Physicochemical investigation of the influence of saccharide based parenteral formulation excipients on L-p-Boronphenylalanine solubilisation for Boron Neutron Capture Therapy.
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ABSTRACT

This paper investigates the physicochemical properties of possible pharmaceutical alternatives to the L-p-boronphenylalanine (BPA) fructose intravenous formulation currently employed in boron neutron capture therapy.   The physicochemical properties of BPA in the absence and presence of fructose, mannitol, trehalose and hydroxypropyl-(-cyclodextrin was investigated through determination of pKa values, solubility, precipitation and dissolution using a Sirius T3 instrument.   Complex formation was also assessed using 10B NMR.   The results indicate that fructose and mannitol form a complex with BPA through a reversible interaction with the boronic acid group determined by changes in boronic acid group pKa, UV and NMR spectra and increases to kinetic solubility.   Trehalose and hydroxypropyl-(-cyclodextrin did not undergo this reaction and consequently did not affect boronphenylalanaine physicochemical properties.   Although mannitol complexed with BPA in an identical manner to fructose it is superior since it provides increased kinetic solubility.   Replacement of fructose by mannitol in the current clinical BPA formulation is therefore, feasible with advantages of increased dosing and removal of issues related to fructose intolerance and calorific load.   Results also indicated that the important pharmaceutical parameters are the complexes’ solubility and dissociation behaviors rather than as originally assumed the complex formation reaction.   
Introduction

Boron Neutron Capture Therapy (BNCT) is a niche cancer radiotherapy treatment requiring the administration and tumour selective uptake of a boron-10 enriched compound followed by tumour irradiation with an external epithermal neutron beam.   After scattering collisions in the patient the neutrons become thermalised and BNCT is based upon the nuclear reaction, which occurs when a boron 10 atom captures a thermalised neutron and subsequently undergoes a nuclear re-arrangement to yield a high linear energy transfer (LET) alpha particle and a recoiling lithium 7 nuclei.   The cytotoxic ionising effect of the LET species is limited to its path length in tissue around 5-9 µm or one cell diameter and therefore to cells containing the administered boron 10 compound.   The therapeutic success of BNCT will depend upon the ability to deliver boron containing drugs that selectively accumulate within the tumour coupled with tumour accessibility to neutrons.   Current clinical application has therefore focused on the treatment of intracerebral, head and neck and skin tumours, which cannot be adequately treated even with aggressive surgery, chemotherapy or conventional radiotherapy and where the patient prognosis is poor 
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.   

Boron 10 enriched L-p-boronphenylalanine (BPA) is the most commonly employed BNCT agent for human therapy 
 ADDIN EN.CITE 
2,3
 and is also a substrate for the L-amino acid transporter (LAT-1), a specific cellular uptake mechanism for L-amino acids, which is up-regulated in tumor cells including malignant glioma 
 ADDIN EN.CITE 
4,5
.   The initial synthesis of BPA was detailed in 1958 6
 and it was applied to in vivo BNCT studies in the early 1960’s 7
 but its aqueous solubility, at 1.6 g l-1, limited its clinical application.   In the late 1980’s Yoshino and co-workers 8,9
 improved aqueous BPA solubility by utilising the complexation reaction which occurs between boronates and diols to provide a solubility of approximately 33 g l-1 in a 0.3 M fructose solution at pH 7.98.   Since these initial publications BPA has most commonly been clinically employed as an equimolar formulation with fructose 
 ADDIN EN.CITE 
10,11
 administered by IV infusion at a dose of around 300 mg BPA kg-1 over 2 hours.   There is therefore a large body of clinical literature and knowledge based on the utilization of this formulation 

