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SUMMARY

The ability of generating ions directly from solid gdes, in their native state without
the need for sample preparation is rapidly changindie¢leeof mass spectrometry (MS).
The key technological innovations enabling these advandermeatude the development
of atmospheric pressure ionization MS interfaces and int@duction of ambient
ionization technologies. Pioneered by desorption elsptay ionization (DESI)
introduced by Cooks and coworkers in 2004, and followed cldselgirect analysis in
real time (DART) introduced by Codt al.in 2005, ambient MS methods allow removal
of sample size and shape constrains, thereby making nggotamenable to direct MS
analysis. The elimination of sample preparation requergmallows rapid analysis times,
making such mass spectrometric methodologies more amicafelr other techniques
where throughput is sought, especially when dealing witlatiadysis of a large sample
set.

The work presented in this thesis is aimed at studying sofnthe fundamental
processes prevailing in ambient mass spectrometry, andappécation of these
techniques to the detection of molecules of pharmaedutiportance. A review of the
state-of-the art in ambient mass spectrometry isepted in Chapter 1. Chapter 2
presents the first implementation of DESI MS to thHeernical fingerprinting of
counterfeit drug tablets that mimic the vital anti-mabartesunate. Chapter 3 presents
an investigation of the effect of performing various-raalecule reactions in the charged
liquid droplet/solid sample boundary in DESI and its dffat the selectivity, gas phase

stability and the associated analyte ion yields fordgiermination of artesunate in drug
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tablets. Chapter 4 presents the direct quantitation tesSamate in solid antimalarial
tablets by DESI MS. Chapter 5 presents the developmeat sgflective and sensitive
DESI MS protocol for screening of Tamiflu® quality. Chaptér presents an
implementation of DESI MS in imaging mode. In Chaptead, investigation of the
complementarity between DESI and DART is presenteablary the development of a

robust multimode ambient ion source.
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CHAPTER 1. AMBIENT MASS SPECTROMETRY

1.1. Abstract

Ambient ionization mass spectrometry provides the abiitsetord mass spectra
on a variety of samples in their native environmentthout the need for sample
preparation or preseparation, by generating ions dirfcthg the sample placed outside
the instrument. In these methods, analyte desorpiiinétion occurs in concert or
decoupled resulting in several different permutations aadtinig in a proliferation of
techniques and acronyms. This chapter presents some edrifex ionization techniques
still commonly in use today, underscoring the capabilitiesvided by ambient MS
methods. It also portrays some of the technologicalamcements leading to the
introduction of this new field, and highlights the differdonization approaches and
some of their applications since the description of DBES2004! The multitude of
techniques that have been reported since then are @lsal snto various categories

based on the physicochemical processes involved in swdaggling and ionization.

1.2.Vacuum lonization Techniques

In the past, the range of sample types and chenpealiess amenable to mass
spectrometric investigations was greatly limited by theuuan requirement of the
spectrometer’s modular components including the ion sporass analyzer and detector.
Common ionization sources, for example for coupling gasmatography (GC) with
MS, include electron ionization (El)and chemical ionization (Cl) In El, ions are

generated from vaporized neutral analytes by interactuths70 eV electrons resulting



in extensive fragmentation, frequently exploited to wbtstructural information. CI
usually deposits a lower amount of internal energy thamwih less fragmentation and
simpler spectra where the intact analyte is eastpgnized. In CI, the large ratio of
reagent gases (e.g methane, ammonia, isobutene) toeamaiecules that interact with
the electrons entering the ionization volume, rasuit dampening of the electron’s
kinetic energy by preferential ionization of the reaggas. Reactive species produced by
this process interact with gaseous analyte neutral spesaiing in protonated analyte
ions. The 70 eV energy commonly used to accelerater@tscin EI and ClI, results in
their de Broglie wavelengths matching the typical bondjtles) in organic molecules,
maximizing energy transfer to them and allowing effiti@nization/fragmentatiof.
These techniques have commonly been used in the analykisv aholecular weight
volatile organic molecules, but fail terribly when apg@lieco molecules larger than
~700 Da due to the higher number of degrees of freedom.

Vacuum ionization technigues such as secondary ion massapetry (SIMS),
vacuum matrix-assisted laser desorption ionization (MBLDand fast atom
bombardment (FAB) have also played a pivotal roleclsemical interrogation and for
biomolecule characterization. These techniques provide amsah of the range of
molecular weights and sample types that can be igatst in vacuum by MS, enabling
applications in a wide range of fields including biologyaterial sciences and
geochemistry.” SIMS is probably the most sensitive surface analysitrtique and
historically has been developed to measure the elemestdbpic, or molecular
composition of surfaces. SIMS is able to detect elemprgsent in parts per billion

ranges by sputtering the sample surface with a primaryoe&am, and analyzing the



secondary ions generated. MALDI, on the other hand,geft ionization technique and
has extensively been used for analyzing biomolecules supeides, proteins sugars
etc. In MALDI, analyte desorption and ionization is trigggeby a laser beam that is fired
onto the sample, co-crystallized in a matrix. Thigriraerves to absorb the laser energy,
mitigating fragmentation and facilitating vaporizatiemization of the analyt®In FAB,
the analyte mixed with a non-volatiie matrix (e.g ghpde thioglycerol,
3-nitrobenzylalcohol etc.) is bombarded with a high end&epgm of atoms such as argon
or xenon, resulting in intact gas phase protonated ootteyated analyte species in the
positive and negative ion modes, respectiféifie generation of intact gas phase ions by
FAB makes it a relatively soft ionization technique, boer, not as soft when compared
to MALDI. One of the main advantages enjoyed by surfacenada interrogation
techniques such as SIMS and MALDI is their ability to pdevispatially-resolved
chemical information, a feature advantageously exmloifer chemical imaging

applications.

1.3. Atmospheric Pressure lonization Techniques

Driven by the need to investigate high molecular weggdcies, and for coupling
liquid-phase separation techniques such as liquid chromatograpby capillary
electrophoresis to mass spectrometry; the introducti@mospheric pressure ionization
(API) techniques was a critical milestones in the pravesimplementation of the
present-day mass spectrometer. APl sources are dvagadt by operation at
atmospheric pressure outside the vacuum system of the spastrometer. Technical

challenges arise from the fact that interfacing ofA&H source with a mass analyzer



requires a 1010 fold pressure reduction for preserving the mean free pattedéns’

In addition, the marriage of liquid chromatography withss spectrometry (LC-MS) is
particularly challenging because of the need to vapthzd.C mobile phase prior to MS
analysis in order to prevent overloading of the vacuustesy. In order to meet these
challenges, two major approaches have been used teecdBplion sources to MS. The
first approach includes the sampling of ions from the r&Bion directly into high
vacuum using either a relatively small orifice (10-25 pum)aowrery high pumping
capacity (> 100,000 L/s) sectichThe second approach, which turns out to be the most
preferred and probably the only employed today, uses a stadje differential pumping
system. In this approach, ions are first drawn into thepsing orifice from AP
(760 Torr) into a first chamber where they are pumped dovapproximately 1-4 Torr
by a rotary pump. Secondly, part of the expanding beaga®and ions is sampled into a
second chamber pumped down té* Trr or less, at which point most of the gases and
solvent molecules have been pumped away. Finally, abd&iarrangement of ion optics
elements guides the ions to the mass analyzer region.

Historically important approaches for the generationiafs at atmospheric
pressure comprise the use of a radioactive metal*fNi)(or a plasma initiated by an
electrical discharge at the tip of a needle held at kgtage, both of which provide a
source of ionizing electror$® These ionizing electrons initiate the generation o$ ion
by interactions with nearby gases. Because of thet gimean free path between
molecules at atmospheric pressure, the initial spepieskly undergo ion-molecule
reactions with air and other gaseous molecules proglu@nous reactive intermediate

ions that readily interact with analyte moleculesuiting in atmospheric pressure



chemical ionization (APCI). Application of these appiwex for the analysis of
condensed phase analytes generally requires heating useajeml gas passing over the
sample and/or resistive heating. As such, these technagadsnited to the analysis of
relatively low molecular weight species that can bBporized intact, thereby precluding
their application for the analysis of thermally labileghly polar and high molecular
weight compounds. In APCI-MS, vaporized analytes witthlggs phase basicities or
acidities are preferentially ionized in positive and nirgaion modes respectively. Early
APCI-MS systems were highly publicized for their ability rapidly analyze various
target analytes in complex matrices without the needcfsomatography or sample
clean-up. In these systems, selectivity was afforded bygeta MS with typical
applications being drugs of abuse and explosives detéttion.

Prior sample separation via chromatography is generallefice (perhaps
necessary) to allow detection of components with lovedatility and/or concentration.
The most difficult challenge for generating ions of bad@sules from a liquid inlet
system has been the ability to transition these cadde from the liquid to the gas phase
without depositing too much internal energy in themaose degradation. This transition
normally occurs at the ion source interface and begwith the generation of
uniform-sized droplets from the liquid effluent stream.v8aot molecules can be
removed gradually from these droplets to eventually prodgae phase analyte
molecules/ions.

The first reported coupling of LC to MS for the an@ysf biomolecules was
reported by Horning in 1974 through an APCI interface. The eifflageam emanating

from the LC column, generally a mixture of a volast@vent and analyte, is vaporized



using heated nebulizer gas. The vaporized sample thengaedemnization through
ion/molecule reactions with reagent ions presenthm &area surrounding the APCI
needle'® '’

In 1979, Thomson et al. introduced AP lon Evaporation (APWESIng a
pneumatic nebulizer to create a spray of droplets fonebulizer approximately 1 cm
away from an induction electrode held at 3.5 kV to induce ldragharging’® Spectra
obtained using this technique showed solvent clusters in dbgihdance, resulting in
poor sensitivity and interferences. The same autletes Imodified this approach by
introducing a heated nebulizer probe coupled to a coronhadlgge needle, such as in
APCI. This technique gave similar spectra and showed sifimil#ations to APCI*°

In 1980, Vestal and coworker introduced Thermospray?T$) a technique in
which an aqueous mobile phase was vaporized as it passeglira heated stainless
steel capillary located in a heated ion source wittexternal field charging to induce
ionization. The composition of the spray after exiting heated capillary was believed to
be at least 90 % vapor, the remainder being composed of droglets containing a
statistical imbalance of charges originating from prargbd solutes in solution. lons
were generated from these droplets after they graduallseatsd in size following
evaporation of neutral solvent molecules. Becausexterral field charging was used,
this technique suffered from poor sensitivity. Later integnaof a discharge needle into
the apparatus allowed for the generation of APCI-typetspeHowever, it also suffered
from poor interday reproducibility with analyte signal mseéy exhibiting a strong

dependence on solvent composition and flow rate.



Notwithstanding the partial successes of these technitheeéinal breakthrough
that enabled the facile coupling of LC to MS for widesgreautine application for the
analysis of biomolecules occurred with the introductérelectrospray ionization (ESI)
by Fenn and coworke?s?* and Aleksandrov and coworkérs?®In conventional ESI, the
first essential step involves the dispersion of a samplution into a charged aerosol,
which undergoes desolvation as droplets migrate into tiie Yacuum regions of the
mass spectrometer. The charged aerosol is generatgapligation of a potential to the
exterior of a capillary, which induces charge separaitiothe through-flow solution.
Charge builds up at the capillary tip, forming a Taylone@nd causing the forcible
ejection of a charged droplet. In early experimentse@od coworkers in 1968 made use
of a concurrent flow of inert gas to facilitate droptsolvation in the analysis of
negative ions of relatively high molecular weight ojyene?’

With John Fenn’s report at a 1988 symposium in San Fransiscwing the
interfacing of ESI with MS for the analysis of peptidesl proteins of molecular weight
up to 40 kD#® (later extended to 180 kDa the following y&arthe golden era of modern
mass spectrometry begun. Fenn built on his knowledgeresfjét expansiofs to
improve Dole's ESI method. Fenn’s approach required a aountent flow of N for
efficient droplet desolvation, thus eliminating re-salwatof the formed macromolecule
ions. Because the electrospray process requiregeaftfigolvent evaporation, typical ESI
solutions are prepared by mixing a volatile organic solvemnt(reethanol, acetonitrile)
with water and small amounts of a weak organic acid f(emic, acetic acid etc). The
charged aerosol emanating from the Taylor cone is Isainmto the first vacuum stage of

a mass spectrometer through a capillary, which is gépdreated to facilitate further



solvent evaporation. As the droplets/ions transit uglothe AP and first evacuated
region, they reach the Rayleigh limit where theydme unstable undergoing Columbic
explosion to give progeny droplets. This cycle continugd the droplets reach such a
size from which desolvated ions are generated following gvoposed mechanisms: (1)
the ion evaporation model, which suggests that as the tsopkech a certain size, they
start emitting ions directly into the gas phase afber repulsion forces on the droplet
surface become high enough to break the surface téhs@mn(2) the charge residue
model, which proposes that charged droplets undergo evapoaaid explosion cycles,
resulting in progeny droplets, which finally contain onalgie molecule per droplet on
average. Complete evaporation of solvent liberatesatiayte carrying the charge
initially present in the droplét. A large proportion of indirect evidence suggests that
smaller ions are liberated into the gas phase by thevaporation mechanism while
larger ions are formed by the charge residue model.

Operation of the electrospray ion source at low flates such as in micro- and
nano-ESI to generate much smaller initial droplets lt@sin improved ionization
efficiency due to the smaller initial droplet populatiddecause of spray instabilities
observed in conventional ESI experiments, Henion and d@mr introduced
pneumatically assisted E8where they used a coaxial flow of an inert gas aroued th
spray capillary to facilitate droplet formation. THias now become the most widely
used approach for implementing ESI. A variant of pneioaldy-assisted ESI is
electrosonic nebulization, which operates a traditionaroESI source with a much
higher velocity, supersonic nebulizer gas resulting in thegswation of even the weakest

non-covalent interactions during the transition toghs-phasé* The elimination of the



spray voltage used in pneumatically assisted ESI has gisento a relatively new
technique known as sonic spray ionization (S8I1¥? where gas phase ions can be
generated due to the statistical imbalance in the drolpdege distribution.

Other AP ion sources which are also gaining a significenduat of popularity
include: atmospheric pressure photoionization (APPI)ath@spheric pressure version
of MALDI (AP-MALDI), and atmospheric pressure solid ays$ probe (ASAP). In
APPI, analytes aerosolized from a nebulizer, arecsekly ionized by 10 eV photons
emitted by a krypton discharge lamp. The ionization meciraimsAPPI depends on the
analyte and solvent system uséd® High ionization efficiencies are usually achieved in
the presence of a dopant (e.g toluene) which is direbtlygonized generating reactant
ions. In positive ion mode, and in the presence of an apsativent (e.g hexane,
chloroform), ionization by charge exchange predominatesgewihiprotic solvents (e.g
methanol) ionization by proton transfer is the most irtepd pathway. In negative ion
mode, compounds with high electron affinity ionize by etattcapture or by charge
exchange, while compounds with high gas phase aciditiezeidnyi proton transfér: ¢
APPI shows superior performance over ESI and APCI ferattialysis of low polarity
compounds, thus broadening the range of analytes thatecawvdstigated by MS based
techniques. AP-MALDI is similar to vacuum MALDI with ehexception that ions are
created at atmospheric pressure, resulting in limited setysand mass range. ASAP is
a commercial corona discharge-based atmospheric pregssiz&ion technique that was
introduced in 2005 by McEweal al®’ In ASAP a solid sample probe is introduced

directly into the corona discharge region of a conumaéAPCI ion source via a custom



built sample port. Heated.Mebulizer gas is used to facilitate vaporization efgample

from which ions are generated by standard APCI procé¥ses.
1.4. Ambient lonization Techniques

The technological advancements that enabled the issiiagint of AP ionization
techniques eliminated the requirement for samples toobeed in vacuum, greatly
increasing the scope of compounds amenable to MS anahgsisicreasing the analytical
toolbox for the fields of proteomics and metabolomidswever, the need to dissolve,
extract and/or filter the sample prior to analysifl stmains, limiting throughput and
setting limitations on the type, sizes and shape opksrsusceptible to MS analysis.
Recently introduced ionization techniques operated under ambiewlitions aim to
address these limitations.

