish
one cycle of elution-extrusion in less than an hour, frequently as short as 30 mins, depending
on the K-values, was a major advantage.

3.3 Chemistry dictates chromatographic behavior

As mentioned in section 3.1, each plant source has its individual (O)PAC profile. Hence, the
general separation scheme had to be modified slightly to suit each sample. For instance, both
VV and TC primarily contain B-type OPACs (Figure 2), while VV has a much higher
polymeric PAC content (Figure 3) compared to TC. This can be seen from the diol-HPLC
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profiles of crude VV and TC, where the VV chromatogram is dominated by the large
polymer peak at 80 mins (Figure 3). Additionally, VV also consists of galloylated OPACs,
which further increase its chemical complexity. The elution order for VV PACs is
(DPgatioytation) 1, 1g 2, 29, 3, 3 4...1/ngas opposed to 1, 2, 3, 4, 5...nfor TC. The presence
of galloylated PACs further reduces the chromatographic resolution. Replacing methanol in
the classical HEMWat SSs with methyl acetate (Ma) gave a much improved separation.

Accordingly, the HEMaWat systems 0.8/4/1/4 and 0.4/4/1/4 were used sequentially in
descending and ascending modes, respectively, to achieve trimer and tetramer enrichment of
VV PACs. During the monomer KO step (step 2, Figure 4) using HEMaWat0.8/4/1/4 in
descending mode, the oligomers eluted right after the void volume, equivalent to a K'value
of (close to) zero. While the oligomers were unretained, the monomers eluted at K= 0.76.
Thus, once the method was developed, during future separations of VV PACs, the entire
stationary phase consisted of the monomers and was extruded after elution of oligomer
within the first 100 ml. In the final separation step (Step 3, Figure 4), the dimers eluted with
K= 1.8, and fractions with trimers and tetramers eluted with K'=2.5. For more accurate
fraction control and prior to recombining, the CPC fractions were monitored using diol-
HPLC-UV (Figure 3) along with NP-TLC (Figure 4). Once the K-value range was known,
the retention volumes of the desired fractions in the subsequent chromatographic runs were
calculated, and fractions were collected in a targeted fashion in flasks, as opposed to
constant-time collection in test tubes. This avoided the tedious fraction control that usually
accompanies CCS experiments and can be necessary even when online UV detection is
available. Notably, this K-targeted approach is possible only in CCS systems as elution
strictly depends on K-values. As LC employing solid stationary phases does not offer the
same K-based approach, CCS is more reproducible from one preparative run to the next.

In the case of TC, separation was performed using HEMWat 1/10/1/10 and HEMaWat
0.4/4/1/4 in two subsequent steps, both in ascending mode., Based on the literature and in
the experience of the authors, separation of PACs from TC is much less complicated
compared to the challenges posed by other PAC rich plat sources such a grape seeds or pine
bark. This can be attributed to two factors. First, gallate ester moieties are absent in cocoa
OPACs, reducing the polarity bandwidth of each DP step. Secondly, the predominance of B-
type 4—8 interflavan linkages further limits the chemical diversity of TC OPACs.
Collectively, this reduces the chemical complexity of the polyphenolic metabolome of TC
and, thus, lowers the separation challenge. Accordingly, step 2 of the TC separation already
achieved remarkable resolution between the monomers, dimers, and oligomers using the
classic HEMWat system. The subsequent step 3 using HEMaWat 0.4/4/1/4 was employed to
enhance the resolution between the trimers, tetramers, and the higher order oligomers, as
well as to remove residual dimers.

In contrast to VV and TC, PM and CV extracts mainly consist of -type and/or mixed A/B-
type PACs, leading to distinct chromatographic behavior. In the case of PM, using the
typical HEMWat systems in ascending mode, it was observed that the dimers co-eluted
along with tetramers and did not follow the typical serial elution according to DP. To solve
this problem, separation was started with a descending mode (HEMaWat 2/4/1/4) to remove
flavanol monomers and dimers simultaneously. Subsequently HEMaWat 0.5/4/1/4 in
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ascending mode was applied to produce the DP 3+4 enriched fraction. This modified method
allowed preparation of the DESIGNER material without loss of the active tetrameric PACs.