1

.   However, the use of fructose in infusion fluids is no longer recommended due to hereditary fructose intolerance 12
 which is an exclusion criteria in trials utilizing this BPA formulation 13
.   In addition, utilization of the fructose formulation leads to the concomitant administration of around 13 g of fructose hr-1 with associated calorie and metabolic sequelae.   Finally the BPA fructose formulation is unstable requiring relatively complex aseptic preparation no more than 48 hours before administration 
 ADDIN EN.CITE 
14,15
.   These pharmaceutical limitations of the BPA fructose formulation restrict its overall acceptability and utility and in addition limit the BPA dose, which may be administered.   This latter issue may limit BNCT efficacy, which is dependent on BPA accumulation in the tumour 16
.   
A proposed Cancer Research UK sponsored trial of BNCT in malignant glioma required a BPA formulation that could be prepared to GMP standards to meet European Union Clinical Trials Directive requirements.   In addition the ability to administer higher doses than possible with the current fructose formulation was required.   In this paper we investigate the physicochemical properties of the existing fructose formulation in comparison to alternative formulations utilising parenterally acceptable sugar based excipients, mannitol, hydroxypropyl-beta-cyclodextrin (HPCD) and trehalose and the influence of these on BPA physicochemical properties and solubility.   The possible substitution of fructose with mannitol bears several pharmaceutical and clinical advantages since mannitol removes issues related to hereditary fructose intolerance, calorific load and may improve stability and permit higher BPA doses to be infused.   In addition for glioma therapy mannitol also has the ability to disrupt the blood brain barrier potentially raising the intratumoural concentration of BPA a feature which is known to improve therapeutic outcome 16
.   Finally, a large body of published clinical data is available on the BPA fructose formulation 
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 demonstration of pharmaceutical equivalence will assist comparison of this data with of any new proposed formulation.   
MATERIALS AND METHODS

Materials

BPA (10B) was synthesized by Syntagon AB, Box 2073, Tallvagen 2, S-151 02, Sweden and used as received, chromatographic purity was ( 98% peak area for BPA, enantiomeric purity ( 99% w/w, water content < 1% w/w and 10B isotopic purity > 98%.   Mannitol, fructose (pharmacopoeial grade (Ph Eur)) were obtained from Fluka (Sigma Aldrich), Poole, Dorset, United Kingdom, D(+)-trehalose dihydrate 99% from Acros, via Fisher Scientific United Kingdom and hydroxypropyl ( cyclodextrin (HPCD) (Cavitron 82004) from Cargill, Food and Pharma Specialities, Cedar Rapids, 52401, USA.   Water was either double distilled or obtained using an Elga UHQ2 system, HCl and KOH (CO2 free ampoule) standard volumetric solutions (0.5 M) were obtained from Fisher Scientific, UK.   NMR reagents and KCl were obtained from Sigma Aldrich, Poole, Dorset, UK.   Argon gas was obtained from Air Products, UK.  

Methods
Investigation of BPA complex formation

Potentiometric pKa and spectrophotometric experiments
All measurements were performed using a Sirius T3 apparatus (Sirius Analytical Instruments Ltd., Forest Row, East Sussex, RH18 5DW, UK) at a temperature of 25 °C ± 1 °C fitted with a Ag/AgCl, double junction reference electrode, a ultra mini immersion probe attached to a MMS UV/VIS Carl Zeiss Microimaging spectrophotometer and a stirrer, controlled by a Dell computer running Sirius software.   Potentiometric pKa titrations were carried out in ion strength adjusted water (0.15 M KCl) titrating with 0.5 M KOH and 0.5 M HCl, respectively under an Argon atmosphere.   Triplicate titrations using the pH range from pH 1.8 (starting pH) to pH 11 with an initial concentration of BPA of approximately 3.6 mM (0.75 g l-1) in a volume of 1.5 ml.   These studies were conducted with BPA alone or in the presence of mannitol, fructose and hydroxypropyl-(-cyclodextrin (HPCD).   Spectrophotometric data was also collected during titrations to determine changes in BPA UV absorbance properties with pH, reference spectra were collected at the start of the titration and data recorded as relative absorbance.   

10B-NMR

A 15% reference solution of boron trifluoride ethyl etherate (BF3OEt2) was prepared in anhydrous deuterochloroform (CDCl3) and transferred to a Wilmad 600MHz quartz NMR tube and employed to tune and match the NMR probe to the 10B nucleus and set δ to 0 ppm.   Tuning and matching was performed using TopSpin v2 software on an Avance-III Bruker NMR instrument equipped with a BBO-z-ATMA probe running at 14.1 T (64.47 MHz).   All experiments were performed at 20 °C and proton coupled (decoupling was investigated however offered no discernable advantages).   All samples were analysed in quartz NMR tubes (Sigma Aldrich, Part. No. Z562262).   BPA, BPA:fructose and BPA:mannitol solutions were prepared as 0.04 equimolar mixtures in D2O and adjusted to near physiological pH (7.4) using sodium deuteroxide (NaOD) and deutero chloride (DCl) as appropriate.   With such low volumes employed however (typically 1 ml), pH adjustment was difficult without overly adjusting the final solution concentrations or causing a precipitate to form.   The final pD of the solutions were as follows; BPA 12.7, BPA:fructose 7.2, BPA:mannitol 9.1 respectively.   