Ambient ionization mass spectrometry allows for tirea analysis of the surface
of samples of any size, shape texture/morphology by ioge&ns in the open air.
Whereas in conventional mass spectrometric experimgr@ssample is generally
dissolved prior to analysis, in ambient MS the sanplaterrogated in its native state.
The importance of this new field is reflected by thelesipe appearance of a multitude
of new ionization approaches catalyzed by the introductfddESI in the fall of 2004
and closely followed by DART® Ambient ionization techniques can be separated into
three major categories based on their associated descapt/or ionization mechanisms
including spray or jet based desorption/ionization techniquebieatngas-, heat-, laser-
and radiofrequency-based desorption/electrospray-assisteziation techniques, and

electric discharge-, beta electron-, photon-based antntiemical ionization techniques.
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Spray- or jet-based desorption/ionization techniques incldBE8&I, desorption
sonic spray ionization (DeS¥] also referred to as easy ambient sonic-spray ioaizati
EASI*" 3 and probe electrospray ionization (PESIY Techniques that rely on ambient
gas-, heat-, laser- and radiofrequency-based desogldotmbspray-assisted ionization
include fused droplet ESI (FD-ESP extractive electrospray ionization (EE$1)* nano
EESI (nano-EESIY? neutral desorption sampling extractive electrosprayaitin (ND-
EESI)>**° ultrasonically-assisted EESI (UA-EESf), radio frequency acoustic
desorption/ionization (RADIOY’ electrospray-assisted laser desorption/ionization
(ELDI),>®®® matrix-assisted laser desorption electrospray ioniza(dALDESI) %+’
laser ablation-electrospray ionization (LAE&TY? infrared laser-assisted desorption ESI
(IR-LADESI),”* and laser-induced acoustic desorption/ESI (LIAD/ESI[Techniques
that rely on electric discharge-, beta electron-, phtk@msed ambient chemical ionization
include DART, desorption atmospheric pressure chemicatation (DAPCI)’® " laser
desorption-atmospheric pressure chemical ionization ABE),”>”" dielectric barrier
discharge ionization (DBDI® " low temperature plasma (LT, plasma-assisted
desorption/ionization (PADI* flowing atmospheric pressure afterglow (FAPA)2
beta electron-assisted direct chemical ionization @IBA,?* atmospheric pressure
thermal desorption/ionization (APTDj, and desorption atmospheric pressure

photoionization (DAPPI§°°
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1.4.1.Spray- or Jet-based Desorption/lonization Techniques: DESI, De&&d PESI

These are open-air ionization techniques where a sodgray is used to effect
surface sampling and ionization. A schematic of a tydaS| MS set-up is shown in
Figure 1, together with all the experimental set-up vaembl

In DESI, a pneumatically assisted ESI source equipped ¥MB translation
capabilities (for spray positioning) is placed over theda to be analyzed. An extended
AP ion transfer capillary is used to lead ions from $heface desorption point to the
mass spectrometer. The sample is often mounted orowahie stage to facilitate
positioning, improving reproducibly and providing imaging capabilitgisiilar to ESI, a
voltage between 2-8 kV is applied to the emitter. A contlmnaof the high voltage,
solvent flow (1.5-10 pL/min), and coaxial flow of high vatgcnebulizer gas (100-200
psi) helps to create charged solvent micro-droplets, hwhre directed to the sample
surface creating an ellipticdl ®* impact region from which surface chemicals are

desorbed.
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Term | Definition

Incident angle

Collection angle

Solvent/ v —J_ X Sample spot-to-MS orifice distance
- d, Tip-to-surface distance

d, MS orifice-to-surface distance

To MS ion
optics —

< Free moving XY
sample stage

Figure 1.1.Schematic of a typical DESI MS set-up showing varexggerimental set-up
variables.

The most critical variables in DESI are the tip-to-gacef distance (4, the

incident angle @, the spray solvent composition and the gas flow rfate. analytes

present in a compact solid matrix, sensitivity also dependsample hardness. For dried
analytes spots deposited onto hard surfaces, sensitigityd&lpends on the choice of
surface material, which determines the degree of antyserface interactions and the
crystal size. For the same material, sensitivity agdadistability are a function of the
surface roughness, with rough surfaces showing betteitigiéypghan smooth surfaces.
The DESI emitter is typically positioned 1-3 mm abovestiindace to be analyzed, and at
an angle of 45-60 degrees relative to it. The spray-to-agpdlistance is typically in the

2-3 mm range. The mass spectrometer inlet capillary usllyspositioned in close
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proximity of the surface (~1 mm), however, Kertesz amdarkers have shown that up
to a 5-fold sensitivity improvement can be obtained bytmmsng the bottom of the
sampling capillary beneath the surface plane in what teemed “edge sampling®
Other DESI MS configurations have also been reporteddnay geometry independent
DESI?® which eliminates sample to sample parameter adjusémend transmission
mode DESFP* **implemented for analyzing samples spotted on a mesh.

In DESI, the continuous liquid jet directed onto thengke surface results in a
thin solvent film where surface molecules are dynallyiextracted. The solvent flow
from the spray continuously dislodges the surface filsulteng in the generation of
analyte-containing secondary droplets, sampled downstbgathe mass spectrometer
inlet capillary. lonization occurs following ESI mechang™* ° Further evidence of the
similarity of ESI and DESI ionization mechanisms wasvgled by recent internal
energy deposition studies with thermometer moleclileSeveral mechanisms were
initially proposed for DESI, including droplet pick-up, mornen transfer, and chemical
sputtering" °® However, recent investigations utilizing Doppler partidlgng analysis
provided new insight, supporting the droplet pick-up or ‘splashmgthanism, and
dismissing momentum transfer effet<Computational fluid dynamics simulations have
also confirmed the prevalence of this mechartf¥ht®*

DESI has been implemented in combination with variousegypf mass
spectrometers including linear (LiT), quadrupole (QiT) icaps® ***triple quadrupoles
(QqQ)1* orbitraps'®™ quadrupole time-of-flights (Q-TOF$}> Fourier transform ion
cyclotron resonance (FT-ICRJ® QqQ/LiT,**" *®®miniature handheld rectilinear ion traps

(RIT),** ion mobility spectrometry (IMS)/TOF® and ion mobility/QTOE"***3 hybrid
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instruments. The numerous literature reports on DESIddmonstrate its potential as a
powerful tool for a wide range of surface-sampling appbes including detection of

116

non-volatile pyrolysis products? polymers**® inks*® various organic compound¥’**°

carbohydrate$?® *?* peptides;? semi-volatileorganic compound$? chemical warfare

51,22' 123 é,24-126 28-130

agent intact bacteri proteins'?’ tissues, aerosolg™! lipids,**? amino

133

acids™®® metaboliteg 134136

pharmaceutical®> 7 137140 grygs  of abuse®

1 145-150

explosives:****® agrochemicals?® '** genuine and counterfeitdrugs'®*
Particularly appealing are those experimetaking advantage of the ‘reactiveind
imaging capabilities of DESI amitlined below.

In reactive DESI MS the spray solvent is doped withadditive, enabling
heterogeous chemical reactions between the reagethe icharged micro-droplets and
condensed phase analytes exposed on the sample suffase.r&actions are believed to
take place in the thin solvent film present on the sampiface or in the secondary
droplets as they are transported through the atmosphenisg capillary of the mass
spectrometer. Reactive DESI MS methods enjoy the $aghethroughput capabilities of
conventional DESI, with the added benefits of incréasalectivity and/or sensitivit}?
136, 146, 147, 151-154The high sensitivity afforded by reactive DESI has d@lsen exploited
for chemical imaging applications> Recently, direct quantitation by reactive DESI of
active ingredients in pharmaceutical formulations, he presence of an isotopically
labeled internal standard has been shown. This apprbacled a 6 % precision and 94

% accuracy’® Porous tetrafluoroethylene (PTFE) substrates, which sjmed signal

stability, have also been used to demonstrate the quaetitatpability of DESI MS for
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the analysis of various analytes spotted together witinternal standard, showing good
inter-day precision (13 % RSD) and accuracy (+7 % relatiner)>° *>’

Chemical imaging with DESI MS is emerging as a powedual for determining
the two dimensional distribution of various chemical cépe It has already been
employed in applications such as profiling phospholipidsisaue section§2°? the
forensic examination of ink on pap®r*® *3nvestigation of analyte bands on thin-layer
chromatography platé&? analysis of propanolol in whole mice body sectifisctive
ingredient in pharmaceutical tabléfs,bromophycolides on alga tissue &tlin DESI
imaging the sprayer is kept in a fixed position and a sp&tiis mounted on an
automated sample stage that is programmed to move in agrrached raster pattern,
allowing the DESI spray to probe specific points of thengle surface. Fundamental
investigation of the surface scanning and alignment condittonducted by Van Berkel
and colleagues have shown that fixing the DESI souraéguosg and distances relative
to the sample is critical, and that chemical imag®lgion is enhanced by utilizing
unidirectional scanning instead of raster scanfiind.The lateral resolution for routine
applications is estimated to be less than 500 pm, howevesamples with a uniform
texture and appropriately strong analyte-to-surfacerdnt®n, lateral resolutions
approaching 40 um are achievable by exerting very carefotrad of operational
parameter such as the spray tip-to-surface distanaegnsdlow rate and spacing of lane
scans-®’

Very similar to DESI is a technique termed desorptionicsgpray ionization
(DeSSN® also referred to as EASY, 4 %81%the only difference in terms of

implementation being that no voltage is applied to spey solution, which leads to
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inferior sensitivity. It is believed that droplet chamgyim DeSSI occurs as a result of
statistical fluctuations of the charge spatial distribigianthin the sprayed droplets such
as in the SSI mechanisin.®* " "?The capabilities of DeSSI have been showcased in
various applications including the analysis of TLC pdtebiodiesel®® perfumes;?®
fabric softeners’® and has been coupled to membrane introduction MS @ahalysis

of drug molecule§?

In PESI, a solid needle is used to probe the surfacenatasample resulting in
the pick-up of a small amount of biological fluid.36 £ Q09 pl) by adhesion to the
needle tig" The needle is then actuated to the sampling inlehefmass spectrometer
where an electrospray is initiated by turning on the pateati the needle probe. In the
case where the biological fluid dries out before thedie gets to the MS inlet, the
sample can be re-dissolved (prior to electrosprayatioi) by solvent vapors generated
from an auxiliary heated solvent sprayer. PESI haa beed in the analysis of biological
samples such amouse brain, urine, mouse liver, salmon eggs, and “futsd in the

ambient molecular imaging of rat brain tissues With m lateral resolution’®

1.4.2.Ambient Gas-, Heat-, Laser-, or Radiofrequency-based Desorpti@ottospray-
assisted lonization Techniques: FD-ESI, EESI, nanoEESI, NEESI, UA-EESI,
RADIO, ELDI, MALDESI, LAESI, IR-LADESI and LIAD/ESI

These techniques decouple the processes involving analybeptes and/or
transport from the subsequent electrospray-assistedhi@mmzevent for the generation of

|174

gas phase ions. FD-E8I'“introduced by Shiea and coworkers, and essentially the sam

as EESI®, introduced by Cooks et al. have both been shown to tyeuseful for the
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analysis of solution phase analytes in the presencelatively high salt contents. In
these techniques, an analyte solution is nebulized ifitee @erosol and directed towards
highly charged micro-droplets emanating from an ESI emitidnis gives progeny
analyte-containing droplets following fusion, with subsequemnization by electrospray
processes. Both techniques rely on liquid-liquid extradoo the uptake of analytes into
progeny droplets resulting in selectivity being largely depeinde the relative solubility
of sample components in the electrospray solvent. Usiltnanol as ESI solvent, Shiea
and coworker were able to obtain good quality spectra obwampeptides and protein
including cytochrome C in solutions containing up to 10 % WaCI*° The high salt
tolerance of the technique has also been showcasdw idirect analysis of undiluted
urine, milk, serum and polluted waters without sample relga by Cooks and
coworkers'® Chen and coworkers introduced a variant of EESI terraedEBES| where a
conventional nanoESI emitter is used for the genaratm charged solvent droplets,
which are then fused with an analyte-containing aerésbénobi and coworkers have
also described a clever variant of EESI, which they ¢dridD-EESE* ”°In ND-EESI,
analytes are desorbed or aerosolized from a samplg aggentle stream of nitrogen or
air to give an analyte-containing gas stream, whichhén tmerged with the normal
desolvation gas stream of a pneumatically assisteceB$ter. Coupling ND-EESI to a
hybrid Q-TOF mass spectrometer allowed rapid metabatigefprinting of a wide
variety of biological samples with detection limitslas as 10 femtograms/ém® Other
applications of ND-EESI include the rapid analysis ofit§é for maturatioff
manipulation of the charge state of biopolynf&ri-vivo fingerprinting of nonvolatile

compounds in breatl,sampling on living tissues including human skin, planugsg’
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analysis of perfume¥®*"®and coupling to a hybrid Q/IMS/TOF instrument for theida
analysis of drug?

UA-EESI and RADIO use ultrasonic volatilization for cdeipling analyte
desorption from subsequent electrospray-assisted iomzatidJA-EESI a small sample
droplet (~3L) is deposited on an ultrasonic transducer and nebuliedan aerosol. In
RADIO, an analyte solution (1 uL) is deposited onto a quarystal microbalance
(QCM) and immediately aerosolized by radiofrequency a@ictonaThe sample aerosol
generated is entrained by charged droplets from an ESkeemasulting in the extraction
and ionization of sample constituents. UA-EESI has bmmipled to a hybrid QTOF
mass spectrometer and has been successfully applid® tdetection of melamine in
various food matrices including raw milk, wheat gluten, aild ppwder>® RADIO has
been coupled to a hybrid LiT/FTICR mass spectrometethi® analysis of some model
peptides, including melittin and ubiquitih.

A few different laser-based techniques have been repofteese decouple
surface sampling by laser desorption/ablation from theesuiesnt electrospray-assisted
ionization for the generation of ions from various ske®pn the open air including
ELDI, LAESI, MALDESI, and IRLADESI. In ELDI, first eported by Shiea and
coworkers’? a 337 nm N laser operating at 20 pJ per shot is used to ablate sample
placed underneath an electrospray plume. The ablatestiahas then captured by the
charged micro-droplets with subsequent ionization by EStgzses, leading to the
observation of multiply charged species such as peptidim@eins. ELDI has been
employed for the characterization of various chemioalshe surface of different solids

including paintings, compact discs, drug tablets, tissue saffipf@sdentification of
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organic compounds separated on TLC plateharacterization of the polar components
of crude oil, analysis of amber and humic substarfcesntinuously monitoring the state
of ongoing chemical reaction$detection of intact multiply-charged proteins (up to 66
kDa) and tryptic digest¥: °* ' In-situ chemical reactions between reagents that are
incorporated into the electrospray solvent and laser aodett@lyte species have also been
implemented within this technique and referred to as redeti.**°

MALDESI is a hybrid ionization technique very similar to EL(both use UV
lasers) with the only difference being the use of anrocgacid matrix in the former,
which affords increased sensitivity and is believed tonektde limit of detection and
molecular weight range of ELDf: °® Analysis of peptides and proteins by MALDESI
results in the generation of multiply charged speciaggasting ESI to be the
predominant mechanism for ion generafidfi® An infrared laser has also been used for
MALDESI for the direct top-down characterization o&rbohydrates, proteins and
lipids.*®* A variant of this technique referred to as liquid MALDESiq-MALDESI)
has also been reported where ions are generated by ldesgoraof a liquid sample that
is deposited onto a stainless steel target and biased uk\Vo I8 this case multiply
charged ions of peptides and proteins are generated froriqtheé sample directly
without any secondary ionizati§hThe liquid sample is reported to act as a macroscopic
charged droplet similar to those generated by electrosprazation, resulting in the
generation of multiply charged ions.

LAESI and IR-LADESI employ electrospray-like ionizatiof entrapped material
ablated and/or desorbed from a surface by an IR laseresoiiie penetration of the IR

lasers used in these techniques is several orders of maglaitgde than the UV lasers
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used in ELDI or MALDESI, resulting in the removal ofdar amounts of material from
the sample surface. Nemes and Vertes developed LAESinpliag the ablation plume
formed by an Er:YAG laser with the spray from an E@lteer®® The implementation of
the laser source at a¥ingle respedo the sample surface is believed to preferentially
contribute to sample ablati6hFemtomolar-level detection limits for proteins, lipidsd
metabolites were attain8d.LAESI| has been used for two dimensional imaging and

depth profiling applicatiorf& °

and is the only ambient MS techniques with
demonstrated capabilities for 3D chemical imadftigithe Murray group developed a
similar technique termed IR-LADESI for the direct analysf biological fluids and
pharmaceutical§: In this case, the laser was positioned &twith respect to the sample
surface, and lower pulse energies were used, resultingtinablation and desorption of
surface neutralS: The mechanisms of both LADESI and IR-LADESI are phipa
similar, where the material ablated from the surfateracts with ESI droplets, in a
dynamic solid—liquid extraction-like process. It has bpestulated that in IR-LADESI,
small, more volatile materials are directly desorbgdree molecules, and incorporated
directly into ESI droplets.

In LIAD/ESI, a sample solution deposited on a metal fei irradiated in
transmission mode with a Nd:YAG IR laser that creatssustic waves, which propagate
through the foil, enabling thermally-assisted sample miéem. The analytes then
interact with the charged droplets from as ESI emittgive single and multiply charged

ions following ESI processes. LIAD/ESI has been usedheranalysis of small organic

and large biological compounds including amino acids, peptaelsproteing?

21



1.4.3.Electric Discharge-, Beta Electron-, or Photon-based Ambiethemical
lonization Techniques: DART, DAPCI, LD-APCI, DBDI, LTPPADI, FAPA, BADCI,
APTDI, DAPPI

This group of techniques takes advantage of ion-moleculeigracto effect
ionization of desorbed analyte from various samplesRDAs a commercial ambient
ionization technique that was introduced by Cody et al in 2350%%In DART, a glow
discharge sustained by the continuous flow of He gas resultbe generation of
electronically excited (metastable) He atom3S(219.82 eV) with lifetimes of up to
8000 s'®* The gas stream carrying these metastables is heatddc{licate thermal
desorption of analytes) before exiting the ionization se@where Penning ionization
occurs to eventually generate protonated water clustaergositive ion mode, the
protonated water clusters serve as proton transfer meafm chemical ionization of
analytes desorbed from samples placed directly withinidh&ation region. Under
appropriate conditions, oxygen radicak{{ and nitric oxide (NO) cations can also be
generated by Penning ionization both of which are dependenbeosdurce-to-mass
spectrometer distance, the grid potential and/or addtibrarious charge exchange
reagent in the sampling region. These modify the chemid the reactive ionization
region resulting in analyte ionization by charge exchahgdride abstraction, or/and
oxidation reactiond® *8% 8%n negative ionization mode ionization occurs predominantly
by electron capture (EC), dissociative EC, proton transfed,anion attachmefit.**®lon
transmission efficiency within the DART ionization &g has been shown to dependent
on complex coupled fluid dynamic, heat transfer andtrestatic phenomena, which are

determined by sample placement considerafih®n transmission has also been shown
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to improve by about two orders of magnitude when the DA&RITsburce is coupled to
the mass spectrometer through a commercial VAPUR® fader which acts as an
gaslion separatdf® Because of its commercial nature, DART has enjoyed rifisint
amount of popularity and its potential has been demonstfateseveral applications
including the analysis of whole bacterial céfplanar chromatography plat&8 flavors
and fragrance¥™ ' reaction product monitorin® self-assembled monolay€ls,

196
K,

contaminated pet food? drinking water:® writing in in-vivo hydrocarbon

435, 150, 1982005 thentication of olive oil®* urine samples

analysis:”’ counterfeit drug
for drugs of abusé? and for quantitative analysis of drugs in biological masi&® Very
similar to DART is the technique referred to as FAPA? introduced by Hieftje and
coworkers. The major difference reported between DARd BAPA is the fact that
DART operates within a corona-to-glow transition (C-Ggctarge regime, whereas
FAPA operates via a glow-to-arc transition (G-A) timme®®® Some applications of
FAPA include the direct detection of volatile organic gmunds®? tea leaves, coffee
beans, pharmaceutical tabfétand for elemental analysi&: Laser ablation had also
been used to decouple analyte desorption from FAPA iomiz&dr the ambient chemical
imaging of pharmaceutical tablets.

