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Presenter
Presentation Notes
Good Morning…

I want to begin by thanking Dr Roy for the opportunity to participate in this organized contributed session on “Current Status and Trends of Impurity/Degradant Analysis in Pharmaceuticals: Recent Advances and Applications”  
I also want to acknowledge my coauthor Michael Woodman whom assisted in optimizing the UHPLC separation conditions and also Carol Ball whom helped in reviewing the presentation.

As Mass Spectrometrists, we tend to want systems with higher and higher mass resolving power, and faster and faster chromatographic separations, But at what expense?  Is faster Always Better for the identification of trace level impurities?  
In past two year’s presentations, we discussed the importance of mass accuracy and of dynamic range; and then the importance of ionization efficiency (Comparing Electrospray to thermal gradient focusing electrospray….on the identification of low-level impurities in pharmaceutical products. 

With the debate now over on the use of higher pressure chromatography, having peaks widths approaching less than 1 second is not an obstacle for diode array detectors (infinite speed).  The same is not the case however for MS Detection..   
This Presentation is intended to investigate the impact ultra fast chromatography has on MS performance such as mass accuracy, dynmanic range, mass resolution, isotope fidelity on MS and MS/MS spectra…

For Impurity profiling going fast may not be the best solution.. Alternatively, the key benefit of UHPLC increase chromatographic separations using longer and longer columns.. High pressures.




Faster.. Faster…Faster…
But at what cost?
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“Whistler Sliding Center”
Designed as “Worlds Fastest”

In Practice Multiple Crashes

Why Speeds EXCEEDED Reaction Times

Presenter
Presentation Notes
Just because you can go faster.. And faster doesn’t mean you should go faster and faster for some applications…

It all depends on the application, the information you are trying to determine and the complexity of the sample mixture.. And level of detection.. 

In Impurity Profiling it is the needle in the hay that in many cases causes the problem.. Not the high concentration components.. So.. Dynamic Range and accurate mass are critical..
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Presenter
Presentation Notes
The Goal of Impurity Profiling as you all know if the identification of low-level impurities in presence of a complex mixture containing the API.  Mass spectrometry can provide elemental composition and in many cases possible chemical structures of the impurities.

The Challenge occurs with co-eluting compounds, then one must choose between using chromatography to separate the compounds (e.g. isobaric, isomeric, and chiral impurities), separating using high-resolution mass spectrometry (e.g. Orbi-Trap, FTMS and TOF) or separating using data-mining software programs.  The key question to ask is what impact each of these separations methods have on the ability to identify the unknown Impurity.. And what impact one method has on the other method.

GOAL: So how does the use of High Pressure Chromatography in Impurity Profiling impact on the ability of multistage mass spectrometers to accurately identify the low-level impurities in terms of sensitivity, mass accuracy and isotopic fidelity.



The Impact of Going Faster …. In MS world

Ionization Efficiency
– Electrospray Ionization, Thermally Assisted Electrospray
– Produce Stable [M+H]+

– Ion Transmission Efficiency

Faster Scanning Effect on Mass Spec Detection
– Scan Speed –10-20 Spectra/S  MS and MSMS Modes (dead times)
– Dynamic Range (Detector Saturation)
– Mass Resolution – Time or Space  
– Scan Speed vs Mass Accuracy 
– Unknown Identification: Isotope Fidelity and Mass Accuracy 

Do Narrower Peaks Result in Better Detection of Impurities
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Presentation Notes
Going Faster and Faster in LC/MS has several challenges, which are leading to new innovations source designs (increased ionization efficiency), new column technology (MS Friendly columns/buffers) and most importantly new innovations in MS detection technology are being developed with acquisition rates of 10-20 spectra/second, with sub-picogram detection limit, wide dynamic ranges to detect co-eluting compounds all with mass accuracy in both the MS and MSMS modes of 1ppm or better to determine elemental compositions.
  



New 1290 Infinity UHPLC Binary Pump

„Next Generation“ Technology
1200 bar @ 2.0 mL/min
800 bar @ 5.0 mL/min
Low Dead volume: 10 µl
Low Mixing Noise
High RT precision
Automatic purge
Automatic correction of micro leaks

Separations
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So What Does Higher Pressure Enable?
… Speed, Resolution, Sensitivity
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Separations

Presenter
Presentation Notes
So what does higher pressure enable in liquid chromatography.  First one needs to make a choice does your application require faster analyses times of easily resolved compounds?  Then one would choose using a short 50 mm column and ultra fast flow rates of 2mL/min.  We have demonstrated the separation and detection of over 225 pesticides in under XXX minutes (using TOF). However,  if your application requires the separating complex mixtures that contain structural isomers, then high pressure chromatography enables one to use longer columns (250-500 mm) for peak capacity and high number of plates.  At ASMS, we presented the use of non-aqueous reverse phase chromatography with MTBE and Acetonitrile mobile phases to separate TAG’s using column lengths of 250 to 400 mm.  We had to over come several challenges including the poor ionization efficiency of the non-acqueous mobile phases.  