Solubility and dissolution studies

Solubility experiments
Solubility measurements were carried out using the Sirius T3 apparatus and the CheqSol method 17
 which starts with drug in solution and predominantly in the ionized form and determines changes in pH as drug ionization is reduced, focusing on the pH zone around precipitation and permitting determination of the kinetic and intrinsic solubility (see discussion and table 2 for definition).   Titrations were performed under the basic instrumental conditions described above for the pKa and spectrophotometric experiments and from high (pH 12) to low pH (pH 4) but with an initial BPA concentration in solution of approximately 77 mM (16 g l-1) in a volume of 1.5 ml.   Solubility measurements were performed with BPA alone or in the presence of mannitol, fructose, HPCD, and trehalose in an equimolar ratio to BPA.   Additional collection of spetrophotometric data at 650 nm permitted examination of the appearance of solid material in the system ie BPA precipitation.   

Dissolution experiments

Dissolution experiments were under the instrumental conditions described above for solubility, with a modification of the CheqSol parameters from low (pH 2) to high pH (pH 12) with the initial BPA suspension formed by dispersing the required BPA weight to produce a concentration of approximately 145 mM (33 g l-1) in 1.5 ml of ion strength adjusted water.   Dissolution measurements were performed with BPA alone or in the presence of mannitol and fructose in an equimolar ratio to BPA, collection of spetrophotometric data at 650 nm permitted examination of dissolution.   Initial suspension absorbance at 650nm was set to zero, with a reduction in absorbance indicating a loss of suspended material, ie BPA dissolution.   
Statistics

Statistical analysis of the results was performed using Graph Pad Prism, Version 4, Graph Pad Software running on a Mac OS X 10.6 computer.   Results were compared using a one way ANOVA with Bonferroni’s post-analysis comparison test for differences between groups.   
RESULTS

Investigation of BPA complex formation

Potentiometric pKa Determination
Potentiometric pKa analysis of BPA provided three pKa values of 1.94 ± 0.22, 8.32 ± 0.06 and 9.57 ± 0.07 (see Table 1) attributable to the carboxylic acid, boronic acid and amine groups of the molecule.   The addition of monosaccharide to the measurement solution resulted in a statistically significant shift of the boronic acid group pKa (pKa 8.32) to lower values of 7.73 ± 0.13 for mannitol and 7.58 ± 0.13 for fructose.   The addition of HPCD to the system did not shift the measured boronic acid pKa value.   This observation was concomitant with a statistically significant shift of the BPA carboxylic acid pKa (pKa 1.94) to higher values with mannitol 2.40 ± 0.14, fructose 2.42 ± 0.08 and HPCD 2.20 ± 0.14.   There was no discernable effect on the amino group pKa by any of the excipients added.   
Spectrophotometric Analysis
The recorded UV spectrophotometric data for BPA (see Figure 1a) exhibited pH induced spectral changes in relative absorbance at wavelengths around 238 nm and 275 nm in the pH range between 2 and 11.   At pH 2 the lower wavelength 238 nm showed a slight increase in relative absorbance followed by a reduction only at the highest pH value measured.   Whereas, the higher wavelength at 275 nm exhibited minimal change at acidic pH values but a consistent decrease at alkaline pH.   BPA showed a maximum change in relative absorbance at pH 11 at 238 nm.   Both mannitol and fructose (Figure 1b and 1c) produced similar spectra to BPA and similar changes in spectra but with the shifts at 238 nm and 275 nm occurring at lower pH values and with increased magnitude when compared to BPA.   The addition of HPCD produced a different spectrum (Figure 1d) with no reduction in absorbance at 238 nm at high alkaline pH and no increase at 275 nm at low pH’s.   Treatment of the spectrophotometric data to extract changes in relative absorption at 238 nm and 275 nm (chosen as the two wavelengths exhibiting maximum changes in relative absorption) versus pH are presented in Figure 2.   From the data at 238 nm it is clear that mannitol and fructose behaved identically producing spectral changes different from BPA alone or BPA in the presence of HPCD.   At 275 nm the shape of the relative changes for all spectra are very similar and seem to reflect the changes in pKa occurring at the boronic acid group.   