DAPCI, originally introduced by Cooks and coworkers in 2005s uskiene as
the reagent gas in a modified DESI sprayer where the sayalfary is replaced with a
sharp stainless steel needle to generate a corona dis£hdDAPCI has been observed
to show superior performance for ionizing compounds of meéeleécalow polarity than

DESI™® and is preferred in cases where the sample surfaagsbendamaged by the

application of DESI solvent sprdf.In DAPCI, the plasma generated by the electrical
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discharge interacts directly with the sample enablimgctlisurface sampling/ionization
by APCI processes, unlike in DART, which employs a nontact plasma physically
separated from the ionization region. DAPCI has atenbmplemented without the use
of carrier gases. Instead, ambient air, with about 6@&give humidity, was used as a
reagent to generate primary idf16.2° Applications of DAPCI include the trace detection
of pharmaceuticals, molecular markers of meat spoilag®gurities, explosives,
herbicides, chemical warfare agent simulants, illicitgs; peptides and tea produtts?
139,207, 20855 hing the carrier gas with chemical reagents such awmaia can also enable
gas phase ion/molecule reactions improving the sengitfithe techniqué’®

In an earlier technique referred to as LD-APCI, laseogg®n has been coupled
to APCI using a corona discharge in ambient air. LD-AR@s initially implemented to
probe the gas-phase neutral molecule population generatédebpP-MALDI. The
source utilizes a laser pulse to desorb molecules &astainless steel target followed by
chemical ionization via reagent ions produced by a cor@tharge. The technique has
been shown to provide up to three orders of magnitude impeteim the AP-MALDI
signal”® ?°° LD-APCI has been used for various applications includivey analysis of
compounds separated by TP, peptides from aqueous solutibh,and proteins
separated on polyacrylamide gé&is’’

DBDI, LTP and PADI are electric discharge-based ioforatechniques which
differ from DAPCI, DART and FAPA in that they use dtemating voltage to drive the
electrical discharge. In DBDI a low temperature, digledarrier discharge is created
between a hollow stainless steel needle (discharggradie) and a dielectric barrier

material (glass). The AC voltage that initiates thscloarge is applied between the
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discharge electrode and a copper sheath electrode hoidirdjeectric barrier material.
In DBDI, the dielectric barrier material also serassthe sample plate. The discharge is
sustained by the flow of He gas through the hollow digghalectrode to generate
metastable helium atoms and fast electrons, whiches&vinduce desorption and
ionization of analytes. DBDI has been used for thalysis of amino acid$ and
explosives’® LTP is very similar to DBDI, the only difference hgithat in LTP the
dielectric barrier discharge is created between a giedistainless steel electrode and a
glass tube surrounding it. The discharge gas (He, Agriir) flows through a small gap
between these two electrodes. The counter electroasist® of a copper tape
surrounding the outside of the glass tube. This desigwslihe low temperature plasma
to be projected away from the probe, enabling the dineglysis of a broader range of
sample types than DBDI. LTP has been used for the sinaby explosives on PTFE
substrates, cocaine on human skin, active ingrediemqtisarmaceutical tablets, toxic and
therapeutic compounds in complex biological samfflesnd recently for to the detection
and quantitation of melamine in mik' PADI employs a radiofrequency driven non-
thermal atmospheric glow discharge in helium, to pibleesurface of various sampfés.
The plasma normally extends up to 10 mm away from tbbeptip and can be brought
into direct contact with the sample to effect desongionization of various surface
chemicals. PADI has been used for applications in theysis of pharmaceuticals
tablets, tobacco and garfit.

BADCI is a technique recently introduced by Ferndndez and@ns where
thermally assisted analyte desorption is followed by nebal ionization under

atmospheric pressure. The unique feature in BADCI is tietdactions leading to the
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formation of Cl reagent ions are initiated by betatedets emitted from a low activity
(~10 pCi)®*Ni probe eliminating the need for high voltages within itweization region.
BADCI has been used for the direct analysis of pharuiazé tablet$?

Direct thermal ionization of condensed phase speni#isei ambient environment
was first reported by Cooks and coworkers in a techniqueredféo as APTDI. This
technique has been shown to be very useful for the @isalf/inorganic and organic salts
including ionic liquids®™ In APTDI, a sample is placed in a tube and heated, irepurlt
the breakdown of the strong ionic interactions, followgdublimation of one or both of
its counter ions. The flow of Ncarrier gas through the tube helps to transfer the
sublimated counter ions to the mass spectrometer foctaeteDoping the carrier with
various protic solvents such as methanol has been slwogmable chemical ionization of
vaporized neutrals by gas phase protonation.

In DAPPI a heated nebulizer microchip is used to dekvépot jet of vaporized
solvent (e.g toluene) to facilitate the thermally-dssisdesorption of analytes from
various surfaces. A krypton discharge UV lamp emittinge¥Ophotons and positioned
~10 mm above the sample spot then effects the ionizafivaporized neutrals following
similar mechanisms such as in APPY? One of the major advantages of DAPPI is its
superior performance for the analysis of low polaritynpounds compared to DE3I.
Together with applications in the analysis of low piofacompound$® DAPPI has also

been employed in the analysis of illicit drif§<*®
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1.5. Conclusions

The introduction of ambient MS methods has triggereeinewed interest in the
field of analytical mass spectrometry due to the removasome of the bottlenecks
present in AP ionization techniques. Ambient mass spectrpnmeeserves spatial
chemical information, avoids dilution and maximizes #esity. The breadth of this new
field is reflected by the explosive appearance of a tadii of new ionization
approaches, which continue to provide unprecedented capab#ities as rapid

guantitative screening, high throughput imaging, and directvom amalysis.
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CHAPTER 2. CONSTRUCTION OF A PROTOTYPE DESI MS ION
SOURCE FOR THE RAPID DETERMINATION OF COUNTERFEIT

ANTIMALARIAL TABLETS

2.1. Abstract

This chapter presents the implementation of DESI M$ the rapid
characterization of counterfeit artesunate antimaléablets. Proof-of-concept results on
coupling a custom-built DESI ion source interfaced tonadr ion trap (LiT) mass
spectrometer for the routine characterization of terfi@it artesunate tablets collected in
South East Asia are presented. The results are compted and validated using
attenuated total reflectance Fourier transform infrarddR(FTIR) spectroscopic
imaging analysis enabling the facile typing of samplesethaon their chemical

fingerprints.

2.2.Introduction

Malaria is a life threatening parasitic disease trattethi by Anopheles
mosquitoes. It is a risk for some 40 % of the world’s patpah, and claims over one
million lives each yeaf-? **To date, there are no effective vaccines to preverariaal
in humans and, as such, prevention and treatment has ddpmmgmtent antimalarial
drugs including chloroquine, sulfadoxine-pyrimethamine etc. tbmhately, in many
areas all of these have become ineffective, due toamveint of drug resistané&. The
current increase in drug resistance to malaria treatmentsnly threatens the life of any

individual who travels to malaria-endemic areas, bub alamages the economies of
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tropical countries, which are a major market for goodssandices’> The most effective
treatment therapies, especially for the multidrug rasiglasmodium falciparunmalaria
parasite strain, are based on semi-synthetic art@miderivatives (depicted in Figure
2.1); the most common one being artesunic acid (artesunAtgmisinin is a
sesquiterpene lactone isolated from the Chinese hewdnatl Axitemisia annuawhich is

then converted into various semi-synthetic derivativasmpyove solubility and

Artemisinin R R=

CHs Dihydroartemisinin R=H, 2 =OH
Artemether R=H, R,= OMe
Arteether R=H, R,= OEt

Artelinic acid Rl = H R= OCH,C;H,COH
Artesunic acid R=H, R,= O,CCH,CH,COH

Figure 2.1.Structure of artemisinin and its derivatives.

bioavailability. Artemisinins contain an endoperoxide linkagé¢heir structure believed
to be responsible for their antiparasitic activity byisiag free radical damage to the
parasitic membrane systeft§ With malaria being one of the principal health problems
in developing countries, and antimalarial drugs representingrge sector of the
pharmaceutical market, these drugs have been increatangéted by counterfeiters.
Counterfeit drugs are pharmaceutical products, which ardedatiely and
fraudulently mislabeled with respect to their identityd/@n source. This includes

products, which contain wrong active pharmaceutical gigre(s) (APIs), insufficient
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guantities of the API(s), no API(s), and/or false pgakg Basically, a counterfeit drug
is produced with the intent of deceiving the customer andldhme differentiated from a
substandard drug, which is simply a drug produced by the genuindaciamer, but that
does not meet the quality standards set for it. Cowiteaintimalarials have been
particularly detected in SE Asia and Africa, as malaiane of the principal health
problems in those are&¥ 2°° 21722%gjnce 1998 an “epidemic” of multiple types of
counterfeit artesunate tablets has occurred in mainlandASS& Ad hoc surveys
conducted since 2000 in Myanmar, Lao People’s Democratic Reguab PDR, Laos),
Cambodia, Vietnam, and along the Thai-Myanmar bordggested that 33-53% of
bought artesunate was counterfeit, containing either nsubtherapeutic quantities of
artesunat@®® 2!7: 218. 220223y gE and East Asia there are at least 16 manufastofer
artemisinin and its derivatives and millions of tablete produced each year both for
consumption in Asia and export to Africa. Of these nfacturers, one major producer of
artesunate, Guilin Pharmaceutical Co. Ltd. (Guilin, Guaagxbnomous region, China),
has been particularly targeted by counterfeiters reguih 16 different types of fakes so
far.2%°

The consumption of fake antimalarial medicines iselvelil to have resulted in
more deaths than have been documéfitetf’ as various evidence suggests that the
production of counterfeit antimalarials is on an indasstale?® One example is a case
where one health care organization in SE Asia purcha8@@00 artesunate tablets, all
of which were later shown to be counterfétin another related example, an alliance
between Belgian and Chinese authorities resulted imntkeeception of 57,000 packs of

counterfeit halofantrine capsules (another antimdjagiaroute from China to Nigerf&®
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Conventional antimalarial tablet analysis is gemgrahrried out via liquid
chromatography with optical or mass spectrometric detet® %?® ?*’Although these
methods offer comprehensive information on sample caitipo, they suffer from
throughputs of a few samples per hour. Since artestaialets are manufactured in the
millions in Asia and Europe, exploring new approachesafdimmalarial tablet screening
is central to rapidly ensuring the quality of the genuirm@lpct and for the early detection
of fakes.

In this study, a prototype DESI ion source was construatedtested for the
routine rapid chemical fingerprinting of various types odunterfeit artesunate
antimalarial tablets. The DESI MS results were c@manted and validated using
attenuated total reflectance Fourier transform infrarddR(FTIR) spectroscopic
imaging. FTIR spectroscopic imaging has been shown toa beersatile tool in
pharmaceutical analysis with a broad range of applistioranging from the
characterization of drug formulations to the elucidatafnkinetic processes in drug
delivery!*® 22235 ATR-FTIR is also advantageous for the analysis of pheemtical
tablets because the analysis is non-destructive, thenefquiring no sample preparation.

In FT-IR imaging, infrared spectra are acquired at ifie areas on a sample in a
grid pattern, and the variation of the intensity opacsfic absorption band that represents
a particular component can be plotted as a map to admaimage that corresponds to the
2 dimensional distribution of that component in the damg@onventionally, this is
achieved by performing a point-by-point mapping with an aperéme a computer-
controlled motorized stage, making it a very time-consunpmgcess. With the

introduction of the focal plane array (FPA) detectoiages based on the distribution of
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IR absorption bands can be collected within a matter fgfiv minutes or even seconds
with up to 4 um lateral resolutidf’

In this study, the combined potential of DESI MS and ATRRFas orthogonal
and complementary tools for rapidly screening and cheniamg counterfeit antimalarial

tablets is evaluated.

2.3. Experimental Details

2.3.1.Sample Collection

Sample collection for the present study and for the ireutchemical
characterization of artesunate samples by DESI M&riious studies was coordinated by
Dr. Paul N. Newton. Since 1998, sixteen different typefake artesunate samples have
been cataloged as shown in the next section. Couihtani@g genuine artesunate tablets
were collected in a wide area of SE Asia encompassing, LlMganmar, Vietnam,
Cambodia, and along the Thai-Myanmar border. Figure 2d@vsha map of the
distribution of fake artesunate in relation to the fagackaging type. As a
proof-of-concept, a total of six samples constituting sffexent packaging types were
evaluated in this study. These included a genuine samplehandadunterfeit samples
with the following collection codes: 11 KHA P 7/1 #2 (Type 1) PAS P 64/1 (Type 8),

S 12/2005 (Type 9), Lao 05/03 (Type 11) and S 40-1 (Type 13).
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Figure 2.2. Map of the distribution of fake artesunate as of 2008npiled by the
Wellcome Trust-University of Oxford SE Asian Tropical Nide Research Program
and collaborators. Map taken from Newton, eC4l.
2.3.2.Analysis of Physical Appearance and Tablet Packaging

The manufacturer of the most commonly counterfeitéelsanate antimalarials;
Guilin Pharmaceutical Co. Ltd. first developed a hologm@sna security measure in

response to the first type (‘Type 10f counterfeit artesunate circulated, which had no

hologram attached. As a result, any ‘Guilin PharmacaltiCo. Ltd" artesunate

33



circulating without a blister pack hologram is almosttaiaty counterfeit or expired.
Thereafter, a total of sixteen different hologram typesich mimic the genuine
packaging used by Guilin (Figure 2.3.a) have been found in Smithsia with
counterfeit stickers or holograms, and there are prolrabhg types circulating.

The physical appearance, text on packets, leaflet inaadsblisterpacks were
examined by Paul Laurin of the Royal Canadian Mountedé@¢lorensic Laboratory
Services, National Anti-Counterfeiting Bureau in Ottawatddo, Canada.

For these analyses, tablets are compared with known ingenGuilin
Pharmaceutical Co. Ltd artesunate obtained directiy flte company. Packets, leaflets
and blisterpacks are examined with an x6 hand lens, x100 st@oeoscope and a
handheld UV (375nm) light source and then electronicatlgnned. Batch numbers,
expiration and manufacture dates, the color, clant/taxt of printing on the blisterpack,
packet and leaflet (when present) are documented. GuilimRbauticals Co. Ltd. then
provides information about the validity of batch numbers.

Figure 2.3 shows blister pack holograms for the sampldgzaaiain this study
with the counterfeit holograms showing a range in stiphtson with the most common
feature being the misalignment of the blocks forming theutar border of the Guilin
logo. The different counterfeit holograms show varispescific features including: Type
4, which is a good hologram copy but lacks microscopidlitGBEharma’ legend and has
‘Tablte’ printed on blisterpack (Figure 2.3.b), Type 8, whicls Bapoor sticker with
shoulder plateau on mountain with abbreviations of ‘MJFEXP’ in capital letters
(Figure 2.3.c), Type 9, which is a good hologram with ‘Gufllmarma’ legend in correct

font (Figure 2.3.d), Type 11, which has a sticker similarype§ 8 but mountain outline
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differs and also has abbreviations of ‘MFG’, ‘EXP’ iapatal letters (Figure 2.3.e) and
Type 13, which has a hologram, with similar mountain ioeitko Types 4 but with
different pictograms and outer circle with no ‘GulihadPma’ legend (Figure 2.3.fror a

full description of all fake packaging identified, see FigBr& from Newton, et &F°
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Figure 2.3. Hologram type of samples evaluatdlnthls study, (apigenGuilin
Pharmaceutical artesunate blister pack hologram, (b) Tyge) &Lype 8, (d) Type 9,

(e) Type 11, (f) Type 13

2.3.3.DESI lon Source

The custom-built DESI ion source consisted of a movahleple stage and a high
performance sprayer based on the oscillating capillaepulizer (OCN) concept
(Figure 2.4). The OCN produces primary droplets with a smegan diameter and

narrow size distribution compared to conventional pneiernatbulizers, thus potentially
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Figure 2.4. Schematic of a custom-built DESI ion source coupleddoramercial linear
ion trap (LiT) mass spectrometer.
maximizing surface doesorption/ionizatioh.

The spray emitter consisted of a 18.2 cm long inner spialfacs (147 m o.d.,
50 mi.d.) surrounded by an outer nebulizer gas capillary (368.d., 250 m i.d.),
both made from polyimide-coated, fused silica tubing (PalyoniTechnologies, Phoenix
AZ). The inner capillary was offset from the outer itap/ by 0.2 mm, which gave the
most stable spray conditions. This distance can beiatigradjusted by screwing the two
pieces that conform the sprayer body, thus changing plsition with respect to each
other. The inner capillary is fixed to the proximal piexfethe sprayer, and the outer
capillary is fixed to the distal piece. Samples aild ea cylindrical brass hollow tablet

holder (9.3 mm i.d., 3.5 cm deep), which is mounted at thalaistl of a 10.2 cm-long
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laminated carbon fibepiece, which is affixed to a manual x-y translationagst The
sprayer tip, from where charged microdroplets are emidquhsitioned at 5-6 mm from
the mass spectrometer capillary inlet, and 1-2 mm dweany the surface of the mounted
tablet, at an angle of 85The collection angle was approximatefy Dhe sample holder
is mounted on a system of rods and clamps affixed tob#dmech where the mass
spectrometer is placed. The nebulizer gas consiststrofgen. The spray solution is
normally biased via an external high voltage power su(®RS PS350, Sunnyvale CA),
which is placed in electrical contact with the spraluson through one of the ports of a
T union. The DESI spray mixture is usually delivered to amsg@ort of this T union by
a 500 pL glass syringe (Hamilton Company, Reno, NV). hind port of the T union is

connected to the DESI sprayer by a short piece of i2v¥d. PTFE tubing.

