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Twelve Principles of Green Chemistry

il Prevention 2.4
It is better to prevent wast 3
2. Atom Economy
Synthetic methods should be desi imi 171 o{o) fo]28 aterials used in the process into the

final product.

3. Less Hazardous Chemical Sy
Wherever practicable, synthetic
no toxicity to human health an

4. Designing Safer Chemicals
C’cal products should be

o, Safer Solvents and Auxiliaries : :

The use of auxiliary substancesi(e Hould bgé \‘* essary wherever

possitiand innocuous whe 9

Design for Energy Effici —

Energy requirements icaH 15Ses showt | and economic |mpacts and

shouldbe minimized. | ible ith
Use = 5,; ;.,.\\\ I\
A raw material or feedstock shn thary @%‘wnlc@y and &}lecally
pragticable. =/ N\ AN 7 \\
8. R e Derivatives = ’/‘1‘(‘ \ /% \9) //’ / \ NS /A\
Unnecessary derivatization (useza?-blockmg group%frc%?—{t:tlon/ deprotectlon ter%pc}?a odlflcaﬁ \\‘
ou dditional

- w 7 :
be designed ,_t rate substances that possess little or

SN W/
\ NSV
\ # v

to effect then;desued‘fu#@:hbn whilespainit

-":“:\‘ ~-
1';"\\‘. .
s gen

6.

physical/chemical processes) sho Id be mlnlmlzedﬁ‘h\\blded if possible, because such'steps require
eagents and can generate waste. }’« ﬁ'; N 7 4 -3‘ N\
Q. atalysis 3 “,

N ' ' ’::;(3, :

{ é‘bossmle) are superlor to st0|ch|ometr|c reagents? .- i

2N Z\EN
4/

igned so that at the end of their function thé/bfe&k’,q\

mt persist in the.environment. / 7 \\\N\\

iion Prevention ’f/,‘ AN

to be further developed to allow for real time, in- process\monltorlng and control prior
:

_ Catalytic reagents (as sgi€
10. Design for Degradatign
hemical products shéul
degradation products ant
™, Real-time analysis for Pof
Analytical methodologies né
to the formation of hazardoﬁs substances.
128 Inherently Safer Chemistry-for Accident Prevention
Substances and the f sut;stance used in a chemical process should be chosen to minimize the potential for
chemical accidents, i nt refe'ases explosions, and fires.

Ty

: innocuous

L

. \
“ NN\

* Anastas, P. T.; War ree%hemlstry Theory and Practice, Oxford Universit \Préés: New York, 1998.
: : WO
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Green carbon dioxide

Cycle time 1, 80, 500 year
Straw, wood, peat etc

VS

Black carbon dioxide

Cycle time 1000-100000 year
Brown coal, coal, ol
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LCMS vs Green Chemistry

Prevent waste
Safer Solvents and Auxiliaries

Real-time analysis for Pollution Prevention

Inherently Safer Chemistry for Accident Prevention
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Conventional LC-ESI mass
spectrometers

(flow rates from 0.5 mL/min to 2 mL/min)

To handle these high flow rates, most
commercial ESI sources for mass
spectrometers use pneumatic assistance for
aerosol generation.

At these high flow rates, the mass
spectrometer inlet samples typically less than
0.1% of the total aerosol produced.

A great deal of the sample is "wasted"
because it does not contribute to ion current.

Probe

’I]:]—b- Exhaust
Sample Cleanable
_’.

Baffle

Isolation

Nebuliser Desolvation | Valve

Source
Enclosure

Rotary  Turbomolecular
Pump Pumps
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When the flow rate is reduced to much lower flow rate:

Droplet formation occurs more readily, requiring only the applied
voltage to generate spray.

No sheath gas or additional heat is required.

The stability of spray, and therefore the signal, at the lower flow
rates is typically improved for aqueous or "salty" mobile phases.

Low flow ESI is especially tolerant to a wide range of liquid
compositions

Can even spray "pure" water with a high degree of stability.