  



Resolving Coeluting Compounds 1mL/min 10Hz
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Peak Width 2s

-0.19 ppm 

-0.11 ppm 
Dual ESI 6540

3-methylxanthine

benzocaine

Presenter
Presentation Notes
Here is an example taken from the analysis of metabolites in Human Urine.  These two compounds Benzocaine and 3-methylxanthine at low flow rates coelute but at high flow rates they are baseline resolved.  The mass spectra data was obtained at an acquisition rate of 8 spectra/sec, producing mass errors of 0.19 and 0.11 ppm respectively and isotope abundance matches of greater than 98.9%.





MS/MS Confirmation of C9H11NO2 Compound
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Presenter
Presentation Notes
The MS/MS data shows the fragment ions with mass errors less than 1ppm.




Separation of Coeluting Compounds

m/z 166.0720
C6H8N5O

m/z 166.0860 
C9H12NO2

m/z 167.0565
C6H6N4O2

600 µL/min

4s Peak Width

18 seconds

14 mDa
Mass Diff
RP 12K 

1-methylguanine

Presenter
Presentation Notes
So chromatographically we have several choices on separating co-eluting compounds, the first is speed… this slide shows the EIC’s for the three coeluting compounds at 600 uL/min.  The mass difference between the two compounds is 14 mDaltons corresponding to resolving power of at least 15K to resolving the two peaks.



Separation of Coeluting Compounds

m/z 166.0720

m/z 166.0860

m/z 167.0565

1000 µL/min

3s Peak Width

Changes to RT

benzocaine

1-methylguanine

Presenter
Presentation Notes
At higher flow rates of 1mL/min note besides having sharper the elution profile has changed where the benzocaine elutes before the 1-methyguanine.. So just going faster can’t assume the same elution time order takes place… for closely eluting compounds..



Separation of Coeluting Compounds 2.1 x 200 mm

m/z 166.0720

m/z 166.0860

m/z 167.0565
C6H6N4O2

Presenter
Presentation Notes
The second option instead of speed with high pressure is longer columns.. So using two 100 mm columns at flow rate of 500uLmin, the EIC shown here clearly show how distance versus speed can baseline resolve the various structural isomers of the C6H6N4O2 metabolite…

So going high pressure chromatography can enable narrow peak shapes and longer columns but what are the requirements for MS detection at high flow rates?



Requirements for Optimal MS Detection

Time-of-Flight Technology Ideal Match for UHPLC

• Efficient Ionization – Stable Molecular Ions

• Ultra fast detection rates
– 20 spectra per second in MS
– 10 spectra per second in MS/MS mode

• Mass resolution independent of Acquisition Rate
• Identification: Sub-ppm mass accuracy Isotopes..
• Wide dynamic range

So How Can We Do IT????
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Presentation Notes
So this slide outlines the real requirements for Optimal MS Detection for high flow Rate LCMS Applications!!
Clearly we need the MS to generate ions, detection fast and have good mass accuracy and isotopic fidelity…

So how.. 



Resolution - Function of Flight Time
6530 – 20,000 6540 – 40,000

Sensitivity – 1pg 10:1 2pg 10:1
In Scan Dynamic Range
Transients/Scan 250-13,000

6540 UHD 
Q-TOF
144 µs

6530 
Q-TOF
90 µs

Mass Resolution at What Cost?

DC Quad

Octopole 2

Ion Pulser

Ion Mirror

Detector

Turb
o
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LC/MS 
Analysis
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The How is really with the TOF technology…
Since in TOF Resolution is a function of time.. One gains resolution with longer and longer flight tubes or by using “multipass optiics..”  But these gains in resolution is at a cost of sensitivity…
At Agilent our new QTOF uses a combination of slightly longer flight tube ____ and ion optics to give double the resolution and sometimes larger.  A draw back of longer flight tubes is that the flight times are longer (90uS to 144us) which impacts the total number of transients one can collect per spectrum in a one second time.  The other impact of few transients is the level in which the detector can become saturated… about 1/3 less.. 