2.3.4.DESI MS

All reagents were used as purchased, without additional gatrefn. HPLC grade
acetonitrile (Fisher, Hampton NH), dodecylamine (DDA (&a-Aldrich, St. Louis MO)
was used for “reactive” DESI (See details in Chapterx@eements. Ultrapure water
(18.2 M cm) was obtained from a Nanopore purification unit (Ba¥ad, San Jose
CA).

DESI MS experiments were performed by coupling the DEBIsmource to an
LTQ linear ion trap mass spectrometer (Thermo Finnigam Jose, CA). Dr. Charlene
Bayer and Dr. Victor de Jesus in the Georgia Tech Rdséastitute provided access and
training on the use of this instrument. “Reagentless” DES was performed by

spraying samples using a solution of 75:25CMN:H,0 unless stated otherwise, at a flow
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rate of 5 uL miff. The spray was pneumatically assisted by a coaxiay sprs, gas at a
flow rate of 0.3 L miff. The spray solution was electrically charged to +3 kV, deipe

on the ionization mode used. For all experiments, thesrspectrometer was auto-tuned
for optimum detection of analytes of interest. Dataswacquiredvia the Xcalibur
software interface set to collect spectra in autangdin mode for a maximum ion trap
injection time of 200 ms, and 2 micro-scans per spectfin®.capillary temperature was
set to 308C. Tablets were mounted on an x-y stage and exposed to tBej&tHor 6 s,
resulting in a maximum sample throughput of approximatelrgpdes mift, if the time
taken to place a tablet in the sample holder is takenaiccount. Artesunate analysis by
LC-MS requires approximately one hour per sample, if itlhe required by the sample
preparation steps are included in the calculdfibiror this studyseveral points on the
tablet surface were sampled in order to obtain an aecymature of the components
present. In addition to reagentless DESI, one of thpkes (S 12/2005, Type 9) was also
analyzed by “reactive” DESI MS by spraying the sample witsolution containing
100 pM dodecylamine in 75:25 GEN:H,O, to further verify the identity of its

constituent(s).

2.3.5.FTIR Spectroscopic Imaging

FTIR imaging experiments were performed by Dr. CamillecRia postdoctoral
associate with Dr. Sergei Kazarian in the Departn@ntChemical Engineering in
Imperial College, London. For these experimeatsFPA detector (Santa Barbara, USA)
comprising 16384 pixels arranged in a 128x128-grid format was usedasune FTIR
spectra with a spectrometer operating in continuous sate. Spectra were collected

with 8 cm’* spectral resolution in the 4000-900 tmange using 32 scans. The chemical

38



images were obtained by attributing a color to each pizebrding to the absorbance of a
spectral band characteristic of a given compound. Imticeo ATR configuration, the
spectrometer and the FPA detector were coupled to eareaf microscope with a 20x

cassegrainian objective and a Ge ATR crystal. The aotal imaged was 64x64n”.

2.4.Results and Discussion

The short sampling time requirement for high-throughput lyasa of
pharmaceutical tablets by DESI MS allows only the fagel of the sample to be probed
by the DESI spray. For the analysis of counterfeit plaaeutical, which in most cases
are highly inhomogeneous (due to poor manufacturing practleespray impact area is
a very important parameter as it determines the suclaemnical information content that
can be captured as the DESI spray plume bounces offithples surface. The surface
information content is expected to increase with ike of the impact area. Figure 2.5
shows the effect of the two most important variakies affect the impact area including
the spray duration and the solvent flow rate. The impsed is observed to increase with
time at a fixed solvent flow rate (Figures 2.5.a). lbdlscreases with the solvent flow
rate for any given spray duration (Figure 2.5.b). Flow ragdsw 5uL min™ produced a
very small spray impact area. This could lead to a DESictrum that is less
representative of the whole sample. As such a soli@mtrate of 5uL min™ was chosen
for all experiments which resulted in the best sensptiwith an appreciably large spray
impact area to give a good representative spectrumirigiesspot rapid throughput
analysis. However, for this study several different speg¢re probed for each sample in

order to get a detailed representation of the surfaceicakimformation content.
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Figure 2.5. Area impacted by the custom-built DESI sprayer jet farous ion source
settings. The spots were obtained by spraying 1 mM ReaBlive 4 dye onto a white
sheet of paper. (a) Impacted area vs. spray duration de asolution flow rate of
5 puL min?, (b) impacted area vs. dye solution flow rate (1praysduration).

Analysis of each of the representative samples g pgloof-of-concept study by
packaging analysis, DESI MS and ATR-FTIR imaging redultethe classification of the
samples in each of the categories of genuine and coeibtdriigs definition. This

included @A) Genuine, B) products with wrong active ingredient(si;)(insufficient

guantities of the Al(s) and) no Al(s), as discussed below.

2.4.6.Genuine Artesunate

DESI MS experiments for all samples were performedspsaying a 75:25
CHsCN:H,O solution onto the tablets. This solvent compositios whaosen based on
preliminary experiments, which indicated that solventtames with higher aqueous
content resulted in significant wetting of the tableth time and higher background in
the low nmV/z region. The positive ion mode DESI spectrum of a genuindinG
Pharmaceutical Co. Ltd artesunate tablet (50 mg artespeatablet) is shown in Figure
2.6.a. The spectrum shows peaks corresponding to monaaneridimeric artesunic acid
adducts and their fragment ions. The formation of &led K adducts was favored over

40



the protonated precursor, with peaksrét 407.2 and 423.3 respectively. A peakvétr
790.8 corresponding to the sodiated artesunic acid dimertg@uaic acid + Nd) was

also observed. The peakmaiz 261.2 corresponds to a sodiated fragment of artesunic acid
([artesunic acid - §4604- CO + Na]), which originates from in-source fragmentation.
Figure 2.6.b shows the negative ion mode DESI spectrum génaiine artesunate
antimalarial tablet. Peaks corresponding to the deprotbreaialyte monomer and dimer
were observed atyz 383.2 ([artesunic acid - HJandm/z 767.7 ([2 artesunic acid - Hi]
respectively. Various artesunic acid fragment ions wése abserved in negative ion
mode, including peaks atVz 283.5 andm/z 255.5 due to ¢H,03 and GH,O3 + CO
losses from the deprotonated monomer respectively. Tdlegien/z725.2 corresponding

to a loss of @H,0 from [2 artesunic acid - Hjas also observed.
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Figure 2.6. Analysis of a genuine Guilin Pharmaceutical Co. Ltd. artate tablet by:
(a) reagentless DESI MS in positive ion mode, (b) re#gEenDESI MS in negative ion
mode, (c) Micro-ATR-FTIR imaging showing the distributief (i) artesunic acid,
(ii) avicel and (iii) talc. The size of each image dpproximately 64x64 pm The
representative spectra at the location indicated bgrttwav are also shown and compared
with the reference spectra of (ii) pure avicel and giijye talc.
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Analysis of a genuine artesunate tablet by ART-FTIRgin@is shown in Figure
2.6.c. Artesunate shows a stron@=0) band at ca. 1750 ¢mwhich was used to
generate the chemical image representative of thebdistnn of this drug in the imaged
area (Figure 2.6.c.i). For this sample, the presencaatbof four bands within spectral
region investigated, at 1030, 1055, 1100, and 1168 snggests the presence of avicel,

a common excipient used to enhance or control tablet lafiEsn®®

The integrated
absorbance of the band at 1055'cwmas used to plot the distribution of this excipient
(avicel Figure 2.6.c.i). The genuine sample also showshaacteristic band at
1003 cn, corresponding to the main vibrational mode of talc@Sitretching), which
was used to create the distribution of this excipiertherimaged area (Figure 2.6.iii).
The collected images show that the active ingredietéqanate) domains in avicel and
talc can easily be identified by use of FTIR imaging,ikenlin ordinary optical
microscopy. In addition to verifying the presence of tlmrect active ingredient,
ATR-FTIR imaging also detected the presence of variougpiexts including avicel and

talc in the genuine Guilin Pharmaceutical Co. Ltd artasuntablet thereby

complementing the DESI MS results.

2.4.7.Counterfeit Artesunate Containing Wrong Active Ingredient(s)

Three of the samples evaluated in this study contair@tdus wrong active
ingredient(s) with a range in sophistication including dasgontaining an analgesic
(11 KHA P 7/1 #2, Type 4), no longer efficacious antimalau(a2 PAS P 64/1, Type 8)
and the correct active ingredient precursor (detectediirB Type 13) as presented

below.
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Results from the analysis of the counterfeit saripl&KHA P 7/1 #2 (Type 4) are
shown in Figure 2.7. Analysis of this sample by DESI MS isitp@ ion mode shows a
peak atm/z218.2 corresponding to the methylaminoantipyrine proton adduypirone
fragment with the elemental formula 168:6N3O, Figure 2.7.a). This assignment was
verified by DESI MS analysis in negative ion mode, wisblbwed a peak an/z310.3
corresponding to deprotonated dipyrone (Figure 2.7.b). No adswas detected in this
sample, as is evident from the absence ofmife407.2 peak in the positive ion mode

DESI spectrum.
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Figure 2.7. Analysis of a fake artesunate Type 4 (11 KHA 7 7/1 #2) bydajentless
DESI MS in positive ion mode, (b) reagentless DESI MSnegative ion mode,
(c) Micro-ATR-FTIR imaging showing the distribution dfet bands at (i) 1008 ¢hand
(i) 1655 cm'. The size of each image is approximately 64x64.|ifhe representative
spectra at the locations indicated by the letters a® stlown and compared with the
reference spectra of pure talc and pure dipyrone.
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Analysis of the sample 11 KHA P 7/1 #2 by ATR FTIR imagiagshown in
Figure 2.7.c. The analysis shows a strong band at 1008 ammresponding to the
presence of talc, with the integrated abundance obtmnsl over the imaged area used to
obtain its distribution in the sample (Figure 2.7.cTine sample also showed a strong
band at 1655 cihcorresponding to the presence of dipyrone and its lnlision obtained
by plotting the integrated abundance of this band owelinttaged area (Figure 2.7.c.ii).
Artesunate was not detected in this sample by ATR-FThiRging. The presence of
dypirone and the absence of artesunate in this sam@ecarssistent with the results
obtained by DESI MS analysiBipyrone is a nonsteroidal anti-inflammatory drug tkat i
used as a powerful painkiller and antipyretic. It hasssociated with adverse effects,
such as agranulocytosis, and is banned in some coufifrigsministration of this drug
might temporarily mitigate some symptoms of malanid,ibdoes not cure the disease.

Results from the analysis of the sample 12 PAS P 6Byfe(8) is shown in
Figure 2.8.DESI MS analysis of this sample shows two major peaksi/z249.2 and
311.2 corresponding to protonated pyrimethamine and sulfadoesgectively (Figure
2.8.a). By probing different spots on the surface of thispsamwith the DESI spray
plume, differentm/z 249.1-tom/z 311.2 peak intensity ratios were observed suggesting
inhomogeneities in the composition of the sample (Figud). Artesunic acid was not
detected in this sample by DESI MS analysis. Pyrimethewsulfadoxine, detected in
this sample ign antimalarial, which is no longer efficacious in &dfa.

FTIR analysis of the sample 12 PAS P 64/1 shows only tmoags band at
1403 cnt assigned to the asymmetric stretching mod 6f the carbonate ion. The

abundance of this band was used to obtain an image disthibution of carbonate in the
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sample by ATR-FTIR imaging (Figure 2.8.c). No active ingretigas detected in this
sample by ATR-FTIR imaging; however, the detectiontloé carbonate excipient
complements the DESI MS results. The inability oledéhg pyrimethamine-sulfadoxine

in this sample by FTIR is probably because of the laegbonate signal.
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Figure 2.8. Analysis of a fake artesunate Type 8 (12 PAS P 64/1) bye@entless
DESI MS in positive ion mode, (b) reagentless DESI MSpositive ion mode for
different x-y positions on the tablet surface, (c) MIATR-FTIR imaging showing the
distribution of the band at 1403 &miThe size of the image is approximately 64x64.um
The representative spectrum at the location indicatethéyarrow is also shown and
compared with the reference spectrum of pure calciubooate.

DESI MS analysis of the sample S 40/1 (Type 13) showkspaian/z305.1 and
587.3 corresponding to sodiated artemisinin  monomer and r dimspectively
(Figure 2.9.a). The characteristic artesunate precucsopeak atm/z 407.2 was not

observed by DESI MS analysis of this sample. Thesaltsesvere validated and

complemented by ATR-FTIR imaging analysis (Figure 2.9.Q)IRFanalysis of the
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sample S 40/1 shows a sharp band at 1735which corresponds to the characteristic
lactone carbonyl (C=0) vibration mode of artemisinin, the artesunate psecdi® The
abundance of the band at 1735 was then integrated over fgednarea to obtain a
distribution of artemisinin on the surface of the seEnghe FTIR data also shows a
sharp band atl008 cm corresponding to talc whose distribution is shown in
Figure 2.9.b.ii. Artesunate was not detected in this samplATR-FTIR. Artemisinin
has a low bioavailability than artesunate, becausesopaior water solubility, and is
therefore less effective in antimalarial treatmehts.use especially in very small doses

can easily facilitate the emergence of artemisingedantimalarial drug resistance.
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Figure 2.9. Analysis of fake Type 13 (SMRU 40-1) by (a) DESI MS in pesition
mode, (b) Micro-ATR-FTIR imaging showing the distributiohthe absorbance of the
bands at (i) 1735 cthand (i) 1008 cri. The size of each image is approximately
64x64 pmM. The representative spectra at the location indichyethe arrows are also
shown and compared with the reference spectrum of pare ta

2.4.8.Counterfeit Artesunate Containing Insufficient Amount of &ive Ingredient
The sample S 12/2009 (Type 9) constitutes an example of aafaksunate

sample containing insufficient amounts of active ingredievhich was previously
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determined by HPLC to contaltD mg artesunate per tablet instead of the usual 50 mg
per tablet:® Figure 2.10 shows results from the analysis of this &typDESI MS and
ATR-FTIR imaging. Analysis of this sample by DESI MBows a peak atn/z 152.1
identified as protonated acetaminophen (Figure 2.10.a). Thactbastic artesunate ion
precursor peak an/z407.2 was not detected under these conditions (i.e sprayingaw
solution of 75:25 CECN:H,O). DESI analysis of this sample was then evaluatetjusi
an alternative, higher sensitivity “reactive” DESppacach by the addition of
dodecylamine into the DESI spray solvent. Primary amimage been shown to form
stable noncovalent complexes with artemisinins duriegtedspray ionizatiof{?’ Thus,
in reactive DESI mode, DDA dissolved in the charged spriayoairoplets reacts directly
with artesunate molecules exposed on the tablet surfataysis of this sample by
reactive DESI shows a peak @z 570.3 assigned as the proton-bound noncovalent
artesunic acid complex with dodecylamine ([artesunic addDA + H]"),
(Figure 2.10.b). This peak assignment was verified by DESI NS&vialysis, which
gives the protonated aminefz 186.2) and protonated artesunic acdZ385.3) species
as the major peaks in the spectrum through a charge atopeprocess
(Insert Figure 2.10.b). A peak aim/z 337.1 corresponding to the species
[acetaminophen + DDA + H]was also observed in the reactive DESI spectiTine
implications of the long-term administration of laeses of artesunate could genetically
select artesunate-resistant parasite strains, rendehnisg last-resource antimalarial
medicine ineffective.

Complementary analysis of the sample S 12/2005 (Type QTR+FTIR shows

two major bands, one sharp band at 1008 ascribed to the presence of talc with its
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abundance integrated over the imaged area to give itsbdigin as shown in
Figure 2.10.c.i. There is a second band at 979, eaich suggests the use of ducting
powder as excipient. The ATR-FTIR image shown in Figud.c.ii, is obtained from
plotting the abundance over the imaged area for the &ahii48 crit corresponds to the

distribution of an unidentified species. No artesunaie @etected in this tablet by FTIR.
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Figure 2.10. Analysis of a fake artesunate Type 9 (SMRU 12/2005) by émerdless
DESI MS, (b) reactive DESI MS (insert shows the MS/idpectrum of the peak at
m/z570.3), (c) Micro-ATR-FTIR imaging showing the distributiai the bands at
(i) 1008 cnt, (i) 1148 cm'. The size of each image is approximately 64x64. urhe
representative spectra at the location indicated by l¢tters are also shown and
compared with the reference spectrum of talc. M =sarie acid.

2.4.9.Counterfeit Artesunate Containing No Active Ingredient
The sample Lao 05/03 (Type 11) constitutes an example s#gngple which

contains no active ingredient. This sample was analgzetlisively by DESI MS using
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various spray solvent systems. DESI MS analysis sfdaimple by spraying the sample
with a solution of 75:25 CECN:H,O resulted in a very noisy spectrum showing peaks at

m/z303.5 and 707.2 at the detection limit (Figure 2.11.a).
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Figure 2.11.Analysis of a fake artesunate Type 11 (Lao 05/03) by relmgeDESI MS
by spraying the sample with a solution of (a) 75:25%CKtH,0), (b) 100 % MeOH. The
insert in (b) corresponds to the MS/MS spectrum gereerfaben the peak at m/z 365.3
for (i) the sample (Lao 05/03) and (ii) lactose standard.