Taylor
cone

Needle tip
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Electrospray ion current

Derived through a dimensional analysis
of the charge transport process

total spray current or total excess charges in the electrospray process
electric conductivity of the liquid

surface tension of the liquid

dielectric constant of the liquid

B(€) experimentally determined coefficient

Q liquid flow rate.

M |J X —

When all molecules of a compound J are
completely ionized

|,  total ion current corresponding to compound J

X;  molar concentration

e electron charge (1.6x10-19 Coulomb)

A, Avogadro’s number

f,; fraction of compound J molecule ions carrying z charges
i(J) maximum charge carrying capacity of the compound J ions.

Charge Competition and the Linear Dynamic Range of Detection in Electrospray lonization Mass Spectrometry
Keqi Tang, Jason S. Page, and Richard D. Smith
J Am Soc Mass Spectrom. 2004 October ; 15(10): 1416-1423.
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N i(J)
]A: EAVQJ‘X:1 (z; Zfz.j)(

When all analytes are ionized, represents an ideal
condition in the electrospray ionization process

7

1/2

| /= ﬁ(ﬂ)(%z

total spray current or
total excess charges in the electrospray process

=
>
-
1
b
Q
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ESI capacity model

C, electrospray ionization charge capacity for a solution

Ci >>1, the sample solution is sufficiently dilute compared to the available excess
electrospray charge. Here, ESI charge competition is expected to be negligible and the
ESI-MS response is linear with concentration for each compound in the mixture.

Ci ~1, the total excess charge becomes comparable to the total number of analyte ions
formed by ESI. ESI charge competition in this case is expected to be important.
Compounds with different ionization efficiencies will have different MS responses.

This can result in the different dynamic ranges for compounds in mixtures, as
discussed below, and even the failure to detect some species in mixtures.

Ci<<1, the MS response is expected to be substantially independent of
sample concentration (i.e. saturated).
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ESI capacity model

C, is inversely proportional to the square root of the electrospray flow rate Q.

This implies that a smaller electrospray flow rate can provide a wider linear
dynamic range.

Operating in the low flow electrospray mode will not only increase the upper
limit of the linear dynamic range, as indicated by eq., but also decrease the
lower concentration limit, which is essentially determined by the detection
capabilities of the mass spectrometer.
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Micro-LC

Micro-LC refers to LC using columns whose
inner diameter is < 0.5 mm, commonly 0.3 mm.

Conventional LC uses columns that are 2.1-4.6
mm In diameter.

4.6 mm

2.1 mm
0.3 mm

area = 235 area=49 area=1
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Plumbing




To take advantages of the inherent benefits of micro-LC the
instrument must have very little dispersion, i.e. extra volume

Injector

Interconnecting tubing from injector to
column

Column

Interconnecting tubing from column to
lon source

Fitting and frits

lon souce

Band-broadening are independent of each other and the peak variance:

2 — 2 2 2 2 2
O = Ojp T Ogo” T Otubing i Ofittings * Gjon-source
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Detector response at different flow rates

100 nM AZcomp 1 pL inj on Halo C18 0.3x50mm column
Mobile phase: 75% Acn/H20

& Aviator - flow3 20110305_131825 inj004.tofdata
File View Evaluation Peaklist Windows Help

EEEORD

EIC 0.115, 25651,142 EIC EIC
m/z (335.173:336.242) m/z (335.173:336.242) m/z (336.173:336.242)

/

10 pL/min 6 pL/min 4 pL/min

Amplitude
Amplitude
Amplitude

II_IJI\JlL_JA\IIIl\\\lllj\\\llll 0|J||\||||I\\\|I||\\JL "
T T 1 T T

1 T T T T T I
0.5 1.0 .0 2.5 . " .| -0 1 . . . 0.0 0.5 1.0 0 2.5

1.5 2 1.5 2.
Time (min) Time (min)

Crird BT [min] / ‘bs Mas Ampl i Crtd AT [min] / Abs Max Ampl
30006.07 3 3 51541515