10B-NMR

Figure 3 shows an overlay of the spectra for all samples run.   BPA produced a single resonance at 2.8 ppm, BPA mannitol produced a single resonance line 6.9 ppm whilst BPA fructose produces 2 distinct resonance lines at 7.5 ppm and 27.7 ppm.   

Solubility and dissolution studies
Solubility Experiment
Precipitation of BPA from solution on reducing pH was observed at pH 8.2 with a sharp increase in absorbance at 650 nm (see Figure 4), since BPA does not absorb at 650nm the increase is due to the presence of solid material and indicative of turbidity or precipitation.   The addition of trehalose had no effect on the precipitation pH whilst HPCD altered the precipitation characteristics only to a minor extent (precipitation at pH 7.5).   In the presence of mannitol BPA did not precipitate down to pH 5.2 and for fructose pH 5.1.   

The intrinsic solubility of BPA was determined as 4.34 mM (0.90 g l-1), see Table 2 and the kinetic solubility as 25.73 mM (5.35 g l-1).   In the presence of mannitol or fructose the kinetic solubility significantly increased 3 times or 2 times respectively, whilst HPCD or trehalose did not influence this value.   The measured intrinsic solubility did not statistically change with fructose, mannitol, HPCD or trehalose.   
It is possible to determine pKa values from the solubility experiment (see Table 3) and these are in general agreement with previous potentiometric pKa data reported above.   However, in the presence of either mannitol or fructose the boronic acid group pKa value showed a larger shift to lower values of 6.45 and 6.12 respectively when compared to the potentiometric experiment reported above.   There is no change in the measured pKa value for the amine group and it is not possible to determine a value for the carboxylic acid since the system precipitates before the required pH is reached.   
Dissolution Experiment

The dissolution or solubilisation of BPA on increasing the pH is presented in Figure 5, with a sharp reduction in absorbance at 650 nm as the pH approaches 10, since BPA does not absorb at 650 nm the decrease is due to the loss of solid material and indicative of dissolution or solubilisation.   In the presence of mannitol or fructose BPA solubilisation occurred at a lower pH of approximately 8.1 and 7.8 respectively, however the dissolution profile was not as sharp.   
DISCUSSION

Investigation of BPA complex formation

In this paper we report pKa values for BPA of 1.94 ± 0.22, 8.32 ± 0.06 and 9.57 ± 0.07 attributable to the carboxylic acid, boronic acid and amine groups of the molecule respectively (Table 1).   These values are in good accordance with pKa predictions calculated using the ACD v8.2 818

 software (2.2 ± 0.1, 8.58 ± 0.16 and 9.14 ± 0.15) and to those already reported in the literature ,9
 of 2.46, 8.46 and 9.76 for BPA and a phenyl boronic acid pKa of 8.8 819

.   We have also determined a shift in the pKa value of the phenylboronic acid moiety from 8.32 to lower values of 7.73 and 7.58 for the BPA mannitol or fructose mixtures respectively.   Furthermore, there is also a shift in the pKa for the carboxylic acid group to higher values from 1.94 to 2.40 and 2.42 for mannitol or fructose mixtures respectively.   There is however, no statistical change in the measured pKa value for the amine group nor is there a difference between any of the measured pKa values of the mannitol or fructose mixtures.   Hydroxypropyl-(-cyclodextrin, a complex saccharide does not significantly alter the pKa values of the boronic acid or amine groups of BPA but does shift the carboxylic acid pKa to higher values.   The original manuscripts ,9
 investigating BPA saccharide mixtures for clinical use did not report any effect on pKa values on the addition of fructose or mannitol however, a reduction in boronic acid group pKa (more specifically the boronic acid fructose complex) in phenylboronic acid from 8.8 to 4.6 on complexation with fructose has been previously reported 21