Because DESI, relies on the solubility of the anaiytthe spray solution various

solvent compositions containing decreasing proportions oénwaere accessed for the

analysis of this sample resulting in a spray solvempmsed of 100 % MeOH giving the
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best signal with the corresponding spectrum showngargi2.11.b. The spectrum shows
intense peaks anh/z303.5 (SNR =99) and 707.2 (SNR = 366), which were assigned as
sodiated lactose monomer and dimer respectively. Thigrasent was verified by DESI
MS/MS analysis of this sample (Figure 2.11.i) against ato& standard
(Figure 2.11.b.ii)). No active ingredient was detected in $hisiple by both reagentless

and reactive DESI MS.

2.5.Conclusions

This initial study demonstrated the capabilities of DESE Nbr the rapid
gualitative screening of antimalarial artesunate tablatdheir facile typing as either
counterfeits, which contain wrong active ingredientifgufficient amounts of the active
ingredient(s) or no active ingredient(s). The dependenteecdnalyte solubility in DESI
on the spray solvent composition can be advantageouslpitexplto allow efficient
sampling of surface chemicals. The ability to also detexious tablet excipient
components by ATR-FTIR imaging in a non-destructive manoeiplemented the high

sensitivity provided by DESI MS for reliable routine drug gyainalysis applications.
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CHAPTER 3. REACTIVE DESI LINEAR ION TRAP MS OF
LATEST-GENERATION COUNTERFEIT ANTIMALARIALS VIA

NONCOVALENT COMPLEX FORMATION

3.1. Abstract

Presented in this chapter is a detailed characterizafian reactive DESI MS
approach for application in the screening of artemisinimdbatimalarial tablets. The
method is based on the formation of stable noncovaleniplexes between linear
alkylamines dissolved in the DESI spray solvent and asiems exposed on the tablet
surface. Depending on the amine type and concentrati@mséigity gain of up to 170x
can be obtained, in comparison to reagentless DESlput compromising throughput.
Evidence from the analysis of a broad range of diffeggtemisinins and tandem MS
experiments indicated that complex formation in neacDESI occurred by hydrogen
bonding between the primary amine hydrogens and the ethemliketies within the
artemisinin lactone ring. The selectivity for the datetof artemisinins can be improved
by operating the mass spectrometer in the selectedamachonitoring (SRM) mode.
The combined selectivity and sensitivity improvement mtediby this approach afford a
robust screening tool for the efficient determinationagkemisinin-based antimalarial

tablets for drug quality control applications.

3.2.Introduction

The 2006 appearance of a new type of artesunate coun{€yfed 9), containing

subtherapeutic amounts of active ingredient spurred greatewo following its
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detection-*® This was mainly because its widespread circulation coutkiyuexcite the
natural selection and spread of artemisinin-resistanhsjtas, ridding the world of
effective treatment options for multidrug resistdatciparum malaria. It has been
hypothesized that the administration of artemisininsmasotherapies, even at their
proper dosage, could also result in drug resistance. As, sheh World Health
Organization (WHO) now recommends their administraéisitombination therapies.

Combination therapies with antimalarial medicineskased on the simultaneous
use of two or more blood schizonticidal drugs with independedes of action and
different biochemical targets in the parasite. Artemmsbased combination drugs
(ACTs), base their success on the synergistic or igddibtential of two or more active
ingredients, to improve therapeutic efficacy and delaydénelopment of resistance to
the individual components of the combination. For instatiee probability of a parasite
arising that is resistant simultaneously to two drudh wnrelated modes of action is the
product of the per parasite mutation frequencies multipbg the total number of
parasites exposed to drugs. For example if the probabildyparasite being resistant to
drug A is one in 19and to drug B is one in $6hen the probability that a parasite will be
simultaneously resistant to both is one it?1@epresenting a million-fold reduction in
probability **

Artesunate is a crucial component of ACTs, and is stdimmonly used
inappropriately as monotherapy outside of national nalarogram$® The initial
detection of artesunate monotherapy counterfeits tomgasmall amount of active
ingredient, was hypothesized to have been an “innovatimw‘oduced by the

counterfeiters in an attempt to deceive the colorimetuthentication tests used in the
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field. Therefore, the exploration of new approachesafatimalarial tablet screening is
central to rapidly ensuring the quality of the genuinedpob, and for the early detection
of fakes artemisinin-based monotherapies or combingherapies that may contain
small amounts of active ingredient.

In Chapter 2 a reagentless DESI MS protocol was invedtigiate the rapid
screening of antimalarial tablets, which enabled the disbim between different types of
fakes. This method, however, was not able to determinetedeits which contain
insufficient amounts of active ingredient. This was pab#cause artesunate undergoes
appreciable in-source fragmentation, which lowers thetsetys limiting its detection in
such counterfeits.

One of the potential avenues to mitigate in-source ardsdirmgmentation during
DESI MS is to exploit DESI modalities that take adeaet of selective solution phase
chemistry. Cooks et al. first reported that, if the DEBray is doped with selective
chemical reagents, it is possible to perform ion/md&ceactions between the charged
microdroplets and an analyte exposed on a solid samgdtcstf’ In most cases, this
results in improved sensitivity due to increase ion ewatmor rates and/or reduced
fragmentation. Because reactive DESI enjoys the saample throughput as
conventional DESI, it is particularly well suited ftre forensic analysis of counterfeit
drugs, with the added benefit of increased specificity andisvity.

In this Chapter an extensive characterization of a higbhsitive reactive DESI
MS method for the rapid screening of antimalarial tabletsabling the determination of
subtherapeutic counterfeits is presented. The method makex tise reaction between

primary alkylamines and artemisinins, forming proton-bound-cwvalent complexes.
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This studyalso provides valuable insight on the ion generation gE®se occurring

during the collision of reactive charged microdroplets whehsolid sample surface.

3.3. Experimental Details

3.3.1.Samples and Reagents

All reagents were used without additional purification. HRip@de acetonitrile
(Fisher, Hampton NH), dodecylamine (DDA), hexylamine (Hary octadecylamine
(ODA) (Sigma-Aldrich, St. Louis MO) were used for reaetDESI MS experiments.
Ultrapure water (18.2 M cm®) was obtained from a Nanopure purification unit
(Barnstead, San Jose CA). Genuine artesunate tabletaifavured by Guilin
Pharmaceutical Co. Ltd. (50 mg per average 250 mg tablein@aiiangxi, PR China)
were used for all characterization and optimization stuéediminary assessment of the
authenticity of samples by packaging inspection was perfbfoi®wing the procedure
described in section 2.3.2. The following collection codaas: S 35/1 (Type 9), S 29
(Type 9), S 40/2 (Type 13), S 45 (Type 9), S 40/1 (Type 13), S 471=(14), S 47/1
(Type 14), Lao 06/04 (Type 10) and Lao 12012 (Type 6) were evaluatusistudy
(see Figure 2.2 for sample collection location). Theadas were all labeled on their
blister packs to contain 50 mg of artesunate per tablet. &dditional samples: Kenya
07/01 (Collected in Kenya) and Lao 07/20/2 (collected in Lasbk)jch were labeled on
their blister packs as dihydroartemisinin and artemetidiglets respectively, were also

evaluated in this study. Tablets were stored’@tuhtil analysis.
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3.3.2.DESI MS and LC-MS

The DESI set-up described in section 2.3.3 was interfaced Lol amass
spectrometer (Thermo Finnigan, San Jose CA) and operateyl sisnilar settings and
experimental conditions as described in section 2.3.4g&#less DESI experiments
were performed by spraying samples with a solution of 75:25C8HH,O. 100 puM
amine was added to the above spray solution for reald®®l MS experiments unless
stated otherwise. For each amine, the mass spectronateuto tuned in order to obtain
maximum signal intensity for their corresponding protothaenine-artemisinin-based
noncovalent complex. DESI MS/MS experiments werelectdd at a normalized
collision energy of 10%. Suspected drug samples were alatyzad by LC-MS,
following the sample preparation method described by Mallal?> and the LC

conditions described by Orteéi al®*

3.4.Results and Discussions

3.4.3.Reagentless vs. Reactive DESI MS of Genuine Artesunatbeldts

Figure 3.1.a shows the positive ion mode reagentless BiEStrum of a genuine
artesunate tablet. In this mode of operation, the dvsealsitivity was low, primarily
because the ionic signal due to artesunic acid speciespraad into various channels
with the major peaks in the spectrum corresponding t@ttimonomeric and dimeric
artesunic acid adducts, and their fragment ions.

Corresponding reactive DESI spectra obtained by sprayingirgentablets
successively with spray solutions containing 100 uM of eadheofvarious alkylamine

evaluated including Hex, DDA, and ODA are shown in Figuteb3.For each of the
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Figure 3.1. DESI spectra of a genuine artesunate tablet analyzex) nedgentless DESI
MS mode, by spraying the tablet with a solution of 75:25@\H,O and (b) reactive
DESI MS mode by spraying tablets with a solution containing M0of (i) hexylamine
(Hex), (i) dodecylamine (DDA) and (iii) octadecylamine (8Din 75:25 CHCN:H,O.

A = C4HeO4, B = GH40,. The inserts represent MS/MS spectra of the [M 4nari HJ
ions with m/z 486.3, 570.3 and 654.5 respectively. M = artesuaitc a

alkylamines, the base peak corresponding to a 1:1 arteswmicalkylammonium
noncovalent complex ion was observed. Analysis Witk presented a very intense peak
at m/z 486.3 corresponding to the species [M + Hex ¥ Hbllowed by a less intense
peak atm/z 870.1 assigned as [2 M + Hex +'HFigure 3.1.b.i). In Figure 3.1.b.ii, the
peaks atm/z 570.3 and 954.5 correspond to the species [M + DDA+Hhd

[2 M + DDA + H]" respectively. Similar results were observed for OD#&h peaks at
m/z 654.5 and m/z 1038.0 (Figure 3.1.b.ii). The relative intensity of the
[2 M + amine + HJ signal with respect to [M + amine + Hjvas found to be dependent

on the chain length of the amine used, decreasing withcagase in amine chain length

from C6 to C12. This is probably due to increased stenidrance for dimerization, with
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increased amine length. A further increase in chain lefigth C12 to C18, produced
insignificant changes in the relative intensity of d@eric complex ion.

The generation of noncovalent complex ions by reacMeS| arises by
cationization from ion-molecule reactions betweekylammonium ions in the spray
solution and analyte molecules on the tablet surface.oliserved bunching of the
analyte signal intensity into a single peak is due ® riglatively strong interaction
between alkylammonium ions and electron-rich moietiethé artesunic acid molecule.
The inserts in Figure 3.1.b depict the DESI MS/MS speaadtemch of the three artesunic
acid-alkylammonium complexes. Following ion activatitime artesunic acid side chain
(C4H604) was readily lost from the complex ions, forming difiet fragments. It appears
as though the interaction energy in the complexeshigis enough so that the internal
energy imparted in the MS/MS experiment was suffictentause fragmentation of the
artesunic acid butanedioic side chain without loss @fatmine ligand** Some fragment
ions retained the alkylamine ligand, indicating that thenarartesunic acid complex is
not formed by interaction with the side chain carbonyl grpipps with the ether or
endoperoxide moieties of the sesquiterpene lactone riateray Other artemisinins
including artemisinin, dihydroartemisinin and artemethenjctv contain different side
chains from that in artesunic acid were also obseriediorm complexes with
alkylamines yide infra) thus reinforcing this hypothesis.

A very large signal intensity gain follows droplet pickupdaomplexation of
artesunic acid by alkylammonium ions. This highly improved d@ea$ygnal can be
attributed to two effects: first, the localizationtbé positive charge of the complex at the

alkylamine nitrogen atom results in minimum or no fragtagon of analyte molecules
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by in-source collision-induced dissociation (CID). Sedpnthe addition of a positively
charged, hydrophobic alkylamine ligand enhances the ion eatago process after
artesunic acid pick-up by the DESI spray droplets. Ovehadlsignal gain with respect to
the intensity of the [M + Nd]ion observed in reagentless DESI mode was above 60X,
170x, and 70x for Hex, DDA and ODA respectively. Intéregy, a lower signal gain
was observed for ODA (Figure 3.1.b.iii) than for DDA (Fig\#.1.b.ii), probably due to
increased ionization suppression caused by the more hydrop@@ic+ H]" ions.

The noncovalent complex signal intensity was found riorelase with the

concentration of amine in the spray solvent. Figure [30f2vs the effect of different
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Figure 3.2. Positive ion mode reactive DESI of genuine artesunddietsaat different
Hex, DDA and ODA concentrations. The bar graphs reptdabenintensities of the ions
atm/z486.3, 570.3, 654.5 obtained by spraying 1, 5, 50 and 100 uM slutionshobfeac
the amines dissolved in 75:25 ¢EN:H,0.
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alkylamine concentrations on the reactive DESI iondyi@l signal plateau was obtained
at lower concentrations of more hydrophobic alkylamiseggesting that artesunic acid
complexation efficiency is related to the activity alkylamine molecules on the DESI
droplet surface. This observation supports the hypothesisehetive DESI of artesunic
acid could proceed via a pickup mechanism where heterogeneacisons between
alkylamines on the droplet surface and artesunic acid mlekoon the tablet are
responsible for initial artesunic acid desorption, feo#ol by noncovalent complex
formation. Computational fluid dynamic simulations haeafirmed the droplet pick-up
mechanism in DES{® 1

The gas-phase stability of the artesunic acid-alkylamnmom@omplexes was also

investigated. Figure 3.3 presents the fragmentation effigiemoed* for the different
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Figure 3.3. Fragmentation efficiency curves [(sum of fragmentemsities)/(total
intensities)] for various artesunic acid-alkylammoniurmpéexes. M = artesunic acid.
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complexes studied. The results suggest that the stadiilttyese complexes increases in
the order, [M + Hex + H] < [M + DDA + H]" << [M + ODA + HJ, following the
increase in chain length of the amine ligand, consistently the trends in basicity of
alkylamines in the gas pha%8.Stabilization of the conjugate base (alkylammonium)

increases with the alkyl chain length, leading to an as=en stability of the complex.

3.4.4.Experimental Variables Affecting Artesunic Acid lon Yield iReactive DESI MS

The effects of various experimental variables on thgesanic acid-
alkylammonium complex ion yield, including solution floate, nebulizer gas flow rate,
and spray voltage, were investigated using genuine artesuntiealarial tablets.
Dodecylamine was chosen for all optimization studiessebaon the higher intensity of its
[M + amine + Hf complex ion compared to those of the other amines.iffteasity of
the artesunic acid-alkylammonium complex ion was found aeidly increase with
solution flow rate, reaching a maximum between 5 and 6ipf nfollowed by a rapid
decrease (Figure 3.4.a). Chetral have also observed a similar change in DESI regpons
with spray solution flow rat&? but with the maximum response shifted to higher rates.
This could be assigned to differences in the tablet hasdaed/or wettability of the
pharmaceutical tablets investigated here. A flow rate of Bnjn™* was used for all our
subsequent experiments.

Figure 3.4.b shows the dependence of the artesunic acidratkglaium complex
ion yield on the nebulizer gas flow, which was foundniwrease with an increase in the
nebulizer gas velocity. This increase suggests that aeasiog amount of material is

desorbed or ablated from the tablet surface as absolyiletdvelocity increases, or that
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Figure 3.4.Intensity dependence of the [M + DDA +"Hjdduct ion 1//z570.3) with (a)
spray solution flow rate; error bars represent thendstal deviation for 3 repeat
measurements, (b) nebulizer gas flow, (c) spray soldi@rging voltage. Experiments
were performed by spraying a solution of 100 uM dodecylamine 267GEHCN:H,O
onto genuine artesunate tablets. M = artesunic acid.

faster droplets have a different takeoff trajectorftiol improves droplet/ion collection
efficiency!® A nebulizer gas velocity of 356 mL niirwas adopted for all experiments.
Higher nebulizer gas velocities typically resulted inbles damage to the tablet surface,
and were thus avoided.

The artesunic acid-alkylammonium complex ion yield wa® albserved to
increase with solution spray voltage over the entingeanvestigated (0 - 4.5 kV, Figure
3.4.c). This general increase in ionic current with voltage be attributed to an
increasing number of charges on the droplet surface, psobabked by the increased
rate of solvent oxidation processes induced at highey siiaging potentials. Ventet

al. have also shown reports on the effect of the DEBla$ at varying spray voltage,

where it was observed that the average charge stategnamaint of desorbed melittin
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increased with increasing voltage. This also suggests thathpkiges within the DESI
charged droplets occur when the spray voltage is increasddhat these changes affect
the amount and nature of the desorbed ions. Intergsigghe fact that the artesunic
acid-alkylammonium complex ion signal was observed endhe absence of charging
voltage (Figure 3.4.c). Chemt al. have previously reported this phenomenon for
conventional DESH? where they assigned this behavior to a sonic spray-typ

mechanisni> which forms the basis of Desorption Sonic Spray lororatDeSSI)*°

3.4.5.Reactive DESI MS of Other Artemisinins

The optimized reactive DESI MS protocol was then evathidor the analysis of
other artemisinins. The samples evaluated included a ctemtatesunate sample with
collection code Lao 12012 (previously determined to contaemasinin, Figure 3.5.a),
and two other samples with collection code Kenya 07/01 (Figi&®) and Lao 07/20/2
(Figure 3.5.c), indicated on their blister packs to contdihydroartemisinin and
artemether respectively. Reactive DESI MS analy$isazh of these samples showed
intense peaks atn/z 468.4, 470.4 and 484.4 assigned as 1:1 dodecylammonium
complexes of the various artemisinins including artemnsidihydroartemisinin and
artemether respectively. These assignments werdeeebly DESI MS/MS analysis as
shown by the inserts in each of the spectra. For eadhplex MS/MS generated
predominantly the product ion peakmatz186.2 corresponding to the dodecylammonium
ion following the neutral loss of the artemisinin prasen each of the sample. For

dihydroartemisinin and artemether, peaks corresponding ts aflbiseir respective
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Figure 3.5. Reactive DESI spectra of artemisinin-based antimadatadlets collected in
Laos and Kenya with collection codes: (a) Lao 12012, (lnyKe7/01, (c) Lao 07/20/2.
Spectra were obtained by spraying tablets with a solutiotaicamg 100 uM DDA in
75:25 CHCN:H;O. The inserts represent the MS/MS spectra of the vatis at m/z
468.4, 470.4 and 484.4 observed from each spectrum respectivelypebks aim/z
750.5, 754.5 and 782.6 correspond to the dodecylammonium compléxdmeric

artemisinin, dihydroartemisinin and artemether respelgti

water and methanol side chains from the complex (oeogurwithout loss of the
dodecylamine ligand) were also observed. This further edrithat the interaction

between alkylamine and artemisinins occur within the endoge moieties of the ring
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system. The ability to selectively and sensitively tdgneach of these artemisinins
indicates the utility of reactive DESI as a powedpproach for the reliable analysis of

the whole spectrum of artemisinins.