Ion Beam Compression (IBC)* Technology
Drives Higher Resolution

Up to 10-fold ion beam compression 

Exit from collision cell

Into slicer and pulser region

Narrowed beam slit enables mass resolution
of 40K

Compressed and cooled ion beam ensures the best sensitivity
performance in high resolution mode

* Patent pending
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Presentation Notes
Besides the flight tube we use an ion beam compression technology to cool and focus the ion beam prior to entering the slide and the pulsar of the TOF.  So now that we have a fast scanning detection system.. We now need to focus on generating ions out of the high LC flow rates that are possible with the UHPLC systems.



Ionization At High LC Flow Rates (> 1mL/min)
Ion Generation Critical Step
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Split Flow ESI 
Multimode

Jet Stream

Presenter
Presentation Notes
From the first coupling of Liquid chromatographs to Mass Spectrometers the challenge has been to develop ionization mechanisms that can tolerate the high LC flows and still have high sensitivity.  It was common place in the early days of electrospray, to split the to keep flows low into the Electrospray sources.  Later, new innovations such as multimode ionization source, the one here using quartz heaters for desolvation enable flow rates to ~ 1.2 mL/min.  Recently thermal assisted electrospray is being used to efficiently operating at flow rates up to 2.0 mL/min.



Comparison ESI and Jet Stream (500 µL/min)

4 Fold increase in Signal with Jet Stream with Decrease in Dehydration

Dual ESI

Jet Stream
OH

OH

O
O

O

O

CH3

CH3

CH3

H2O

H2O

Prednisolone

Presenter
Presentation Notes
Last year my talk focused on ion generated and the use of the Agilent Jet Stream technology to enhance stable molecular ion formation of various API products.  Here we show that for Prednisolone  Jet Stream produces about a 4X increase in signal over standard electrospray at 500 uL/min.  Beside the protonated molecular ion, we also see ions from the sequential loss of water, which can potentially complicate the identification just so loss impurities.



6540 In-source Fragmentation Prednisolone

[M+H]+[M+H-H2O]+[M+H-(H2O)2]+ 145V

125V

105V

80V

Presenter
Presentation Notes
As I previously stated the generation of fragment ions by in-source fragmentation or other mechanisms can inhibit the identification of unknown impurities.  Source designs and ion optics on MS systems can produce different levels of fragmentations.  For example, as part of our work for this talk we observed that the new QTOF produced significantly lower fragment ions (sequential water losses) over what has been observed on previous models of the QTOF.  More work is to be done this slide clearly shows that a lot fragmenter voltages, the loss of water from Prednisolone is nearly eliminated…



How Much Resolution is Enough Resolution?

6530 
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6540

1 mL/min

Presenter
Presentation Notes
Now what impact does resolution have in impurity profiling examples…
Here we show the difference between the analysis of that urine sample using the two different QTOFs’..both with the Jet Stream technology..at a flow rate of 1000uL/min
Note that at m/z the two ions now at m/z are clearly resolved which means that the isotope abundance of 166 can be accurately determined..



Mass Accuracy vs Scan Rate Flow Rate 1 mL/min 
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2Hz

4Hz

6Hz

8Hz

0.52 ppm

-0.19 ppm

0.32 ppm

-0.19 ppm

benzocaine

Presenter
Presentation Notes
So we have produced a mass spectrometer that has good resolving power.  So now what effect does going faster and faster chromatographically have on obtaining good mass accuracy?....
On the left side of this slide we show the extracted ion chromatograms obtained from benzocaine.. From 2 Hz to 8Hz.. On the right side are the corresponding mass spectra showing the mass accuracy and also the isotope abundance of the isotopes…  
The Circle shows how at high acquisition rate we can clearly resolve the two peaks at m/z 167.056 167.089.




Phytosterols Dietary Supplements in Headlines..

A healthy choice for daily cardiovascular 
maintenance, beta sitosterol is a powerful 
plant sterol that works naturally within the 
body. Our Beta Sitosterol features premium-
grade plant sterols including beta sitosterol, 
campesterol and stigmasterol for broad-
spectrum phytosterol nutrition

Populations with a low incidence of 
coronary heart disease tend to have 
relatively low total blood cholesterol and 
LDL cholesterol levels. Our specialized 
formula exceeds strict quality standards for 
levels of beta sitosterol, stigmasterol, and 
campesterol - the active ingredients that 
help maintain cholesterol levels already 
within a normal range.*
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Got DATA and Results……. YES

Going to Present Results…. NO

Presenter
Presentation Notes
So can Fast UHPLC and fast MS be used to identify low level impurities in API and other pharmaceutial products.. The answer is yes.. 

The new compounds we choose to look at were Phytosterols that are dietary supplements in the headlines for lower cholesterol.. 
Mike Woodman previously worked out the chromatography for separately these simple sterol using isocratic C8 RP chromatography.. 