20

.   The shift in pKa of the boronic acid group of BPA in the presence of mannitol or fructose can be explained by the formation of the previously described tetrahedral anionic complex of BPA and the monosaccharide, decreasing the oxygen-boron-oxygen bond angle which increases the acidity of the boron centre ,22
.   These results also illustrate that the complexation involves or influences the carboxylic acid group causing its pKa to increase, a feature which again has not been previously demonstrated for BPA fructose complexes 22

. Hydroxypropyl-(-cyclodextrin does not influence the measured boronic acid pKa values indicating that it does not interact with BPA through the boronic acid group in the same way as the monosaccharides.   However, it does influence the carboxylic acid pKa indicating that this is not mediated via the interaction with the boronic acid group and maybe a separate effect.   Further work would be required to elucidate the mechanism of this interaction.   

Concomitant to the measured changes in pKa are changes in the UV spectrum of BPA with pH in the presence of mannitol or fructose (Figure 1), the latter result is in agreement with previously reported data 8,9
 for BPA and similar data for phenylboronic acids 19

.   The conversion of the trigonal phenylboronic acid moiety in BPA to a tetrahedral phenylboronate anion in the BPA sugar complex produces a change in the electronic environment of boron which can be observed as a change in relative BPA absorbance between 264 and 275 nm (Figure 2).   In a similar fashion to the determined changes in pKa the changes in UV spectrum induced by mannitol and fructose are identical and different to the effect of HPCD, which does not complex with the boronic acid group.   

Previously, Yoshino et al 923

, a phenylboronic acid derivative ranging from values of 3 ppm at pH 11 to 29 ppm at pH 5, with a mid point at pH 8.5 and increased resonance line widths (minimum 183 Hz at pH 11, maximum 1098 Hz at pH 8) around the mid point.   The observed deviations between the major resonance lines of BPA and BPA in the presence of monosaccharide in our results (Figure 3) may in fact be due to pD variations of prepared samples.   Thus, the BPA 10B-NMR resonance peak at 2.8 ppm and the BPA-mannitol 11B-NMR broad resonance at 7 ppm correspond with the reported PCBA resonance values at these pH or pD values.   The BPA-fructose 10B-NMR spectra with two signals may represent a combination of free BPA 10B-NMR at 27 ppm (based on PCBA at pH 7.2) plus a BPA-fructose complex with a lower NMR shift at 7 ppm 9

 reported free BPA 11B-NMR resonance at 27 ppm with the 11B BPA-fructose or mannitol complex resonance at 7 ppm, both at pH 7.4.   This is in contrast to our data showing the BPA 10B-NMR resonance at ~ 2.8 ppm however, this latter spectrum was recorded at pD 12.7 (Figure 3).   BPA-mannitol complex 10B-NMR resonance was seen at 7 ppm at pD 9.1 and BPA-fructose showed two resonances at 7 ppm and 27 ppm at pD 7.2.   Both the latter spectra lack the resonance of ‘free’ BPA at ~ 2.8 ppm.   A simplistic analysis of the data indicates that in the presence of the monosaccharide the 10B-NMR resonance is shifted due to the formation of a complex.   However, a sigmoidal pH dependant 10B-NMR resonance shift has been reported for p-carboxybenzeneboronic acid (PCBA) ,23
.   In these studies the NMR evidence for complex formation is therefore, weak due to the difficulty of controlling pD in these small volume samples.   The published PCBA results indicate that attempting to assess BPA saccharide complex formation using NMR at pH values around neutral or injection formulation pH, on the slope of the sigmoidal pH resonance shift exacerbate the difficulty.   NMR although useful in determining the formation and structure of the complex requires careful measurement and does not provide additional solubility insights.   

Solubility and dissolution studies

The results in Figure 4 illustrate that the addition of an equimolar concentration of mannitol or fructose dramatically lowers, by approximately 3 pH units, the pH at which BPA at 16 g l-1 precipitates from solution on the addition of acid.   Thus, permitting formulation of an injection solution at neutral pH.   Hydroxypropyl-(-cyclodextrin also lowers the precipitation pH but by less than 1 pH unit, whilst trehalose has no effect.   These gross measures of solution properties can be augmented by the Sirius T3’s ability to determine the Kinetic (solubility at point of first induction of precipitation) and Intrinsic (concentration of the unionized species in saturated solution) solubility values (Table 2).   It should be noted that the application of these terms is not strictly appropriate for mannitol and fructose, since due to complex formation the kinetic solubility value is related to the complex and its dissociation and the intrinsic to BPA alone.   The BPA intrinsic solubility value of 4.34 mM (0.90 g l-1) is lower than the multiply reported literature value of 1.6 g l-1 9


