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Application of Parallel Capillary Electrophoresis towards Small Molecule Characterization and Protein Analysis
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• Advanced Analytical – Company Background • Overview of pKa PRO™ Measurement System • Measurement of pKa/pI Values for Small Molecules and Peptides • Small Molecule Applications of Parallel CE-UV • Summary



Advanced Analytical Technologies, Inc. – Background Our History:



Founded 1997, 4 Scientific Co-founders Merged with CombiSep, Inc. in late 2006



Our Company:



Headquartered in Ames, IA 30+ Employees Worldwide Sales and Distribution Network



Our Business: Adapt specific technology platforms to meet specialized needs in the Pharmaceutical, Biotechnology and Personal Care Markets Our Solutions:



Rapid Microbial Detection/Enumeration System (Micro PRO™) Parallel Capillary Electrophoresis Systems: pKa PRO™ (small molecule characterization) Oligo PRO™ (ssDNA/ssRNA/dsRNA purity analysis) Protein PRO (protein characterization)



Our Commitment:



Solely focus on the needs of our industrial customers and leverage our scientific, engineering, and development expertise to enhance productivity, improve processes and increase client profitability



Common Issues Encountered During pKa Measurements •



Limited amounts of sample available − Traditional potentiometric methods require mg amounts of pure compound



•



API Purity and/or stability of sample has not been precisely evaluated − Traditional methods provide “batch” analysis of entire sample and cannot resolve individual components



•



Relatively low aqueous solubility − Traditional methods require relatively high sample concentrations, leading to compound precipitation



•



Number of ionizable groups in pH range of interest unknown − UV spectrophotometric methods are structurally sensitive and may miss pKa values for ionizable groups 2-3 bonds or more from chromophore − Software prediction is often unreliable for novel and complex drug structures



Capillary Electrophoresis (CE) Technology Overview -
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•



Charge-based separation by application of high voltage across capillary filled with aqueous-based buffer



•



Narrow bore, bare fused silica capillaries (75 µm i.d., 200 µm o.d.)



•



Electroosmotic flow (EOF) provides bulk flow towards cathode (detector) at pH > 4



•



Application of vacuum provides bulk flow to detector at all pH values



•



Migration time depends on analyte charge-to-mass ratio; neutral compounds migrate with bulk flow



•



Many publications dating back >15 years describe single capillary CE for the measurement of compound pKa values



Key Advantages of CE for Measuring pKa •



Often only small quantities (mg) of relatively impure compounds are available in early discovery



•



CE Approach: 9 Requires only small amounts of material (µg range) 9 Sample purity not as critical (CE is separation technique) 9 Measurement of migration time (ionic mobility) vs. pH (intuitive) 9 No spectral differences between ionic and neutral species required; only UV absorbance at low UV wavelength 9 Sparingly soluble compounds can be investigated with aqueous buffers 9 Intimate knowledge of sample concentration not required



pKa PRO™ Measurement System



•



Parallel 24 or 96-channel capillary electrophoresis system developed for performing rapid pKa and pI measurements



•



Simple user interface, predefined CE methods and fully integrated data analysis software for pKa/pI calculation and report generation



•



Can also be used for general aqueous-based buffer CE separations



•



Designed with feedback from scientists directly involved in pharmaceutical research and pKa analysis



Principles of pKa PRO™ Operation



• 24 or 96 capillaries are arranged in a linear array at detection window • UV light is passed through capillary array and imaged onto photodiode array detector • Capillary inlets arranged 8 x 12 for direct injection from 96-well micro plates • Capillary outlets are bundled and connected to a syringe pump for buffer filling • Different pH buffers are injected into capillary array prior to parallel CE-UV separation • Four samples can be analyzed over 24 pH values in a single 96-channel experiment



96-Capillary Array Viewed from Detector Position



Capillary Outlets (12 Bundles of 8 Capillaries)



Capillary Inlets (Arranged in 8 x 12 Format)



Detection Window (Polyimide coating removed)