On the other hand, as CV is enriched naturally in tri and tetrameric PACs, the medium-DP
enriched product could be prepared using a single-step CPC-E without a prior solvent
partitioning step. As shown in Figure 3, the tallest peak (*) in the HPLC-diol profile of the
extract is cinnamaldehyde, the major component of cinnamon extract. Although this
compound remained present in a 3+4 fraction after CPC fractionation, its proportion is very
small compared to the PAC content. Accordingly, the single-step CPC fractionation method
was effective not only for the removal of monomeric and polymeric PACs, but also
substantially subtracted the majority of an inactive major constituent from CV. The number
of chromatographic steps required to achieve the desired separation are source dependent, as
can be seen from Figure 3. The same figure also shows that V'V, PM, and TC exhibit a more
complex PAC composition compared to CV.

Conclusions

Preparation of large amounts of material for biological and clinical applications is one of the
rate limiting steps in the development of natural product-derived therapeutics.
Methodologies such as CCS, specifically CPC, with its enhanced loading capacity, represent
a reproducible and robust technique for large-scale separation. Considering the chemical
composition of the target material, the purification of single chemical entities (SCEs) from
natural PAC mixtures is challenging due to the intrinsic chemical properties of (O)PACs,
such as their near identical monomeric units and the complications introduced by the vast
stereochemical variability of this compound class. This limits the feasibility of the large-
scale production of such SCEs. The availability of fast and reproducible CCS pre-
fractionation proves to be a key step in solving the purification challenge. The current study
demonstrated that CPC can be highly effective in producing trimeric and tetrameric PAC-
enriched materials from complex OPAC mixtures. The successful application of this concept
was demonstrated using examples from four different PAC rich plant sources: grape seeds,
pine bark, cinnamon bark, and cocoa seeds. Furthermore, dentin biomechanical evaluation of
the newly developed DESIGNER biomaterials compared favorably to the crude extracts and
demonstrated that each chromatographic step led to the enrichment of PACs with appropriate
molecular size for an optimum collagen cross-linking of dentin.
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Highlights

. Development of proanthocyanidins (PACs) as restorative dental biomaterials

. Separation of PAC trimers/tetramers by centrifugal partition chromatography
(CPC)

. Advantage of methyl acetate replacing methanol in HEMWat solvent systems
for PACs

. Evaluation of selectively enriched PAC oligomers in dentin biomechanical
assay

. Demonstration of DESIGNER extract concept for PAC-rich plant extracts
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“DESIGNER”
Biomaterial

Figure 1.
Application of the DESIGNER concept for the selective enrichment of PACs. Schematic

representation of the methodology used for the preparation of trimer and tetramer enriched
DESIGNER material from various proanthocyanidin-enriched plant sources.
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Figure 2.
Representative structures of proanthocyanidins and their theoretical structural possibilities

based on the monomeric units, linkage types, and degree of polymerization (DP).
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A. Preparation of VV 3+4 fraction B. Preparation of TC 3+4 fraction
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Figure 3.

HPLC-diol profiles demonstrating the gradual enrichment of trimers and tetramers. (A) VV,
(B) TC, (C) PM, and (D) CV. Diol stationary phase gives separation according to the degree
of polymerization (DP). In general, DP of the PACs increases with increasing retention time.
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Step3  3+4 enrichment (from step 2)
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Figure 4.
Methods employed for the stepwise fractionation by CPC with TLC guided fraction control.

For VV, TC and PM, step 1 was solvent partitioning. CPC was used for separation in steps 2
and 3. DESIGNER preparation of CV was done in one step. TLC was used for initial
fraction monitoring to group fractions according to the DP of PACs. The outcomes
demonstrate the effectiveness of the method from the monomer/dimer knock-out (MKO/
DKO) fractions profiles. Diol HPLC profiles of relevant fractions were acquired before
combining the fractions consisting of trimers and tetramers for enhanced fraction
monitoring. (HEMWat: H - hexane; E - ethyl acetate; Ma- methyl acetate; Wat — water;
DCM - dichloromethane; MeOH — methanol; EtOH — ethanol; K: partition coefficient
calculated using VR = VM + KVS; S Stationary phase retention; KO: knockout
(depletion); DP: degree of polymerization)
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Figure 5.
The dentin mechanical bioassay data for VV and TC DESIGNER fractions. Panel A

compares the dentin biomechanical activity between the crude extract and the DESIGNER
fraction of TC; Panel B compares the dentin biomechanical activity between crude extract,
polymer KO fraction, and the DESIGNER fraction of VV. Untreated demineralized dentin
beams are used as the negative control in the bioassay. Symbols (a)) and (8) depict
statistically significant differences in modulus of elasticity between groups treated with the
DESIGNER fraction and Crude extracts (respectively VV with p<0.001 and TC with p =
0.015).
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