 ADDIN EN.CITE ,24
, although the experimental derivation of this latter value is not clear.   These results indicate that for BPA there is a five fold difference between the kinetic and intrinsic solubility values and is indicative of the ability of BPA to form a supersaturated solution under the experimental conditions, which is typical of organic acids 25

.   All the excipients increase the ratio between the kinetic and intrinsic solubilities but only mannitol provides statistically significant increases in the kinetic solubility, which is the highest value determined at 80.43 mM (16.7 g l-1).   This value is close to the maximum possible experimental solubility of 16 g L-1 in the system and a further experiment was performed with BPA mannitol only at a starting concentration of 33 g l-1.   Under these conditions the measured kinetic solubility was 81.94 mM and the intrinsic 9.22 mM (results not shown), indicating that the reported result is not limited by the experimental conditions employed.   However, experimental limitations were encountered at higher concentrations related to the maximum volume of the T3’s sample container (3 ml), concentration of standard acid and base (limited to 0.5 M) and concentration of BPA in the system, data not shown.   

Dissolution results (Figure 5) are in agreement with previous reports 9

.   The BPA solubilisation titration curve slope is steep indicating that a small change in pH produces solubilisation, whilst the mannitol and fructose solubilisation behaviours are both gradual, potentially indicating complex formation during solubilisation.   
9

 that a pH of 9.7 is required to fully solubilise BPA at 33 g l-1 and that fructose decreases this value to pH 7.98.   However, the mannitol value in this experiment is approximately 0.3 pH units lower than the reported literature value 
The larger shift of pKa in the solubility data (Table 3) compared to the potentiometric pKa data may be due to the higher concentration of BPA and monosaccharide under these experimental conditions.   A result only previously reported for changes in BPA UV spectra 26

.   Although it does exhibit a slightly lower precipitation pH when compared to trehalose and must therefore, be interacting with BPA albeit in a minimal fashion.   
20

.   Surprisingly, HPCD does not increase BPA intrinsic solubility to a significant extent, which would be expected if it formed an inclusion complex.   It maybe that the equimolar conditions employed did not permit complexation since it has been reported that a 2:1 HPCD:BPA ratio is required 9

 but reported for the pKa of arylboronic acid groups 
GENERAL

It is well known that saccharides containing appropriate cis diol moieties form cyclic esters with boronic acids 27
 and the formation of this complex builds the basis for amongst many applications molecular colour sensors for monosaccharides or sugar extraction from aqueous solutions 28
.   The general utility of the boronic acid-diol complexation reaction has led to its extensive investigation especially with arylboronic acids.   This reaction was the reason that BNCT pioneers investigated the effect of monosaccharides on BPA 9


 ADDIN EN.CITE ,29
 with a view to improving solubility and a decision to utilise the fructose complex for further in vivo studies 20

.   Equally plausible maybe that the reported differences in the binding constants are not large enough to influence solubility when the two reactants are present at equimolar concentrations.   In addition it cannot be excluded that these effects are related to the effect of solution viscosity or experimental variability on dissolution behaviour and further more detailed studies would be required to assess this particular effect.   
20

.   In addition the differences in equilibrium constant reported above are not reflected in either the kinetic or intrinsic solubility, where in the former mannitol is superior to fructose.   This maybe is to be expected since although complex formation is required for solubilisation (Figure 5) the solubilisation potential will also be linked to the portion of the donor diol molecule not involved in the boronic acid complex formation.   The linear monosaccharide mannitol will have four residual free hydroxyl groups post complex formation whilst the cyclic monosaccharide fructose will only have three.   This difference may explain the increased kinetic solubility of the BPA mannitol complex over fructose (Table 2 and Figure 4).   However, during solubilisation fructose is marginally superior to mannitol whilst during precipitation there is no appreciable difference.   In addition the absorbance/turbidity curve at 650 nm obtained for fructose and mannitol during solubilisation experiments has a different slope to that of BPA alone, whilst during precipitation no such difference is observed.   This maybe indicative of the complex formation reaction occurring during dissolution and the importance of the relative affinity constants of fructose and mannitol since complex formation at low pH is by a different mechanism to high pH when the boron centre is tetrahedral.   Whereas during precipitation complex dissociation is occurring which is not simply the reverse of complex formation 20