A

Export I LCloze Export | Lloze Export | Lloze

o]
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Detector response at different flow rates

100 nM AZcomp 1 pL inj on Halo C18 0.3x50mm column
Mobile phase: 75% Acn/H20

Peak Hight vs Flow Rate Peak Areavs Flow Rate

600000

500000

400000

300000

200000

100000

15 20

Flow rate (uL/min) Flow rate (uL/min)
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Need accurate gradient at low flow rate

pressure ourge ]
transducer valve oW

Pa f module
A (ka and kb)

00 00 20 08 XY
ulimin (k]
Pc

"/ mixing
t
Fb |£L|/ =

III
4

The flow rate: Flows: Qa = ka(Pa-Pc)
Q=kAP/p
k= flow conductance Qb = kb(Pb-Pc)

AP= differential pressure
u= viscosity of mobile phase % Power «« Pump Pressure

LC gradient system Eksigent ExpressHT
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File View System Analysis Help

Run Manager |

16000

01 01 0
L/ min

100

et
S

LA IN
J AT TN

E-urnrnar:.-‘l Run Conditions ~ Gradient Profile I GraljientTabk‘:I

Profile Editor
A (<8

Total flowrate:
10 pL/min

A
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Sensitivity dependent on eluent composition and flow rate

Acquity BEH C18 1.7um 1x50 mm, flow rate 70-200uL/min, gradient 5-95% Acetonitril/water in 2 min

Peak area of verapamil vs %B (Acn)

y=22.961x-1195.7

©
(5]
S
©
=
©
8]
o

70 80 920
Calculated %B = 90*RT(verapamil) + 5

1% change in acetonitril/water composition give 5% larger peak area
Gradient performance are important!
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Mass chromatogram (repeated) of control substances

Different eluent flow rates, same solvent composition

Xbridge C18 2.5um 2.1x20 mm, Flow 700uL/min, Inj: 5pL Halo C18 0.3x50 mm, Flow 20uL/min, Inj: 1uL

00% 11 04 sf. tofdata

fAmplitude 75 000
1pL on column

Amplitude 55 000
5uL on column

Gradient: %B = 90*RT+ 5 77% B Gradient: %B = 23*RT+ 30 71% B

More signal with less sample!
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Sample preparation
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Sample preparation

Protein Precipitation (PPT)

Aliquot of sample

Add cold acetonitrile spiked with internal standard
Vortex

Centrifuge (20min)

Remove supernatant

Reconstitute

Transfer to plate

Inject onto LC column
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Micro-LC vs LC on QQQ

ULC analytical method

Mass spectrometer:
LC gradient system:

Gradient:

Auto sampler:

LC column:
Column temp.
Mobile phase flow:

Injection volume:

Waters Quattro Premier
Eksigent ExpressHT

2-70% Acetonitrile/H20 in 2min
CTC/PAL

Eclips XDB -C18 3.5um 1x50mm
20C

40 pl/min

1 pl

Conventional LC analytical method

Mass spectrometer:
LC gradient system:

Gradient:

Auto sampler:

LC column:
Column temp.
Mobile phase flow:

Injection volume:

Waters Quattro Premier
Shimadzu LC10 AD

5-95% Acetonitrile/H20 in 1.5 min
CTC/PAL

Halo C18 2.7um C18 2.1x30mm
20C

700 pl/min

1 pl
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Y
\',‘ %

Same QQQ tune settings

v\
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Conc. (M)

Comparison of samples run on pLC- and conv.LC-

systems connected to the same QQQ
Plasma concentrations (UM) after oral dose (rat) AZcomp

pim
[t
{0 1

ll |
Il
Il

123456 7 8 910111213141516171819202122232425262728293031
Sample number

mConv. LC
muLC
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Individual plasma concentration after oral dose
In rats wit micro- and nano suspension
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Quantitative Bio-Analysis Using
Micro-LC and Time of Flight MS




William Penn on top of Philadelphia city hall

Pen-TOF (PerkinElmer)
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PenTof with microLC

PO R I L B

Column owen °
S ’(!o.q‘o.o k)

<

A I N
CRC R I I )

b oy
)
.