24-Capillary Array



• Capillaries are spread apart throughout entire effective length • Outlet reservoir, ground electrode permanently housed in system



24-Capillary Array System Configuration Optics and PDA Detector



HV Power Supply



UV Lamp



High Pressure Pump



Capillary Array Outlet Reservoir (8 mL)



Inside View of the pKa PRO™ Instrument Capillary Array Cartridge



Lamp Housing



Capillary Array Detection Window



HV Power Supply



Optical Platform Housing



Syringe Pump



Image of 24-Capillary Array on PDA Detector



• Continuous measurement of UV intensity simultaneously in all 24 capillaries • Absolute light intensity does not have to be equal as the relative absorbance is measured in each capillary



pKa PRO™ System Specifications Sample Throughput:



pKa PRO™ 96XT 12 compounds/h for aqueous 24-point pKa measurement pKa PRO™ 24HT 3 compounds/h for aqueous 24-point pKa measurement



Detection:



UV absorbance at 214 nm; other wavelengths available



Detection Sensitivity:



5 µg/ml (ppm) depending on chromophore; working concentration 50 µg/ml



Sample Required:



Working volume 50 µl/well; 24 wells per 24 pH analysis (< 100 µg)



Sample Format: at



DMSO concentration < 0.2% (v/v); higher DMSO concentrations tolerated higher wavelength



pKa Measurement Range:



1.8 – 11.2



Software:



Proprietary pKa PRO™ software for system control/data analysis



Data Export Format:



Microsoft® Excel spreadsheet



Measuring pKa by Capillary Electrophoresis (CE) Bases +
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• Neutral marker (DMSO) is added to sample • Plot of migration time difference vs. pH yields titration curve • pKa value corresponds to inflection point of titration curve



Time



Sample and Buffer Tray Configuration for pKa Analysis 24 pH Point pKa Analysis (4 Samples) Analyte



Sample Tray



H G F E D C



Acyclovir Acyclovir 4-Aminopyridine 4-Aminopyridine Cefadroxil Cefadroxil



B A



Quinine Quinine



12 11 10 9 8 7 6 5 4 3 2 1 H G F E D C



pH 11.2



Inlet Buffer Tray pH 6.8



B A



pH 6.4 12 11 10 9 8 7 6 5 4 3 2 1



pH 1.7



Experimental User Interface Screen



• User selects experimental mode (12 or 24 point aqueous, 12 or 24 point co-solvent) • Compound names, molecular weights and predicted pKa values (if available) are entered • Buffer pH information file is loaded • Information is saved for pKa calculation and report generation



24 Point Results for Cefadroxil (diacid/monobase zwitterion)



• At low pH, cefadroxil is positively charged and migrates before DMSO neutral marker • At high pH, cefadroxil is negatively charged and migrates after DMSO neutral marker



24 Point Results for Cefadroxil (diacid/monobase zwitterion)



• pKa values: 2.56,7.24,9.67 • pI value: 4.90 • Predicted charge (cefadroxil) = +0.85; -1.66 = monobase/diacid



pKa Analysis of Tyrosine (monobase/diacid zwitterion)



*



• • • •



pKa Values: 2.21, 8.79, 10.08 pI Value: 5.54 Charge: +0.71, -1.62 = monobase/diacid –COOH pKa value not observed by UV spectrophotometry



pKa Analysis of Procaine + Impurity



**



Effective Mobility (x 106 cm2/V•s)



• A 4-aminobenzoic acid hydrolysis impurity (20%) of procaine was present • The pKa values for both species were determined in the same experiment



pH 1.78 (Top Left) – pH 6.46 (Bottom Right)
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pH 6.82 (Top Left) – pH 11.20 (Bottom Right)
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4-ABA



Procaine pKa’ Values:



2.20, 9.04



4-ABA pKa’ Values:



2.37, 4.38
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pKa Analysis of a Peptide: Asp-Phe



H-Asp-Phe-OH pKa Values: 2.13; 3.71; 7.95 pI Value: 2.96



• Charge-based measurement provides indication of peptide isoelectric point as well as pKa values