3.4.6.Rapid Screening of Field-collected Artesunate Tablets by ReaddESI MS

The performance of the reactive DESI MS methodologg then evaluated for
applications in the rapid screening of various artesusateples collected in the field.
First, reactive DESI MS/MS analysis in the selectettien monitoring (SRM) mode
was performed on two genuine artesunate samples mame@c by Guilin
Pharmaceutical (samples codes “Gen-1", and “Gen-2"),cemd genuine tablet from a
different manufacturer, Mekophar (Hanoi, Vientnam)trmsample code “Gen-3". The
SRM analysis was performed by monitoring the charadrish/z 570.3
(IM + DDA + H]") m/z452.1 ([M - GH40,+ DDA + HJ") transition, which provided
an additional level of selectivity. Repeated analysesewmerformed by manually
positioning the sample holder, so that the sample wbelldxposed to the DESI spray,
and removing it after approximately 50s. Despite the masaraple positioning method
used, the SRM traces indicated a relatively good reproditicilfFigure 3.6). The
between-run relative standard deviations observed fdiGee-1", “Gen-2” and “Gen-3”
samples were 17%, 7% and 10%, respectively. Differenthbatof the Guilin
Pharmaceutical product (Gen-1, and Gen-2) showed similtivee intensities in the
SRM traces with a difference in the mean intensie8.4%. DESI SRM analysis of the
genuine Mekophar sample (Gen-3, stated to contain 50 rmagesunate per average 320

mg tablet) resulted in a lower average signal (34%). diffsrence could be attributed to
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Figure 3.6. SRM traces obtained by reactive DESI MS/MS analykiifterent genuine
artesunate samples. The/z570.3 m/z 452.1 transition was used for monitoring the
presence of artesunic acid.
the different hardness, surface morphology and/ondiver concentration of artesunic
acid in this tablet, compared to the previously tested &ablet

With the objective of determining if, artesunic acid cblbé detected or not at the
expected levels, reactive DESI MS and MS/MS in SRM mede applied to various
suspicious artesunate tablet. The samples were colleatélde Thai/Burma border and
on the Lao PDR/China border (collection codes: Lao 06/@&/§, S 29, S 40/2, S 45, S
40/1, S 47/2 and S 47/1). A genuine sample (sample code Gelie®ted in the same
area was also included in the analysis as a positivérato A Type 8 counterfeit
artesunate tablet (sample code 12 PAS P 64/1), collectedrevaus survey and which
did not contain detectable amounts of artesunic acidef@sed by LC experiments), was
used as a negative control. The DESI SRM trace genefratedscreening each of the

indicated tablets in duplicate is shown in Figure 3.7. Miaikgkground signals could be
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observed for most of the counterfeits, which were manable to that of the negative
control, except for sample S 47/1 (note the y-axis bimedkgure 3.7). This suggests the
absence of artesunic acid in detectable amounts in atiotinaterfeits except for sample
S 47/1. The large signal deviation for the duplicate measmts for sample S47/1
comes from the low levels of artesunic acid on theaserbf this sample which is quickly
consumed by the high velocity of the DESI jet aftex finst exposure of the sample.

Although the reactive DESI method presented in this stieggn’t allow direct
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Figure 3.7. Reactive DESI SRM trace corresponding to the duplicatéysigeof last
generation counterfeit artesunate samples collectedeimhai Burma border, together
with a genuine sample. Sample codes: A: Control, Bx 06/04, C: S 35/1, D: S 29,
E: S40/2, F: S 45, G: S 40/1, H: S 47/2, 1. S 47/1, J. Genuiee-8r SRM was carried
out following reactive DESI MS/MS by monitoring th®z570.3 m/z452.1 transition.
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guantitation (the subject of investigations in Chaptemépection of the observed signal
intensity for sample S 47/1 with respect to the sighakoved for Gen-3 clearly indicated
that the amount of artesunate in this sample was sulasth The difference in hardness
of this tablet did not appear to be sufficient to exptam observed difference in signal
intensity. Subsequently, the exterior of this tableiswscraped with a scalpel, and
subjected to LC-MS analysis, together with materianfrthe tablet bulk. Although
artesunic acid was not detected in the bulk of this sgrimgiécate analysis of the tablet
surface scrapings indicated the presence of artesunictagitbeel of 4.5 ng mg This
very small amount of artesunic acid on the surfacehdf tablet could have been
introduced onto this particular fake as a residue left &een the press used to prepare
other tablets with higher amounts of artesunic acid. r§leor this particular sample
DESI screening produced information that would not have betainable using the

conventional analysis protocol.

3.5.Conclusions

This study demonstrated the capability of reactive DEShima effective high
throughput approach for screening antimalarial tablets. mikthod is highly suited for
the verification of the quality of the large number atemisinin-based antimalarial
dosage units distributed worldwide by governmental, non-govetiamand commercial
organizations, and for the early detection of countsrf®ntaining artesunate. From the
mechanistic point of view, it was observed that the @aneration processes in
alkylamine-mediated reactive DESI are affected predomindit the amine surface

droplet activity.
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CHAPTER 4. DIRECT QUANTITATION OF ACTIVE
INGREDIENTS IN SOLID ARTESUNATE ANTIMALARIALS BY

NONCOVALENT COMPLEX FORMING DESI MS

4.1. Abstract

In this Chapter, a rapid throughput approach for the directtijagon of active
ingredients in solid artesunate antimalarial formalsi by reactive DESI MS is
presented. The applicability of DESI MS for direct quattre analysis of solid
pharmaceutical tablets is complicated by the dependende &ESI signal on various
geometrical settings and morphological sample properdigs. signal dependence on
geometrical settings was circumvented following synthesian internal standard (IS)
and the development of a controlled IS deposition metboddmple pretreatment prior
to reactive DESI MS analysis. Following the homogendispersion of the IS on the
sample surface using this deposition protocol, the analyiet¢rnal standard signal ratio
was observed to be largely independent of all DESI biasa However, the signal ratio
still showed some dependence on sample properties notablgsample hardness. By
using a correction scheme this dependence was also cirotedveenabling the
application of this methodology for the direct quantitatof field-collected artesunate

tablets with a 6% (n=4) precision and 94% accuracy.

4.2.Introduction

The development of methodologies that allow the quanetatetermination of

physiologically active analytes in complex matricesm ongoing trend in analytical and
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biological mass spectrometry. This chapter presentsigigins on the capabilities of
DESI MS for the rapid quantitative analysis of pharewdical tablets for the
determination of substandard and subtherapeutic countesdications.

Although DESI MS has been shown to be a powerful tooltle qualitative
analysis of a broad range of analytes and sample ¥pés, applicability for direct
guantitative analysis remains limited. This being lardegause of the dependence of
the DESI signal on various experimental parametersKggege 1.1) including the spray
tip-to-surface distance {d sample-to-spectrometer orifice distance (x), MS
orifice-to-surface distance {d spray incident angle § and collection angle {. Fixed-
geometry DESI probes, might somewhat mitigate this proBi®> However, in the case
of pharmaceutical tablets there is an additional depepdafitthie DESI signal on sample
properties such as hardness and sample shape, theniencing and . Cooks and
co-workers first suggested that the use of an isotopitatbgled internal standard (IS) to
circumvent these limitations in order to enable quantéaapplications by DESI MS.
They demonstrated this capability in a proof-of-concept egipdin in the quantitation of
phenylalanine that was codeposited with IS from solution gtass substratésSimilar
proof-of-concept studies have also been shown for the ¢miargi analysis of
pharmaceuticals compounds spiked in various matrices includiioted urine and
porcine brain lipid extractS® *°” The application of DESI MS for quantitative analysis
of agrochemicals in foodstuff extracts has also beeorted™**

In this Chapter, the applicability of DESI MS for theedt quantitative analysis
of artesunate in solid pharmaceutical formulationsexplored by leveraging the

advantages provided by the reactive DESI MS protocol presemt€hapter 3. Due to
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the challenge posed by the incorporation of a controlledl;dispersed amount of IS into
a solid tablet, several deposition methods were explomdl @mpared for the
development of a quantitative analytical tool for thead sampling of solid antimalarial
formulations. The large dependence of the DESI sigméénsity with various
experimental variables and sample properties was overcbynthe homogeneous
deposition and co-crystallization of a deuterated IShentablet surface enabling direct
guantitive determination. The DESI MS results were deaéd using liquid

chromatography.

4.3. Experimental Details

4.3.1.Samples and Reagents

All reagents were used as received. HPLC grade acekrfiEisher, Hampton,
NH) and dodecylamine (DDA, Sigma-Aldrich, St. Louis, M@@re used for DESI and
reactive DESI experiments. Ultrapure water (18.2 Mm®) was obtained from a
Nanopure purification unit (Barnstead, San Jose, CA).uf@enartesunate tablets
manufactured by Mekophar Chemical Pharmaceutical JorttkS€Co. (Ho Chi Minh
City, Vietnam), stated to contain 50 mg of artesunatetgglet with an average total
tablet weight of 320 mg, were used for all characterinadind optimization studies. A
previously reported LC procedd?®was used to predetermine the amount of artesunic
acid in these samples. Dihydroartemisinin (AApin Chemaidad, UK), d-succininc
anhydride, triethylamine, tetrahydrofuran, acetic acid, anhydreadium sulfate,
ethylacetate and hexane (Sigma-Aldrich, St. Louis, M&ewsed in the synthesis af d

artesunic acid. Cab-o-sil, talc, magnesium stearateofAOrganics, Morris Plains, NJ),
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microcrystalline cellulose (Mallinckrodt Baker Inc., Bibgburg, NJ), croscarmellose
sodium, and spray-dried lactose (FMC Corp., Newark, W& used as excipients for
the preparation of artesunate tablet standards. Artesaitic(ld) was purchased from
AApin Chemicals Ltd. All genuine and standard artesursditet samples were stored at

4°C until analyzed.

4.3.2.Synthesis of Isotopically Labeled Internal Standard (IS)

The IS, d-artesunic acid, was synthesized by the base catalyzexfiestion of
dihydroartemisinin with gsuccinic anhydride according to the scheme shown in
Figure 4.1. A previously reported proceddfe?**for the synthesis of artesunic acid was
followed with some modifications, using dihydroartemisias the starting material. In a
typical synthetic procedure, 250 mg of dihydroartemisininevgtirred for 2 minutes in 5
mL of tetrahydrofuran (THF). 125 mg ofs;-duccinic anhydride and 500L of
triethylamine were then added to the reaction flask amcedtfor 3 hours at room
temperature. At the end of the reaction, 20 mL of coldewagreviously adjusted to

pH4.0 using dilute acetic acid, was added to the mixture, anoHHinally adjusted to

OH

dihydroartemisinin d4-artesunic acid

Figure 4.1.Reaction scheme for IS synthesis.
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4.0. Product extraction was performed on ice using three atep2® mL portions of
60:40 ethylacetate:hexane. The extract was washed w&alih mL portions of chilled
water previously adjusted to pH 4.0 and then dried over anhydomlism sulfate. The
solvent was then evaporated in a Rotavaf ¢3@o an estimated final volume of 5 mL,
after which the solvent was swapped by 3 separate add#&mhgvaporations of 10 mL
portions of hexane. The solvent volume was then redwuc8dntL, and left to evaporate
to dryness in a hood at ambient temperatures. The crude pragsc purified by

recrystalization in hexane. Purity was assessed by @pcary ionization MS of a 50:50
CH3CN:H,O solution containing 1 M of the product in 100 M DDA. Compared to

similar analysis of an artesunic acid standard, which sedow peak atm/z 570

corresponding to [M + DDA + H](Figure 4.2.a), the ESI spectrum of the reaction

100 570 | 570
(a)

80 -+
60 - [M + DDA + HJ"

40— : I U T T I

20 - 570 572 574 576 578
: m/z

4 amu o74

A

0 1 11“
100 4 o574

80 - (b)
60 - [d4-M + DDA + H]+

Relative intensity

40
20 :
0 -+ T * 1 - T
200 400 600 800 1000

m/z

Figure 4.2. ESI spectra of 1uM (a) artesunic acid standard, (bYioeaproduct from IS
synthesis. M = artesunic acid.
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product also showed predominantly a single peakn&t 574 corresponding to fd
M + DDA + H]" (Figure 4.2.b). The detection of just one peak in the dorimdicates a
high purity of the reaction product, which also showed thmeeted 4 mass unit shift

relative to M (Insert Figure 4.2.a).

4.3.3.Preparation of Standard Artesunate Tablets

Standard artesunate tablets were prepared in collabovaitiorDr. Sameer Late
and Ajay Banga in the Department of Pharmaceutical &esgnMercer University.
Artesunate tablet standards were composed of three amagstituents: excipient mixture
A, spray dried lactose, and artesunic acid. ExcipienturexA was composed of 69%
microcrystalline cellulose, 1% fumed silicon dioxide (aabil), 5% talc, 20%
croscarmellose sodium and 5% magnesium stearate. mMikitsire was prepared as
follows: microcrystalline cellulose, cab-o-sil, andstarmellose sodium were passed
through a 20 mesh sieve and mixed together in a zip-lock bag Meinutes. Talc and
magnesium stearate were also passed through the 20 meshaglded to this bag and
mixed with the other components for 2 minutes. Priotalget pressing, spray dried
lactose, and artesunic acid were also passed through a 20smeshand mixed with
excipient A in a zip-lock bag for 3 minutes. Tablets warmposed of 20% excipient A,
and variable amounts of artesunic acid and spray drieds&adto obtain tablets with
variable properties such as hardness, amount of aaiyedient, diameter, and shape.
Tablets were pressed using a B2 rotary tablet press (Gleben®, New Brunswick, NJ)
at 60 rpm. Tablet hardness was measured using a Monsartneks tester

(Tab-Machines Ltd., Bombay, India).
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4.3.4.Sample Pretreatment with IS and DESI MS

For quantitation purposes, all samples were treated28itfL. of 100 mM IS in
neat acetonitrile, unless stated otherwise. The I1Sisnlwas kept in a -8C freezer at
all times, and placed on ice during use to minimize evapaorathe preferred IS spiking
method consisted of addition of the IS solution by peekeposition, creating a thin
solution film on the surface of the samples (Figure 4[8¢ thin film then diffuses into
the sample at a rate that was observed to be depenue¢hé dablet porosity. Samples
were allowed to air dry at room temperature before ammalyfhis procedure is further
discussed and compared to other IS deposition approactiesResults section.

DESI MS was performed using the DESI ion source describbesgation 2.3.3,
using settings similar as those described in section ZIBetion source was coupled to
an LCQ DECAXP+ quadrupolar ion trap mass spectrometer (Thermo Finnigan, San

Jose, CA), which auto tuned for optimum detection oidheof interest. Reagentless

spray
solution

N2 To MSion
V optics —»

(a) (b)

Figure 4.3. (a) Sample pretreatment with IS: (i) pipette depasited a solution of

ds-artesunic acid in neat acetonitrile onto the sampleaserf(ii) air drying of sample
after treatment with IS, and (iii) reactive DESI M#alysis of air-dried samples;
(b) DESI MS interface showing various DESI set-up vaesbl
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DESI MS was performed by spraying samples with a solutfonr5Sd25 CHCN:H,O.
This solvent mixture was doped with 100 uM dodecylamine forctnea DESI
experiments. For all experiments, the spray solutiow fate was set to 2 pLmtrunless
stated otherwise. Except for initial comparative invesiogs, all experiments were
performed by reactive DESI. The mass spectrometer @tas sicquire data in full scan
mode via the Xcalibur software (version 2.0, Thermo Fimmigahe ion transfer
capillary was set to 36G. The instrument was set to collect spectra in autongain
mode for an ion trap injection time of 200 ms at 2 micams spectruth All DESI
characterization experiments were performed using igenartesunate tablets. The
assessment of the effect of sample properties oDE® signal, and the development of
a calibration method were done using artesunate tabldastis with the same surface

geometry as the genuine samples.

4.4.Results and Discussions

4.4.5.Reagentless DESI vs. Reactive DESI of IS Treated Artesariablets

Figure 4.4 shows results of the initial investigationted type of ionic species
generated by reagentless and reactive DESI of IS tradesiinate tablets. Samples were
pretreated with IS following the pipette deposition proceddepicted in Figure 4.3.
Analysis by reagentless DESI MS shows peaks correspghalivarious sodiated analyte
and IS monomeric and dimeric speciesn& 407, 411, 791, 795 and 799 including a few
fragment peaks (Figure 4.4.a). The spread of the analytgigoal into various channels
and the observed variation of relative intensity of thfferent adducts in-between

experiments made it complicated to choose an ion peajufottitative analysis. Similar
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Figure 4.4. DESI spectra of genuine artesunate tablets pretreated?@ithi., 100 mM
solution of IS following analysis in (a) reagentless DiB®ide and (b) reactive DESI

mode.

analysis of the IS treated genuine artesunate tablet bgtive DESI showed

predominantly one peak for the analyte and one for theitls close to two orders of

magnitude improvement in signal intensity compared to retsgs DESI (Figure 4.4.b).