, both based on spectrophotometric data.   However, in our experiments this does not result in a comparable difference in the detected boronic acid pKa shift induced by either fructose or mannitol for BPA possibly because the boronic acid pKa value does not report the overall binding equilibrium only one stage of the reaction 9

 has reported a higher affinity for fructose (log K 2.43) over mannitol (log K 2.19) for BPA and a difference in binding constant between fructose (Keq M-1 =160) and mannitol (Keq M-1 =120) for phenylboronic acid 1

.   Since HPCD and trehalose do not contain the appropriate cis diol moieties they cannot participate in this reaction and this is the reason they behave differently to mannitol and fructose.   Previous data 29

 and subsequently the majority of clinical studies 
Substitution of fructose with mannitol in clinical studies leads to possible issues with bioequivalence of the two formulations and comparison with published results.   Previously bioequivalence has been demonstrated for BPA-fructose and BPA HCl salt 9

.   The lower binding affinity of mannitol for boronic acid may therefore, be beneficial and ensure bioequivalence of the formulation.   
20

 on dilution after IV administration will release free BPA 8

 and it has been argued that the reversibility of the boronic acid complex reaction 
CONCLUSION

The formation of a reversible BPA monosaccharide complex via the reaction of the boronic acid group with cis diol arrangements in fructose and mannitol can be demonstrated experimentally through changes in measured pKa values, UV and NMR spectra and physicochemical changes to solubility, precipitation and solubilisation.   Saccharides, which do not contain appropriate cis diols such as trehalose and HPCD do not partake in this reaction, do not influence these properties and do not assist the solubilisation of BPA for parenteral administration.   Whilst the complexation reaction per se maybe examined by changes in UV or NMR spectroscopic properties and effects on the boronic acid group pKa, these do not, for fructose or mannitol provide useful information or relate to the key pharmaceutical property of solubility.   The possible exception is BPA dissolution where complex formation occurs as a precursor to solubilisation.   Solubility measurements indicate that BPA is capable of forming a supersaturated solution, typical of an organic acid, and that the formed monosaccharide complex enhances the saturation concentration, with mannitol superior to fructose.   The aim of this study was to determine if an alternative BPA formulation was feasible and could be considered pharmaceutically equivalent to the existing fructose formulation.   The results indicate that a BPA mannitol formulation is equivalent if not physicochemically superior to the existing fructose formulation.   Further studies will be required to investigate the pharmaceutical and clinical acceptability of a switch from fructose to mannitol.   
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Figure Legends.

Figure 1: Relative UV absorption spectra of L-boronphenylalanine (BPA) in the absence or presence of mannitol, fructose or hydroxypropyl ( cyclodextrin (HPCD).

Figure 1 Legend:

Figure 1: Relative absorption spectra were measured from changes in a reference spectrum determined at pH 1.   Absorption reading interval approximately 2nm, individual data points not shown.   pH 2.0 ( ; pH 8.3 - -  - ; pH 11.0 … .
Figure 2.   Changes in relative absorbance of BPA at 238 nm and 275 nm versus pH in the absence or presence of mannitol, fructose and hydroxypropyl ( cyclodextrin.

Figure 2 Legend: Change in absorbance versus pH of BPA (() in the presence or absence of mannitol (…), fructose (- - -) and HPCD (. - . - . -).   Figure 2b pKa values for the boronic acid group determined by potentiometric titration method (see Table 1) superimposed.   Absorbance readings taken at pH intervals of approximately 0.2, individual data points not shown.   

Figure 3. 10B NMR Spectra in the absence and presence of mannitol or fructose.   
Figure 3: 10B NMR Spectra at 64.47 MHz Top: BPA with fructose measured at pD 7.2. Middle: BPA with mannitol measured at pD 9.1. Bottom: BPA measured at pD 12.7.   
Figure 4.   pH Dependent precipitation of BPA solutions in the absence or presence of mannitol, fructose, trehalaose and hydroxypropyl ( Cyclodextrin (HPCD).   
Figure 4: pH-dependent precipitation of BPA in the absence or presence of mannitol, fructose and hydroxypropyl ( Cyclodextrin (HPCD).   BPA (((), BPA-trehalose ((—), BPA-HPCD (((), BPA-fructose (((), and BPA-mannitol ((().   