Cosolvent pKa Extrapolation of Insoluble Compounds Method: • pH values of methanol containing buffers were measured using aqueous standards w ( s pH) and converted to ss pH values as previously described* s s



• The pKa’ values are determined for compounds using 30%, 40%, 50% and 60% (v/ v) methanol-containing buffers s s



dielectric constant (ε ) and • pKa’ values are plotted as a function of solution w extrapolated to 0% cosolvent to yield the



w



pKa’ value (Yasuda-Shedlovsky Method)



• Four compounds can be run in parallel over 24 pH values or eight compounds can be analyzed over 12 pH values (2 - 4 compounds/h) • Method only requires < 100 µg of compound compared to several mg for potentiometric method * Roses, M.; Bosch, E. J. Chromatogr., A 2002, 982, 1-30.



pKa Analysis of an Aqueous Insoluble Compound



pH 6.80



ppt



Tamoxifen



pH 7.20



MW: 371.5 Calculated log P: 7.88 ± 0.75 Calculated solubility: 0.05 µg/ml Measured solubility: 0.01 µg/ml Calculated values from ACD I-Lab V. 7 Measured value from Avdeef (2003)



ppt



• 24-Pt aqueous pKa Analysis at 30 ppm (30 µg/ml) • Precipitation from solution at pH 6.8 – 7.2 • Sample dilution to detection limit = ppt



pKa Analysis of Tamoxifen in 30% (v/v) Methanol



• Tamoxifen stays in solution when analyzed at ~20 µg/ml in 30% (v/v) cosolvent buffers



Yasuda-Shedlovsky Extrapolated pKa’ Value for Tamoxifen



• Measure pKa’ value in 60% - 30% methanol containing buffers; extrapolate to 0% cosolvent • Extrapolated pKa’ value (I = 50 mM):8.53 ± 0.07 (n = 9) • Literature pKa’ value (I = 150 mM): 8.58 (Avdeef, 2003) • Software performs entire analysis with minimal input



pKa Paper in Collaboration with Pfizer • An exhaustive study was performed over several years with two different generations of technology to validate the multiplexed CE method for pKa analysis



• Excellent correlation found between pKa values measured with multiplexed CE-UV and available literature values, using both aqueous and cosolvent methods



Shalaeva M, Kenseth J, Lombardo F, Bastin A. 2008. Journal of Pharmaceutical Sciences, Accepted for Publication.



Correlation of Multiplexed CE-UV pKa Values to Literature
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Average pKa Value, This Work



• 98 compounds (>150 pKa values) measured by aqueous buffers compared to average literature values • 23 compounds (26 pKa values) measured by co-solvent buffers compared to average literature values



10.00



pKa Measurement Pre-made Buffer Plates



• Pre-made buffer trays provide significant savings in labor and time, reduce error • Aqueous and co-solvent buffer plates now commercially available



Parallel CZE Separation in 24-Capillary Array BGE: 10 mM Sodium Tetraborate pH 9.1 Mixture of 2 pyridinium cations, DMSO and 2 benzenesulfonic acid anions CE: +10 kV (180 V/cm) Sample: Peak #4 I.S.: Peak #5 N = 24 Normalized Migration Time %RSD: 0.13% Normalized Corrected Peak Area %RSD: 0.30%



Log P Analysis of Neutral/Basic Compounds • Multiplexed, microemulsion electrokinetic chromatography (MEEKC) was employed for indirect log Pow evaluation. • Microemulsion Buffer: 8.0% (w/v) 1-butanol, 1.2% (w/v) n-heptane, 2.0% (w/v) sodium dodecyl sulfate, with phosphate/borate buffer (pH 10.0). Validated to correspond to octanolwater shake flask



• MEEKC is based on the partitioning of analyte between an aqueous phase and an immiscible microemulsion (ME) phase comprised of oil droplets + surfactant • More lipophilic compounds favor the ME phase and migrate slower • Order of migration: DMSO (EOF marker), Analyte, Dodecylbenzene (ME marker) Poole, S. K.; Durham, D.; Kibbey C. J. Chromatogr. B 2000, 745, 117-126. Figure adapted from http://www.ceandcec.com (Author Kevin Altria)