Y 2
AN

Eksigent ExpressHT

o

PRSP I I B B
PRI B K B B B
P I B B B B
TR RO I B
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Selectivity by narrow mass window

Mass window 40mDa Mass window 400mDa

%] Aviator - Acc_Speed3 20100430_133550 inj003.tofdata
File View Evaluaton Peaklist Windows Help
I EIC (3) - Acc_Speed3 2 J 9] EIC (4) - Acc_Speed3 20100430_134305 inj004.tofdata

= EIC 40 mDa 8 scan/s EIC 400 mDa 16 scan/s
m/z (455.271:455.311) m/z (455.091:455.491)

Amplitude
Amplitude

[ Ir:,.,.,inl.-J‘,..,_:',_“_,,\,bmnm?w.mﬁi .

0.5 1.0 1.5 d . . . i ] 1.5 2.0 2.5 3.0
Time (min) Time (min)
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Stenhagen Analyslab




Sensitivity by trap enhencement, 5 times

o Aviator - Acc_Speed3 20100503_100704 inj005.tofdata
File View Evaluation Peaklist Windows Help

| ] EIC (3) - Acc_Speed3 20100503 _1007(

=101 |

3.138, 131.894 EIC
myz (415.164:415.275)

700

600

Curve 1

Hece)-Ae ol
2,939, 1070.194 EIC
myz (415.164:415.279)
4000 4+ Curvs= 1
3500 1+

43 inj005.tofdata

File View Evaluation Peaklist Windows Help

Haco) e

0773, 6495.051

8000+

70001

_|ol x|
EIC
myz (415.164:415.279)
Curve 1

=181 x]

[ ExC (3) - Acc_Speed3 20100430_1703

=10 ]

EIC
my'z (415.164:415.279)
200 _
175
150 +

Cuorve 1

=10 ]

EIC

my'z (415.164:415.279)

a00T

700+

Corve 1

=10 x]

EIC

my'z (415.164:415.279)

1500 1

Cunre 1

5
L
b
)
o
>
(o9)



% Aviator - hum 20100813_094306 inj002.tofdata
File View Evaluaton Peaklist Windows Help

24-Peptide in buffert

Halo C18 p 0.3x150mm, 10pl/min, 39-95% Acn/H20 0.2% FA 10min, 1yl inj

LA ELC(3) - hun

EIC

myz (734.057:735.662)

Amplitude

1 2 3 4 5 6 7 8
Time {min)

0.067, 165,841 EIC
myz (734.057:735.662)

Amplitude

gLl bbb bbb b
I I I I I I I I I I

0 1 2 3 4 5 6 7 8
Time (min)

Amplitude

EIC

my/z {734.057:735.662)

Crtrd RT [min] # Area
7

Crted BT [min] # Area
7

Crtrd BT [mnin] # Area
7

Export | LCloze |

Export | LCloze |

Ex=part | LCloze |
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Conventional LC 0.6 mL/min TOF-MS

File View Evaluation PeakLlist Windows Help Vi etopl‘O Ol, mus plasma, Halo o Omm, 600 Hi/min, 5-95% 1min Acn/H20 0.2% FA, 5“' |nj
[EIC (3) - 15 gs 2010 08 12 lo.tofdata -[0] x| - 10f x|

EIC 0,885, 45,361 EIC EIC
mjz (268.114: 268.115) mjz [268.114: 268.115) mjz [268.114: 268.115)

Curve 1 Curve 1

Metoprolol y = 0.141x + 86.989
R? = 0.9999

/

/

5000 10000 15000 20000 25000 30000 35000 40000

Response

Amplitude

1000 nM

0—111—1-’—1 ol ol e I e ol 1-1 - 1 il al -

T T T
0.00 0.25 0.50 075 1.00
Tirme (rmin)