The simplicity of the reactive DESI spectrum togethath the improved sensitivity

resulted in an easy choice of analyte ion signal fah&srquantitative analysis. As such

all subsequent experiments were performed by reactivéd BDIES

76



4.4.6.Comparison of Internal Standard Deposition Methods

Various methods were explored for the pretreatmenawiptée with IS following
guantitative investigations by DESI MS including: (i) pneunalty-assisted electrospray
deposition, (i) addition of IS directly into the DESpray solution and, (iii) pipette
deposition of neat acetonitrile 1S solution. The perfarceaof each of these deposition
methods was assessed by evaluating the temporal stabilitg signal intensity ratio of
the ion atm/z570 to that am/z574 at different spray solution flow rates and positions
across the sample surface.

Nebulizer assisted electrospray deposition of IS reduft a very unstable signal
intensity ratio (Figure 4.5.a). The ratio rises vergialy with time, suggesting that this
deposition method results in a very thin coat of IS on d&ple surface, but not
sufficient interdispersion with the tablet surfacetenal. This thin layer is quickly
depleted by the DESI jet with the depletion rate insirea with spray flow rate. To
obtain a uniform coat of material on the sample serfahis approach required very
careful control of various variables including the netmrligas flow rate, the spray
tip-to-sample surface distance, and the eliminatioaryf air draft currents in the room
where the sample was being processed. Because of dhiBeselties, it was quickly
realized that it would be tricky to reproduce the amioainlS deposited on different
samples, which would translate into a poor day-to-day deqmibility.

Addition of a small amount of IS to the reactive DEBray solution also resulted
in an unstable signal intensity ratio (Figure 4.5.b), witktabilities becoming more
prominent at higher flow rates. Because the reactive BRSly probes the same spot on

the sample in this scenario, this spot becomes progeéssontaminated by the IS
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Figure 4.5.Normalized traces of the ion intensity ratio of itwe atm/z570 to that ain/z
574 for various internal standard deposition methods ausDESI spray solution flow
rates. (a) Spray deposition from a solution of 75:25CNHH,O (b) Doping of the DESI
spray solution with the internal standard.
contained in the spray, which results in a decreasiatytento-1S signal ratio with time.
The method of choice adopted for these studies invoh@gipette deposition of
the IS dissolved in neat acetonitrile (Figure 4.3). After iappbn of the IS, the
acetonitrile solution flows across the sample surfacming a homogenous liquid thin
film, which is then observed to diffuse into the samplbis process requires an
estimated 20 seconds for a genuine artesunate tablegigNificant disintegration of the
tablets was observed during this process. After depositiersamples are allowed to air
dry at room temperature. For consistency across tatflelifferent hardness, 30 minutes
were allowed for this step, which doesn’t necessarilyedess throughput significantly as

several samples could be dried in parallel. Followingégosition, 4 spots on the tablet

surface were probed by reactive DESI, one on each tghkdrant. Reactive DESI
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analysis of four surface spots required an estimated 3 esip#r tablet with a manual
X-y stage.

Reactive DESI analysis of samples spiked by this depositiethod at various
solvent flow rates ranging from 148L min™ resulted in analyte and IS ionic signals
which basically tracked each other (Figure 4.6.a), resulting highly stable signal
intensity ratio (Figure 4.6.b). Similar analysis ati®as nebulizer gas pressures from
100-200 psi resulted in an unstable time trace when thetaraly IS signal intensities
were summed (Figure 4.7.a), but produced a stable signasiiyteatio at all nebulizer
gas flow rates investigated (Figure 4.7.b). The intensity veéas also found to be largely
stable for different positions across the sample seyfaith a relative standard deviation

of 7.9% (n=5) which suggests a homogenous distribution o¥¢® the surface of the
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Figure 4.6. Normalized ion intensity traces at various solutiorwfleates by reactive
DESI. (a) Relative intensity of ions at/z570 (black trace) anth/z574 (gray trace),
(b) intensity ratio of the ion ah/z570 to that aim/z574.
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Figure 4.7.Normalized ion intensity traces at various nebulgas pressures by reactive
DESI. (a) Sum of ion intensities generated from thes iahm/z 570 andm/z 574,
(b) intensity ratio of the ion ah/z570 to that aim/z574.

sample. This ratio was also largely stable for a wadegye of DESI spray flow rate and
nebulizer gas pressures, with relative standard deviabib&sl% (n=7) and 5.0% (n=6)
respectively, as shown in Table 1. Depth profiling of a genartesunate sample treated
with IS following the pipette deposition protocol showedtable analyte-to-IS signal
intensity ratio when the same spot on the sampleintesogated with the reactive DESI
jet for up to 60 min. This resulted in a crater of approxiiga@@e8 mm in depth (Figure
4.8). This suggests a minimum penetration of the IS up toddpsh. All subsequent
experiments were performed by this IS deposition method>& 3 spray solution flow

rate of 2 L min™ and a nebulizer gas pressure of 110 psi.
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Figure 4.8. Depth profiling of a genuine artesunate tablet treateld avitS: (a) Sum of
ion intensities of the ions ah/z570 andm/z574. (b) intensity of ions ah/z570, and
m/z574 respectively, (c) intensity ratio of ionrafz570 to that atn/z574. The intensity
values were normalized for each plot.
4.4.7. Effect of DESI Geometrical Settings on the Analyte-to-Im@l Standard Signal
Ratio

Summarized in Table 1 below are results of the etiéthe various experimental
and DESI set-up variables including, @b, X, , on the analyte-to-IS signal intensity
ratio in comparison to the absolute signal, as stiayetheir relative standard deviation.
For the variables and , the relative standard deviations observed for the naredhli
signal intensity ratio were 11.4% (n= 6) and 6.4% (n=7pp®sed to 82.1% and 72.6%

respectively when the absolute signals were monitdtedthe variablesid d, and x, the

observed relative standard deviations were 10.6% (n=6), 784}, (@nd8.8% (n=6) for
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Table 4.1.Comparison of the reproducibility of the absolute DE&hal vs. the signal
intensity ratio of analyte-to-1S for various DESI iadnles.

RSD (%)
DESI Variable Is70+ I574 I570/l 574
Solution flow rate 29.9 5.1
Nebulizer gas pressure 83.4 5.0
Tip-to-surface distance {d 33.6 10.6
Spectrometer orifice-to-surface distancg (d 46.4 7.8
Sample-to-spectrometer orifice distance (x) 66.8 8.8
Spray incident angle { 82.1 11.4
Collection angle () 72.6 6.4

the signal intensity ratio as opposed to 33.6%, 46.4% and 66e8pectively for the
absolute signal. These results show lower relativendstrd deviations when the
analyte-to-IS signal intensity ratio was monitoreanpared to the sum of the absolute
signals corresponding to the analyte and IS. This iteBca significant independence of
the analyte-to-IS intensity ratio for all DESI spm@yndition and geometrical parameters,
and suggests the potential of this approach for the dpenttitative analysis of active

ingredients in solid pharmaceutical tablets.

4.4.8.Effect of Sample Properties on the Analyte-to-Internal Standdntensity Ratio

In Chapter 3, it was observed that the DESI signal slappseciable dependence
on various sample properties including hardness, surfacphmlogy etc. Because of
these dependencies, an investigation of the effect df eddhese variables on the
reactive DESI analyte-to-IS signal ratio is imperatimeorder to establish conditions

under which robust quantitative results can be obtained.
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Figure 4.9 shows the effect of sample hardness on thigtexa S signal
intensity ratio for artesunate tablet standards contaitiiree different amounts of the
active ingredient. All samples were treated with ig@htamounts of IS and analyzed by
reactive DESI at a spray solution flow rate of 2 min™. An almost linear decrease in
signal intensity ratio was observed for hardness vadeésy 5 kg. For harder tablets,
the signal ratio becomes relatively constant, and dakpen the analyte concentration.
The IS solution was observed to percolates into the lsaa@ rate that depended on the
sample porosity. Because the sample porosity increatieslecreasing hardness, the IS
percolates deeper and faster into the body of softaplea. The end result of this is a
more “dilute” superficial IS zone for softer tabletsuking in a largem/z570 tom/z574
signal intensity ratio following reactive DESI analisiFor samples prepared with

hardness values larger than 5 kg, the results shown ineMgliisuggest a quasi-constant

1o 50 mg M/250 mg tablet
. — ——— 40 mg M/250 mg tablet
30 mg M/250 mg tablet
0.8
X 0.6 1
_w
~~
=
—° 0.4 -
0.2 1
0.0

1 2 3 4 5 6 7 8 9
Hardness (Kg)

Figure 4.9.Dependence of the/z570 tom/z574 ion intensity ratios following reactive

DESI MS analysis of artesunate tablet standards withinga hardness. The intensity
ratios were normalized to that of the maximum value.
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degree of percolation of the IS into the tablet bodythis case, the rate of evaporative
loss of the IS solution solvent is larger than the datiom rate, which determines the
amount of material migrating into the tablet.

To further examine the distribution of the IS into ttablet sample, depth
profiling analysis was performed at two different sprayesat rates (2 and 8 min™) for
samples prepared at three different hardness value$(2, and 8.0 kg, Figure 4.10). At
2 L min? the analyte-to-IS signal ratio was stable, withatiee standard deviations
below 10% for all hardness values investigated. This itetica homogenous distribution
of the IS within the outermost tablet layers probed & flow rate (Figure 4.10.a).
Significant disintegration of the sample surface waisabserved in this case. However,

when the flow rate was increased tol6min™, the analyte-to-IS signal ratio was

(@) (b)
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Figure 4.10.Depth profiling of standard artesunate tablets prepareiffetedit hardness
values. Samples were treated with 10@ ds-artesunic acid followed by DESI MS
analysis. Plots show the intensity ratio of the amm/z 570 to that atm/z 574 for
different DESI spray solution flow rates including: 2a)L min™, (b) 6 L min™.
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observed to gradually increase over time (Figure 4.10.by Vdlidates our hypothesis
that a gradient of the IS is established within the tafleface. Tablets with different
hardness showed a different temporal evolution ofateyte-to-IS signal ratio due to
differences in the rate at which the spray ablatesstidace. To ensure optimum
dissolution properties, and optimum dosage and absorpti@nmgbeutical tablets are
usually prepared with hardness lower than 5 kg. This méanhgHhe relative hardness of
samples and standard must be used as a correction factperforming quantitative

DESI MS.

Quantitative analysis via pipette deposition of an ¢futeon requires that all
samples be treated with the same amount of IS pertali#t area. It was thus also
necessary to evaluate the change in analyte-to-1&lsigensity ratio as a function of the
surface area treated with IS. Figure 4.11.a shows reshttined from the reactive DESI
analysis of duplicate tablets at two different diame{®&sand 11 mm) treated with
identical amount of IS. The results indicate that @ahalyte-to-IS signal intensity ratio
increases with increasing tablet diameter. The avenagasity ratio of analyte-to-1S
observed for 9 mm and 11 mm diameter, tablets containimggbfirtesunic acid per 250
mg tablets were 4.5 and 7.7 respectively. Because in bgts ¢he analyte solution is
completely dispersed over the whole tablet surfaceywarl amount of IS percolated per
unit surface area when the tablet diameter was inatease

In addition to tablet diameter, the effect of tablee on the analyte-to-IS signal
intensity ratio was investigated. Standard tablets ofdaheediameter, which had flat and
convex topology were treated with identical amounts Sfsblution and analyzed by

reactive DESI. The results showed a negligible chamgealyte-to-IS signal intensity
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Figure 4.11.Dependence of th@/z570 tom/z574 ion intensity ratios following reactive
DESI MS analysis of artesunate tablet standards vaithing tablet surface (a) diameter,

(b) topology.

ratio with convex tablets showing slightly higher raticompared to flat ones
(Figure 4.11.b). The observed average percentage increabe imténsity ratio was

9.9 %. This is probably due to the larger surface areaeaddhvex sample which results
in a lower amount of IS per surface area, and thus aragtadyte-to-1S signal intensity

ratio.

4.4.9.Calibration and Direct Quantitation of Artesunic Acid in Pharaceutical
Tablets by Reactive DESI MS

The large independence of the analyte-to-1S signal intteraio observed for all
DESI variables promises applicability of reactive DESIdirect quantitative screening.
As a first step in establishing the quantitative capadsliof the approach proposed here,
a calibration curve for the prediction of unknown séespvas generated. This was done
using 250 mg tablet standards with varying artesunic acid amoprgpared at a
hardness close to that of genuine samples (2.4 + 0.2 kb)avilat surface shape, and
diameters of 9 mm (area=63.6 MniThree replicate tablets were prepared at each level

of the active ingredient in the range 0.02-0.32 mg artesuriit rag" tablet. The
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calibration curve showed good linearity over the investigaioncentration range with a
correlation coefficient of 0.9985 (Figure 4.12.a). The liofitdetection defined as the
analyte concentration giving a signal equal to the blsigkal plus three standard
deviations was calculated from the calibration curvéddoequal to 0.018 mg artesunic
acid mg' tablet (4.5 mg artesunic acid /250 mg tablet). A set sif $amples, with

amounts of artesunic acid that fell in the calibratiorveuange, was prepared for

(a)

r=0.9985

3.0

2.5 A
"0 LOD = 0.0184 mg M/mg tablet
1.5 A

1.0

leo/ls7s / kg CMtablet

0.5 1

0.0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

(b)

r=0.9971

mg M/mg tablet

0.26

0.24 ~
0.22 - Y =(1.139 £ 0.018) X — (0.0109 * 0.0197)
0.20 ~
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0.16 ~

0.14

Predicted mg M/mg tablet

0.12 T T T T T
0.12 0.14 0.16 0.18 0.20 0.22 0.24

Expected mg M/mg tablet

Figure 4.12.(a) Calibration curve obtained from standard sampleggred at a hardness
of 2.4 Kg. The response is plotted as the signal intersiito divided by the product of
tablet hardness by tablet surface area. (b) Method wvalidaplot of the amount of

artesunic predicted from the calibration curve to the kmamount present for a
validation sample set. Error bars represent standardtibengdor three different tablets.
Each sample was probed on four quadrant and the signadgjase
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validation purposes. Results showed a good correspondetweehethe expected and
the predicted amounts of artesunic acid present in thdatiah sample set, with a
correlation coefficient of 0.9971, and y-intercept angyslealues of 0.0109+0.01%hHd
1.139+0.108 respectively (Figure 4.12.b). These results validatapplicability of this
guantitative DESI MS approach to samples with knowncmstant) hardness, surface
area, and shape, such as those encountered in a qualitl &dyoratory setting.

A more challenging application of this DESI approach ésghantitation of active
ingredients in samples with hardness not exactly matthetle calibration standards.
This would be the case, for example, of drugs suspectédiod counterfeit which are
collected in the field for further off-field forensic agsis. The performance of the
proposed quantitative approach was accessed using thfeeerif artesunate tablet
samples from Mekophar pharmaceutical collected in th#.fiThe samples had a
measured hardness of 2.7+0.2 kg and diameter of 10.1 mm. fipdesawere treated
with IS solution and analyzed by reactive DESI againstldration curve created with
standard tablets. The calibration sample set had adesdrf 2.4 £ 0.2 kg and diameter
of 9 mm. Table 2 summarizes the results of these semlyAn average relative standard
deviation of 6% was obtained for the predicted amourdrtEsunic acid present in the
three samples, which compares relatively well with 286 observed for HPLC analysis.
Comparison of the predicted amount of artesunic acid ¢oathount determined by
HPLC showed significant deviations (35% on average) ibtmected by tablet hardness
and surface area. Upon normalization of the sampl€IRBalyte-to-1S signal ratio by
the tablet hardness and surface area, and comparidbe &0 mg/tablet standard, the

difference between the artesunic acid amount determin@dEBY and the expected
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Table 4.2.Quantitation of artesunic acid in genuine sample by D¥Sicompared with
the expected amount present in the sample.

Artesunic acid (mg tablet?)

Sample Predicted with no Predicted with HPLC
correction correction

Tablet 1 734 58+ 3 53+2

Tablet 2 73+5 58+ 4 562

Tablet 3 68+ 4 53+ 3 50+ 2

amount was reduced to 6% on average. This is a clear tiotichat the sample physical
properties play a critical role in quantitative analysis DESI. When corrected, the
average accuracy obtained by reactive DESI MS quantitetio be considered sufficient
for determining active ingredient content with a good degifeaccuracy (94%) which is

acceptable for a high throughput pharmaceutical screening sisdags this.

4.5.Conclusions

This study demonstrated the capability of reactive DESIad a high throughput
guantitative approach for the direct screening of antinalaéablets. The controlled
deposition of an internal standard enables to perform qatweit measurements
independent of the DESI set-up variables. The method sag@necision of 6% (n=4) and
an accuracy of 94% which is largely acceptable for rdpd quantitation of active
ingredients in drug tablets. Sample hardness and surfeaeaer important factors to be
taken into account when implementing this method. Althazginection schemes to take
into account, tablet hardness and shape are feasibée pteferable that whenever

possible, the calibration sample set has the sameaathastics as the unknowns.
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CHAPTER 5. DESI REACTIONS BETWEEN HOST CROWN
ETHERS AND THE NEURAMINIDASE INHIBITOR

OSELTAMIVIR FOR THE RAPID SCREENING OF TAMIFLU ©

5.1. Abstract

This chapter presents an extension of the applicabbdESI MS to the
development of a rapid screening method for other popular ,dnigsh are also being
counterfeited. This is the case for Tanfifluvhich contains oseltamivir as the active
ingredient. Oseltamivir is an orally active neuramingdaghibitor antiviral commonly
administered as treatment for the avian influenza anasesilu. The high cost and
demand of this drug around the world has made it a targebtotterfeiters requiring the
development of rapid and sensitive tools for Tarfifauthentication. In this study,
competitive host-guest chemistry on a DESI MS platf@amresented as the basis for a
rapid and quantitative screening method for assessing thieyopfal amiflu® capsules.
The method is based on the selective recognition ofams®iir by crown ethers added to
the DESI spray solvent. Crown ethers with varioug sSizes were evaluated, all being
observed to form stable host-guest complexes witharaalir. Competitive experiments
with various pairs of crown ethers were used to agbessrelative binding selectivities
for oseltamivir. The abundance ratio of the formedngplexes was observed to be
dependent on the amount of analyte present on the sudacthe sample, and
independent of DESI geometric factors. These competite@&ctions were then
successfully tested as a means for the rapid quantitatioseltamivir in field-collected

Tamiflu capsules by reactive DESI MS without the needafointernal standard.
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5.2.Introduction

The 20" century witnessed three influenza outbreaks, with thet rdevastating
occurring during the 1918-1920 period, believed to be responsibéa festimated 20-50
million deaths. The recent outbreaks of the avian inftae HSN1 and the pandemic
swine influenza, HIN1 have rapidly increased the demand fmamgnidase inhibitor
antivirals, with stockpiling leading to shortage of supplyithATamiflu® being the
leading orally-active antiviral in the mark&f,its high cost and demand quickly made it a
preferred target for drug counterfeiters. Reports of cowiteramiflu® capsules, which
were shown to not contain oseltamivir, but vitamin 8vehalready appearéd. Current
pandemic preparedness plans rely on strategies for influssiztrol based on the wide
distribution of effective medication. Thus, reporfounterfeit Tamifl§ have led to an
urgent need for rapid and sensitive authentication toolagore the quality of the drugs
available to the public and healthcare authorities.