Experimental Design for Log Pow Measurement • A standard mixture of compounds with known log Pow values is used to calibrate the system • The standard mixture and other test solutes are dissolved in microemulsion buffer containing DMSO (EOF marker) and dodecylbenzene (microemulsion marker). • Capacity factors (log k’ values) are calculated for standards and sample using Equation 1:



k' =



t s − t eof t eof (1 − t s /t me )



(1)



where ts, teof, and tme are the migration times of the solute, EOF marker (DMSO), and microemulsion marker (dodecylbenzene), respectively. • log k’ values for the standard compounds are plotted vs. literature log P values to calibrate the system via Equation 2: log POW = A × log k’ + B



(2)



where A is the slope and B is the y-intercept. Sample log P is calculated by entering experimental log k’ value into Equation 2.



96-Capillary MEEKC Measurement of Log P



• Migration Order: DMSO, Solute, Dodecylbenzene • 96 samples analyzed simultaneously



Separation of Log P Standard Mixture



4



DMSO (EOF Marker)



5 2



Dodecylbenzene (ME Marker) 6



3 1



• Standards: 1. Pyrazine, 2. Benzamide, 3. Nicotine, 4. Quinoline, 5. Naphthalene, 6. Imipramine



Log P Calculator Software



• Advanced data analysis software calculates log P and tabulates results



Chiral Separations by CE + - + -- -
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Bulk Flow: EOF



UV 1.



Low pH, negative polarity: Sulfated CDs have mobility to detector, interact with positively charged and neutral compounds, imparting mobility to detector. + +



+



-



+ Bulk Flow: EOF



UV 2.



Low pH, positive polarity: Neutral CD moves with EOF. Neutral CDs interact with positively charged compounds, slowing their mobility.



Chiral Selector Screening Results for p-Chloroamphetamine PTS Internal Standard



p -Chloroamphetamine



HS-α-CD



S-β-CD



HS-α-CD
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S-β-CD



HS-β-CD
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HS-γ-CD



S-β-CD



HS-γ-CD



S-β-CD



Selector



Rs



Migration Time (min)



HS-α-CD



0.89



23



HS-β-CD



1.76



26



HS-γ-CD



5.64



60



S-β-CD



2.09



25



• All samples contained pyrenetetrasulfonate (PTS) internal standard (peak #1) • BGE: 25 mM H3PO4 + 2.5% CD selector • Migration time could be reduced by use of vacuum assisted CE



Parallel Selector Screening of Neutral CDs TM β-CD



Isoproterenol



DM β-CD HP β-CD No CD



Nefopam TM β-CD DM β-CD HP β-CD No CD



• Background electrolyte: 25 mM H3PO4, pH 2.5 + 20 mM CD additive • CE Separation: +12 kV (218 V/cm)



Measurement of Enantiomeric Excess (+) PTS



(-)



• Sample: 1000 ppm (+) isoproterenol • BGE: 5% sulfated-β-CD (Aldrich) in 25 mM H3PO4/TEA pH 2.5 • Contains a minor (-) isoproterenol enantiomer impurity • Normalized corrected peak area of (-) impurity: 0.030 ± 0.002 (RSD = 6.30%; n = 24)



Protein PRO™ Analysis System



Protein PRO System



• 24-Capillary protein electrophoresis separation and quantification system • Superior resolution, quantification and automation vs. traditional slab gel methods • Direct on-line UV absorbance detection of protein with no labeling required • Proprietary capillary conditioning solution paired with gel sieving matrix • Pressure of up to 300 psi can be applied to capillary array • System is open and flexible – can vary capillary i.d., effective length, # of capillaries or separation matrices/methods • Key applications: Protein sizing and purity by CGE, charge heterogeneity by CZE