1 I
075 1, . . 0.00 025 050 075
Tirme (rin) Tirne (min)

Cntrd BT [min] # Area Cntrd BT [min] # Cntrd BT [min] #

qv qejsAreuy usbeyuals

Export Export Export




%) Aviator - meto2 2010081 1_170850 inj004 . tofdata

File View Ewaluation PeakList Windows Help

Micro LC 10uL/min TOF MS

Vietoprolol, mus plasma, Halo

3 p 0.3x

Omm,

Oul/min, 39-95% Acn/H20 0.2% FA 10min, 1pl inj

[HEIC (3) - meto2 20100811_170850 inj0D:

i

ol

EIC

m/z (268.114: 266.113)

EIC

m/z (268.114: 266.113)

EIC

m/z (268.114: 26E.113)

11004

30000 -I—

Conc (nM)

w

=1

=]
!

Armplitude

Metoprolol

4.35 Min,

y=0.0042x- 10.832
R%=0.9998

©
o

[<2]
o

IN
o

N
o

10000

15000

Response

20000

25000 30000

1000 nM

]
1 1 1
Time {min}

9

1 1
Tirme (min}

g

9

1 1 1 1 T T 1 1 T
1 2 3 4 5 6 7 8
Time {min}

|LLuuul|||||||||umwmvﬂ(ll\f:’:ll
9

10

Area

Cntrd BT [min] #

7

Area

Export | Lloze

Export
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M.G. TD 2-seat Sports 1952
British racing green or BRG
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Scan speed

Column: Halo C18 50x0.3mm, 20pul/min

% Aviator - Acc_Speed3 20100430_134305 injo04.tofdata

File View Evaluation Peaklist Windows Help

A EIC (3) - Acc_Speed3 20100430_134305 inj004.tofdata.

EIC 16 scan/ EIC 32 scan/s

m/z (260.147:260, m/z (260.147:260.177)

Amplitude
Amplitude

1.5
Time (min)
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GS 2009
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AZComp (brain) Halo c18 50x0.3mm 20puL/min

W3 Aviator - Acc_Speed3 20100504 _094521 inj0D6.tofdata

File Wiew Ewaluation PeakLlist ‘Windows Help

JOJEIC (3) - Acc_Speed3 20100504_093918

0,800, 11077.827 ElC

EEET m/z (506,113 506, 388)

Amplitude

1.0 1.5 2.0
Time {min}

ECHORT

0,389, 12578,918

EIC
m/z (506.113:506,388)

14000

Amplitude

&
g
<

1.5 2.0
Time (min)

EEHORT

0,043, 9584.441

EIC
mfz (506.113:506.386)

11000

Amplitude

0.0

0 Ll A L b gl b g

I 1 1
0.5 1.0 15 2.0
Time (min)
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Linear Dynamic Range

AZcomp (brain)

AZcomp (brain)

Conc (nM)

3000 4000 5000

Response
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Peptide Sample Preparation

Protein Precipitation (PPT)

Aliquot of sample

Add cold ethanol spiked with internal standard
Vortex

Centrifuge (20min)

Remove supernatant

Reconstitute

Transfer to plate

Inject onto LC column
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Mass spectrum

(M+6H)6*

M+5H)5*

4850 Da Peptide

Mass chromatogram (0.3x50mm LC column)

(M+4H)*

Calibration curve (CSF)

y = 0.1967x
4850 Da peptide R? = 0.9998

10000 20000 30000 40000 50000 60000

Area
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Linear Dynamic Range

35-peptide in rat plasma

29-peptide in mice plasma

Conc (nM)

—~
=
[
~
Q
c
o
O

y = 0,0348x
Rz = 0,9999

200000 400000 600000 800000 1000000
100000 200000 300000 400000 500000 600000 700000

Peak area Peak area

5 —32 000 nM 10 -20 000 nM
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Mass chromatogram of H-peptide (stablility in plasma)

3000

2000

2 66305

33182.06

0.0422

EIC

58.632:555.365)

12000

10000

8000
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&) Aviator - [Decon (7) - stab 20101022_132839 mj002.tofdata]
D File view Evaluation Windows Help

Mass - Frozen
RET (02.87558)
T

5.31 UAS UBS | 535.11 UAS Curve 1

534.91 UAS

Cysteinylation* of peptide
in plasma

535.70 UBS 6 9 UA4 UB4
- 668.39 Uad
~669.14 UB4

9.39 UB4

185.9: 669.63
110.00 407 439,97 4530 87.30 608.70  636.13
L L » - Lomell. ~ i .