We have all the results but are not going to present them .. Mainly because we didn’t find many impurities in the samples.. They were usually a mixture of several sterols all around the same molecular weight and all the in ESI mode produced mainly [M+H-H2O]+ ions ..

So instead we relooked at the Prednisolone, Albuterol Sulfate and singular..products that were over 10 years old.. Sample preparation was only dilute and shoot…




Phytosterols Modification of Cholesterol

Beta-Sitosterol
C29H50O

Dihydro Beta-Sitosterol
C29H52O

Cholesterol
C24

Campesterol
C28H48O

Stigmasterol
C29H48O
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Presentation Notes
The Phytosterols are proposed to be able to lower cholesterol.  This slide shows the modifications of cholesterol to form the commonly found phytosterols in plants…



Phytosterols Commonly in Products

Name M.form
# C=C bonds Calc. Mwt

Cholesterol C27H46O 1 386.366

ergosterol C28H44O (3) 2 conj.1 isol. 396.350

Brassicasterol C28H46O 2 398.366

campesterol C28H48O 1 400.382

campestAnol C28H50O 402.398

Stigmasterol C29H48O 2 412.382

delta-5-avenasterol C29H48O 412.382

b-Sitosterol C29H50O 1 414.398

sitostAnol C29H52O 416.414

lanosterol C30H50O 2 426.398
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Presenter
Presentation Notes
cholesterol and lanosterol are not normally found in phytosterol mixtures.  As far as I know, only palm oil contains cholesterol, of all the seed oils.  Brassicasterol is normally found only in rapeseed, which is also known more commonly by its’ low-erucic acid version canola (CANadian Oil Low Acid)
Campesterol, stigmasterol and b-sitosterol are generally the most common.  beta-Sitosterol supplement preparations contain significant amount of the other two sterols and trace amounts of a variety of sterols, depending on the source and treatment.
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Column Selectivity Comparison
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Separations
Separation
s

Presenter
Presentation Notes
Mike Woodman previously determined that the phytosterols commonly found in these products could be separated isocratically using C8 column with 87/13% Acetonitrile and water ..   We utilized the method translator program to convert the LC conditions from 3.5 micron to 1.8 micron particles..



Cholestatin™ Sterol Separation 500 µL-1000 µL/min
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1000 µL/min

600 µL/min

750 µL/min

900 µL/min

500 µL/min

Presenter
Presentation Notes
This slide shows the base peak chromatograms obtained from Cholestatin from 500uL/min to 1.0mL/min using the isocratic conditions.  The analyses times are shortened from ~8 minutes to 3.5 minutes..




Characterization of Sterol Mix – Flow Rate/Column 
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500 µL/min -100 mm

800 µL/min -200 mm

800 µL/min -100 mm

Presenter
Presentation Notes
This show shows that the separations obtained using high flow rate and longer columns were essentially the same as that obtained using a 100 mm column at 500 uL/min. … 



Degradation Products in Albuterol Sulfate 
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750 µL/min

Presenter
Presentation Notes
Since the Phytosterols produced very little if any impurities we decieded to reanalyzed the expired pharmaceutical products were looked at last year for this symposium.   The expired drugs were present in solutions of ~10mg/ml and were diluted serially in water without any further sample clean up.  The molecular weight and formula’s of the possible degradation products were determined using the Agilent biotransformation software program..  The data was analyzed using the “Find Compounds by Molecular Features, the Agilent data mining software tool, in which the propsoed list of compounds from the biotransformation software was used an inclusion list of compounds.
Note the excellent low mass accuracy in addition to the presence of water loses.. 





Albuterol Sulfate- Coeluting Impurities MW 225/255
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Presenter
Presentation Notes
In this slide we emphasize the ability of MFE to resolve and indentify the presence of two closely spaced compound (molelcular weights of 255 and 225)….




Prednisolone Impurities Function of Flow Rate
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400 µL/min ESI 7 Compounds 1000 µL/min ESI 3 Compounds

Presenter
Presentation Notes
This slide shows the effect that flow rate has on the identification of impurities ..



Prednisolone Dual ESI, 275 µL/min, 10X Dilution  
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> 30 compounds

Presenter
Presentation Notes
The best identification of impurities was obatined using Dual ESI siwht low flow rate 275uL/min ..



> 30 Compounds Identified 
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Is Going Faster and Faster Applicable to Impurity 
Profiling..

Balance Choice between Speed and Resolution

Ionization Compatible with High Flow Rates (Jet Stream)

Resolution > 30,000 enables baseline separation  

Fast Scanning QTOF 4 to 10 Spectra/sec 

Mass Accuracy Independent of Scan Speed (< 0.50 ppm)

Isotopic Fidelity key to confirm elemental compositions
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