Protein PRO: AATI Protein Gel Matrix • Proprietary gel matrix for performing high resolution protein sizing by CE • Uses bare fused silica capillaries and pre-rinse with capillary conditioning solution • Relatively low gel viscosity allows for efficient capillary filling and vacuum sample injection • Low UV background absorbance provides sensitive on-line detection at 214 nm • Relatively low current reduces bubble generation • Gel and conditioning solution can be utilized in single channel CE instruments as well as in Protein PRO parallel CE system • Initial testing with customer demonstrated improved peak shape and reduced tailing for challenging mAb samples as compared to existing Beckman gel and method



Protein PRO: Separation Conditions Capillary Array: • 24 capillaries; 75 µm i.d./200 µm o.d.; 33 cm eff/55 cm total New Array Conditioning: • 1M NaOH (-2 psi 10 min, hold 20 min), water (300 psi, 5 min), conditioning solution (300 psi, 10 min), protein gel buffer (300 psi, 10 min) Between Run Conditioning: • Empty/fill with protein gel @ 300 psi, 10 min CGE Experimental conditions: • Pre-run : -4.5 kV 4 min • Injection : -0.3 psi 60s and hold for 60s • Separation : -12 kV



Protein PRO: Protein Sizing Standard Separation Protein



• Run time for 200 kDa protein: 35 min



Molecular weight (kD)



Ubiquitin
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α-Lactalbumin



14.2



Trypsin inhibitor
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97.0



β-Galactosidase



116.0



Myosin



200.0



Protein PRO: Protein Sizing Standard Separation



• Raw Data



• After normalization to 8.6 kDa and 200 kDa markers



Protein PRO: Protein Sizing Specifications Sizing Range:



9 kDa – 200 kDa



Sizing Accuracy:



CAII +/- 2%; whole standard series +/- 12%



Sizing Reproducibility:



CAII < 2%CV; whole standard series < 3%CV



Sensitivity:



Lysozyme (S/N>3) 2 ug/mL=2 ng/uL



Quantitation Reproducibility:



CAII 14%CV; whole standard series 20%CV (relative concentration to upper marker)



Total Cycle Time:



60 min



Number of Samples per Run:



24 (23 if using standard ladder)



Protein PRO: Lysozyme Calibration Curve



100 ng/ul UB IS



18.00



500 ng/ul 200 ng/ul 100 ng/ul 50 ng/ul 20 ng/ul 5 ng/ul 2 ng/ul 1 ng/ul



Peak Area Ratio (100 ng/ul UB IS)



y = 0.0169x + 0.0201 16.00



2



R = 0.9999



14.00 12.00 10.00 8.00 6.00 4.00 2.00 0.00 0



200



400



600



800



Concentration of Lysozyme (ng/ul)



1000



Protein PRO: IgG Purity/Heterogeneity



• Reduced Separation



• Non-reduced Separation



• Beckman IgG Standard with 10 kDa Marker • Resolution can be further enhanced using longer effective length



Standard Protein Mixture: 50 um i.d. Capillaries



Protein



Molecular weight (kD)



Ubiquitin



8.6



α-Lactalbumin



14.2



Trypsin inhibitor



20.0



Carbonic Anhydrase



29.0



Ovalbumin



45.0



Albumin



66.0



Phosphorylase b



97.0



β-Galactosidase



116.0



Myosin



200.0



• System can be easily switched from 75 um to 50 um i.d. capillary array • 50 um i.d. capillaries may further increase separation resolution, improve peak shape



Key Benefits and Summary • Parallel CE-UV technology can be applied to a broad range of high throughput applications spanning pharmaceutical and biotechnology markets • Parallel CE provides many benefits: ƒ ƒ ƒ ƒ ƒ



Significantly increased sample throughput Improved laboratory efficiency Lower turnaround times Decreased reagent and sample consumption Reduction in labor and operational/maintenance costs



• Many methods previously developed for single capillary CE instruments can be successfully transferred to a parallel format • The parallel CE configuration format provides an open, flexible format to vary capillary length, i.d., # capillaries and/or separation conditions to adjust resolution or accommodate different applications as needed



THANK YOU www.aati-us.com
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