689.10

T i T
500 600 650 700
m/z

2870.235, 1 Deconvolution Mass

s
R S R

t t t t t t t t t t t
2668.5 2669.0 2669.5 2670.0 2670.5 2671.0 2671.5 2672.0 2672.5 2673.0 2673.5 2674.0
Mass(u)

@ Aviator - [Decon (6) - stab 20101022_132639 inj002-tofdata]
1) File view Evaluation windows Help

Mass - Frozen
RET (02.78808)

9.11 UAS UBS

. 8,39 UAd
59:91 UBS 698.64 UAA UB4
8.13 UA4

e98.00 uga "}
e 699.15 UB4
ac6.5p 489695 . ;

414.93 436.96 Lwl 98 AT 2 [648.72 §97.09,716:66 536 1y 75851 780.78
21 Sl " Ll dofalsa ' " ‘ 1 L ST AUPRPY T WYY WP oPo,
450 500 600 700 750 800
m/z

Cysteinylation (M+11
/.

Ua2789.61 |
N |

Curve 1

*This was confirmed by adding DTT
to plasma

t t } t t } t } t t
2788.0 2788.5 2789.0 2789.5 2790.0 2790.5 2791.0 2791.5 2792.0 2792.5 2793.0 2793.5
Mass(u)
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Protein Precipitation (PPT) of Peptide Sample with Heavy Metal
Buffer

50uL Buffer 100nM peptide
Add 150pL 33% acetonitrile
Vortex

Inject onto LC column

Acetonitrile

|

I\
N uu,)”i’u"ﬂ"jf- :
(kU

Area

T T
548287 0.0413
wpott Close

50uL Plasma 100nM peptide
Add 150 pL cold acetonitrile
Vortex

Centrifuge (20min)

Remove supernatant
Reconstitute

Transfer to plate

Inject onto LC column

50uL Plasma 100nM peptide

Add 25puL 5% Ammonium hydroxide
and 125pL 10% ZnSO4

Vortex

Centrifuge (20min)

Remove supernatant

Reconstitute

Transfer to plate

Inject onto LC column
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Amplitude Amplitude

Amplitude
)

Less acetonitrile concentration in final sample
eliminate risk for pre-elution at relative large injection volume
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Conclusion quantification with TOF-MS

Advantage

No optimization needed

High speed of analysis

Large dynamic range

Linear calibration curves
Accurate mass measurement
Accurate isotopic pattern
Mass spectral data saved

Disadvantage
Large amount of data collected

Less selective than e.g.. MRM

Consequence

Easy to set up

High analytical capacity

Dilution of sample can be avoided
The simplest model is preferred
Safe identification of component
Useful for interpretation
Possibility for later evaluation

Need for efficient data handling and
storage

Need for high chromatographic
performance and reproducible retention
times
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Conclusion Micro-LC

Advantage

High chromatographic performance

Large dynamic range

Rapid eluent mixing and fast gradients

High mass sensitivity

Compact instrument set up

Low eluent consumption / waste generation*
Protein precipitation with ZnSO,

Disadvantage

Low dead (delay) volumes critical
Narrow tubings and fittings

* Green HPLC

Consequence

Very complex sample can be analyzed
Dilution of sample can be avoided
Reproducible retention times

Reduced sample size

Less space requirements

Less contamination of ion source

No organic solvent in sample solution

Short distances before and after column
Risk for clogging

Employing 0,3 mm ID columns saves up to 98% of
the solvent compared with using 2.1 mm ID columns.

(600 L/year reduced to 12 L/year)
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