Figure 5.   pH Dependent solubilisation of BPA in the absence or presence of mannitol and fructose.   
Figure 5: pH-dependent solubilisation of BPA in the absence or presence of mannitol and fructose.   BPA (((), BPA-fructose ((() and BPA-mannitol ((().  

Table 1:   Potentiometric pKa measurement of L-boronphenylalanine (BPA) in the absence or presence of mannitol, fructose or hydroxypropyl ( cyclodextrin (HPCD).   
	Sample
	pKa 1

COOH
	pKa 2

B(OH)2
	pKa 3

NH2

	BPA powdera
	1.94 ± 0.22
	8.32 ± 0.07
	9.57 ± 0.06

	BPA mannitolb
	2.40 ± 0.14(
	7.73 ± 0.13(
	9.77 ± 0.18(

	BPA fructoseb
	2.42 ± 0.08((
	7.58 ± 0.13((
	9.79 ± 0.19(

	BPA HPCDc
	2.20 ± 0.14(
	8.47 ± 0.07((
	9.71 ± 0.06(


Table 1 Legend:

Table 1: pKa values of L-boronphenylalanine determined by potentiometric pH analysis.   

a: mean n = 3 ± standard deviation

b: mean n = 9 ± standard deviation
c: mean n = 6 ± standard deviation
( Compared to BPA powder statistically significant difference P < 0.05

( Compared to BPA powder no statistically significant difference P > 0.05

( Compared to mannitol no statistically significant difference P > 0.05

( Compared to mannitol or fructose statistically significant difference P < 0.05
Table 2:   Solubility determination of L-boronphenylalanine (BPA) in the absence or presence of mannitol, fructose, hydroxypropyl ( cyclodextrin (HPCD) or trehalose.   
	Sample
	Kinetic solubilitya (mM)
	Intrinsic solubilityb (mM)

	BPA powderc
	25.7 ± 5.51
	4.34 ± 0.27

	BPA mannitolc
	80.4 ± 22.47(
	7.85 ± 1.16(

	BPA fructosec
	52.8 ± 4.92(
	5.78 ± 0.88(

	BPA cyclodextrinc
	43.0 ± 3.20((
	5.70 ± 0.43(

	BPA trehalosec
	27.6 ± 1.44((
	3.99 ± 0.63((


Table 2 Legend:

Table 2: Solubility data of BPA in the absence or presence of mannitol, fructose or HPCD.   

a: Kinetic solubility; calculated concentration of neutral drug in solution at the pH point where precipitation is first detected.   

b: Intrinsic solubility; calculated solubility of the drug if dissolved in unbuffered water.   

c: mean n = 3 ± standard deviation
( Compared to BPA powder no statistically significant difference P > 0.05

( Compared to BPA powder statistically significant difference P < 0.05

( Compared to mannitol statistically significant difference P < 0.05

Table 3:   Solubility pKa measurement of L-boronphenylalanine (BPA) in the absence or presence of mannitol, fructose, hydroxypropyl ( cyclodextrin (HPCD) or trehalose.
	Sample
	pKa 1

COOH
	pKa 2

B(OH)2
	pKa3

NH2

	BPA powdera
	nm
	7.96 ± 0.44
	9.41 ± 0.22

	BPA mannitola
	nm
	6.45 ± 0.06(
	9.33 ± 0.06(

	BPA fructosea
	nm
	6.12 ± 0.07(
	9.44 ± 0.10(

	BPA cyclodextrina
	nm
	8.26 ± 0.06(
	9.54 ± 0.10(

	BPA trehalosea
	nm
	8.26 ± 0.04
	9.47 ± 0.09


Table 3 Legend:

Table 3: pKa values derived from BPA solubility data in the absence or presence of mannitol, fructose or HPCD.   
a: mean n = 3 ± standard deviation
nm: not measured, system precipitates before pKa value reached, see Figure 4

( Compared to BPA powder no statistically significant difference P > 0.05

( Compared to BPA powder statistically significant difference P < 0.05
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