The quality of Tamifl capsules has been previously assessed using standard
drug testing methods based on high performance liquid chognaathy (HPLCY>? thin
layer chromatography combined with disintegration &S3ayand colorimetric
authentication tests for field drug quality screerfitigHowever, chromatographic
methods suffer from low sample throughput, and many TLCodwrimetric tests are
meant only to provide a pass/fail response, but are ngriekto unequivocally identify
unknowns or for failsafe selectivity. In this study, wroether host-guest chemistry in a
reactive DESI MS platform is being explored as an rédtieve approach for the rapid,
sensitive and selective detection of oseltamivir in piaeutical preparations. The

formation of a specific noncovalent complex, coupledhwidonsecutive reaction
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monitoring (CRM) mode; where an oseltamivir fragmemegated by an MS/MS/MS
experiment is monitored, ensures the highest degree edtisély. This is useful in
gualitative pass/fail forensic experiments where theegree or absence of the correct
active ingredient is assessed.

In order to gain more insight of the products formed duriragtiee DESI, the
relative gas phase stability of crown ether-oseltaneemplexes was studied vib
initio calculations and breakdown curve experiments. Takingradge of competitive
reactions between two crown ethers with differeriinidies for oseltamivir, a linear
relationship was obtained between the logarithmic ioigoad intensity ratio and the
amount of oseltamivir present or deposited on a sohdtsate, enabling the acquisition

of rapid semi-quantitative results without the needafointernal standard.

5.3. Experimental Details

5.3.1.Reagents and Samples

All reagents were used as acquired. High purity HPLC gradthanol and
acetonitrile, 99.9% (Honeywell Burdick & Jackson, Muskegon, Ml) were uedDESI
and reactive DESI experiments. Ultrapure water (18.2 &i*) was obtained from a
Nanopure purification unit (Barnstead, San Jose, CA).citven ether hosts: 12-crown-4
(12-C-4), 15-crown-5 (15-C-5) (Alfa Aesar, Ward Hill, MA), -t8wn-6 (18-C-6) (TCI
America, Portland, OR) and 2,5-dibenzo-21-crown-7 (2,5-DB-2ZI)-(Acros Organics,
Morris Plains, NJ) were used for reactive DESI expentsieGenuine Tamiffti capsules
stated to contain 75 mg oseltamivir free base per capddét4 mg ea.) and

pharmaceutical grade oseltamivir phosphate, used for atkagation and optimization
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studies were a generous donation from Roche Pharmadeubepicted in Figure 5.1
are the structures of oseltamivir (Figure 5.1.a) andctbavn ethers evaluated in this
study (Figure 5.1.b). The excipients mixture described inioseet.3.3 was used in
preparing reserpine (Sigma Aldrich Corp., St. Louis, M@pldts for hardness
optimization studies. Tamiffusamples were purchased over the Internet accorditg to
collection protocol described by Greanal.** All the samples were in capsule form and
stated to contain 75 mg of oseltamivir free base per @pQuantitative DESI MS
measurements were validated by HPLC analysis of the samples. HPLC analysis
was performed by Dr. Michael Green in the Division ofaB#ic Diseases, Center for
Disease Control and Prevention (CDC), using the methatitled by Greeret al?** All

samples were stored d&CGtuntil analyzed.

(a) /W/\ 5
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-Crown- _ -
(12-C-4) 1?12{%@)5 18-crown-6 3 5_dibenzo-21-crown-7
(18-C-6) " (2,5-DB-21-C-7)

Figure 5.1.Structures of (a) oseltamivir and (b) crown ethers ingated in this study.
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5.3.2.Substrates and Samples Preparation

Polytetrafluoroethylene (PTFE) substrates were prepayeclitting a PTFE rod
(McMaster-Carr, Atlanta, GA) into 2.6 mm thick, 9.6 mnameter discs. Disc surfaces
were finished by rubbing on 220C grit sand paper (Norton Alras\MWorcester, MA).
PTFE discs were then sonicated in acetone, rinsed exBnim acetonitrile, and allowed
to air dry prior to use. Glass substrates were made im-house glass shop by cutting a
glass rod into 3.9 mm thick, 9.1 mm diameter discs witd of their surfaces etched.
These were cleaned by the same procedure as with the Sibstrates. Unless stated
otherwise, glass or PTFE substrates were spotted withL1@f 1 mg/mL of an
oseltamivir phosphate standard solution and allowed talrgirprior to analysis. The
diameter of sample spots on the PTFE surface was 4.6¥%0.8nd on the glass surfaces
9.1+0 mm. Tamifl capsules were pressed using a KBr press (Int. Crystas.La

Garfield, NJ) in 7 mm dyes at a hardness of 73+7 kgfttess stated otherwise.

5.3.3.DESI MS

A custom-built DESI ion source with imaging capabilifieescribed in section
6.3.2, was interfaced to an LCQ DEC#+ QIiT MS (Thermo Finnigan, San Joss CA),
and used for all experiments. The ion source and mass@peter were operated using
settings similar to those described in section 2.3.3 a@hd despectively. Briefly, the ion
source consisted of a motorized stage (Prior Scientiticckland, MA) for sample
positioning and high performance sprayer mounted on an X##ual translation stage
(Thorlabs, Newton, NJ) for spray positioning. The spralyent flow rate was set to

5 I/min and was biased to +3 kV for all experiments.
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The standard LCQ ion transfer capillary was replacedamyextended version
(762 m id., 1588 m o.d., Small Parts Inc., Miramar, FL). All experime were
performed in positive ion mode. Data were acquired datathg@aXcalibur software
(version 2.0, Thermo Finnigan) for a total acquisitiometi of 15 s unless stated
otherwise. All experiments were performed using high padetonitrile (99.9+%) as the
spray solvent unless stated otherwise. Initial charaet@iz experiments were
performed by adding 100M of each of the crown ethers investigated to the DEp&ay
solvent. For competitive reactive DESI experiments, eglanconcentrations of various
crown ether pairs were utilized. Mass spectral data wellected on 4 different spots
(one on each quadrant) of the sample and averaged. M Ib-crown-5 and 5M 18-

crown-6 solution was used for oseltamivir quantitation.

5.3.4.Computational Calculations

Computational calculations were performed by Edward Hstkeém a graduate
student in Dr. Sherrill's group in the School of Chemistng Biochemistry, Georgia
Institute of Technology. Binding energies for comperé oseltamivir with 12-crown-4,
15-crown-5, 18-crown-6, and 2,5-dibenzo-21-crown-7 were computed tha
B3LYP-D/6-311++G** level of theory>® where the “D” denotes the inclusion of
empirical terms to account for the dispersion intévast neglected by the B3LYP
functional?®® The counterpoise correction scheme of Boys and Bairmas applied in

the computation of binding energieé.Complex geometries were fully optimized at the

B3LYP-D/6-31G** level of theory while including the empiricdispersion correction.
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The proton affinities were computed at the B3LYP-D/6-31G**elewf theory.

Computations were performed using P$¥3)-CHEM™® and Jaguaf™®

5.4.Results and Discussion

5.4.5.Effect of Spray Solvent Composition/Substrates on DESI MS &ign

The development of any DESI MS methodology requires iderations on
several factors including spray solvent composition aod flate, choice of substrate
material, and solvent used to deposit the analyte.cBently important in this study was
the choice of the DESI spray solvent. Exploratory expents were performed with
various solvents containing 100/ 18-crown-6 to probe oseltamivir standards deposited
onto PTFE substrates. It was observed that solvemturas containing water or
methanol, regardless of their proportion, resultecheformation of competitive crown
ether complexes with ubiquitous metal cations such aaN& K. Crown ethers are well
known to form stable complexes with these alkali m&ta$, which survive in the gas
phase®® Na' and K compete with oseltamivir for the formation of crovether
complexes, limiting the amount of reagent available feaction with the analyte,
potentially reducing the analyte signal, and complicativegrhass spectrum. Neat, high
purity acetonitrile (99.9+%) was chosen as the spray sbbfechoice due its negligible
alkali metal ion content. Acetonitrile is also know twoodinate metal cations including
Na" and K,?°% ?%3thus its use as reactive DESI spray solvent maytassiequestering
these cations. This potentially allows effective re@gt of the crown ether with the
analyte. Because of its aprotic nature, acetonitrilals® supposed to cause minimum

interference with the hydrogen bonding interactions betwtbe crown ether hosts and
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analyte?®®® In terms of the sample deposition substrate, PTFEs digere observed to
show negligible signal for crown ether-alkali metamplexes. This was not the case for
etched glass substrates. This was possibly due to thé ionetantrinsically present in
glass compositions. As such, all following charaztgion experiments were performed

using PTFE surfaces and neat acetonitrile as the DE&J sptvent.

5.4.6.Conventional vs. Reactive DESI MS of Oseltamivir Standards

Preliminary investigations involved performing the analysis oseltamivir
phosphate standards in the conventional (i.e reagentles$)NDE8ode, for subsequent
comparison with reactive DESI MS experiments. Figure 5Baws results from this
analysis. It was observed that the analyte ion sigmaslspread into a variety of channels
corresponding to various oseltamivir species with tbetrabundant being the protonated
monomer atm/z 313. The peak atn/z 625 corresponds to the proton-bound dimer.
Various oseltamivir fragment ions generated by in-sodemay, can also be observed in
the spectrum. The peak @/z 225 corresponds to the loss of the 3-pentanol side chain
(A) to give the [M-A+H] species, while the peak at/z 208 corresponds to the loss of
the 3-pentanol side chain and ammonia (B) thus giving theiespfM-A-B+H]". An ion
atm/z166 corresponding to the loss of 3-pentanol and acetd@)d® give the species
[M-A-C+H] " was also detected. The observation of these fragimesitgenerated by in-
source decay suggests a certain lability of the protonatedomer. Fragment ion
connectivity was further investigated by performing MS/8fsl MS/MS/MS analyses by
collision-induced dissociation (CID). MS/MS analysis thie protonated oseltamivir

monomer n/z313) generated predominantly the iom#z225 (Figure 5.2.b). Minute
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Figure 5.2. DESI spectra of oseltamivir phosphate standardm{1,0lmg/mL) deposited
onto PTFE surfaces and interrogated with a solution af aeetonitrile; (a) Full MS
spectrum, (b) MS/MS of the precursor ionnafz 313, (c) MS/MS/MS of the precursor
ion at m/z 225. M = oseltamivir, A = 3-pentanol {d,,0), B = ammonia (NH3),
C = acetamide (£sNO).

peaks atm/z 296 (loss of ammonia) ana/z 208 can also be seen in this spectrum.
MS/MS/MS analysis on the fragment ionrafz 225 resulted in signals at/z208 and
m/z166, which correspond to the losses of ammonia and adetaraspectively
(Figure 5.2.c). The formation of the ions anb/z 208 and 166 from their
precursorif/z225) is a competitive reaction, indicating that thargk in the protonated
oseltamivir monomer probably shuttles between the pyimaine and acetamide side
chains. This assertion was also suggested by the B3LYP-D/6-3pBmized structures
of the protonated oseltamivir molecule where an intdapular hydrogen bond was
observed to bridge the primary amine nitrogen and the oxgdgdhe acetamide side
chain (Figure 5.3). The greater abundance of the iomn/at208 observed in the

MS/MS/MS spectrum is probably due to the greater leaving glahility of ammonia

compared to acetamide.
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Figure 5.3. Optimized structure of the protonated oseltamivir madedrom ab initio
molecular modeling calculations.

The spread of the analyte signal intensities due souree fragmentation and
formation of dimer species in reagentless DESI comafdk the mass spectrum and
potentially result in insufficient sensitivity for deteng oseltamivir. Furthermore,
because the active ingredients in pharmaceutical fatmons are embedded in an
excipient mixture, the matrix components could competa the analyte for charge,
potentially reducing the analyte signal. These compdtoatiwere circumvented by
performing the experiments in the reactive DESI MS matiere crown ethers were
added to the spray solvent to serve as selective remyg@agents for analyte signal
enhancement. Various crown ethers including 12-C-4, 15-C-5, 1&@@,5-DB-21-C-
7 (Figure 5.1.b) were assessed for the detection of oseltdwy reactive DESI MS.
Figure 5.4 shows spectra obtained by probing oseltamivir phiespteandards deposited

onto PTFE surfaces with spray solutions containing 180of crown ethers in neat

99



acetonitrile. All crown ethers investigated generateduskeely 1:1 complexes with

oseltamivir and were the predominant species. Figure $héwas the spectrum obtained

when 12-C-4 was added to the spray solvent as host. A peak 489 is evident in the

spectrum corresponding to the species [M+(12-C-4)+Hh Figure 5.4.b, the crown

ether 15-C-5 was employed as host, and a peaz&33 corresponding to a protonated
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Figure 5.4.Reactive DESI of oseltamivir phosphate standarch{1,aLmg/mL) deposited
onto PTFE surfaces and interrogated after solvent eaipowith a solution of 2100M
of (a) 12-crown-4, (b) 15-crown-5, (c) 18-crown-6 and (d) 2fenizo-21-crown-7. The
inserts represent the corresponding MS/MS spectra ofMhedrown ether + H]ions at
m/z489, 533, 577, and 717 respectively. M = oseltamivir, A = 3gmet{ GH120).
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1:1 complex between this host and oseltamivir was gbdeiVith 18-C-6 as host, an ion
at m/z 577 generated by reactive DESI was also detected (Figure.5This) ion
corresponds to the species [M+(18-C-6)*HFigure 5.4.d shows the reactive DESI
spectrum where 2,5-DB-21-C-7 was employed as host. A peakzdtl7 corresponding
to the species [M+(2,5-DB-21-C-7)+Hwas observed. Some low abundance signals
(indicated by an asterisk) were also observed, assigredcoaplexes of the
corresponding crown ethers with biHand N&. These signals originate from impurities
present in the spray solvent or the reagents usedpmr Small amounts of dust in the
ambient lab environment. The signal for the ammoniumpdexncould also be due to
decomposition of the spray solvent. However, theseasgare very minute and largely
negligible.

The formation of complexes between oseltamivir andwaorcethers occurs by
hydrogen bonding interactions between the protonated osaltgmmary amine moiety
and hydrogen bond acceptors in the crown ethers. As prévidigsussed, the charge in
the protonated oseltamivir species seems to shuttle bettheeprimary amine and
acetamide side chains. However, complex formationh waitown ether leads to
localization of the charge on the primary amine grdups assertion was supported by
B3LYP-D/6-31G** optimized structures of the protonated oseltarorown ether
complexes, where the charging proton was observed tdober do the primary amine
side chain than to the acetamide side chain. Localizaif the positive charge on the
amine leads to an overall improvement in the stabdityhe analyte, and reduced in-
source CID fragmentation. Also, complex formatiosules in an increase in the number

of degrees of freedom for the molecule, also decreasaggnentation rates. In addition,

101



the formation of oseltamivir-crown ether complex@spears to increase their surface
activity; increasing ion yields, and allowing an improved gsestsi for oseltamivir
detection. The increased ion yields may also be dtigettendency of the crown ether to
strongly localize the charge on the complex, inhibitirggl@mivir deprotonation in
solution. These two combined effects are evident fraarhigher signals observed in the
reactive DESI spectra, when compared to reagentless. CEeBkitivity gains of 14x,
3.9%, 1.6x and 1.4 x were observed respect to reagentlessvidted 12-C-4, 15-C-5,
18-C-6 and 2,5-DB-21-C-7 were used as reactive DESI reagespgctively. For these
four reagents, the S/N gains observed were 10x, 13x, 10x andes8lting in detection
limits of 0.3, 0.2, 0.3 and 0.2 mg oseltamivir/capsule respygtivihe observed
detection limit for reagentless DESI was 3.3 mg/capsule.

The inserts in Figure 5.4.(a-d) show the tandem MS spdatr@ach of the
[M+crown ether+H] precursor ions. Following ion activation, the neutral arather is
readily lost from the complex generating predominantéy photonated analyte species.
The charge stays exclusively with the analyte in tageaue to its higher proton affinity
compared to all crown ethers investigated (see Table 5H9. peak atm/z 225
corresponding to an oseltamivir fragment was alsoemisl. However, no peaks
corresponding to oseltamivir fragment species wererobd in the full scan reactive
DESI spectra. This indicates that the interaction eftamivir with the assayed crown
ethers is sufficiently strong to form stable gas phaseptexes which survive transport
through the mass spectrometer atmospheric pressuradat@nd can only be dissociated

following activation in the ion trap.

102



5.4.7.Gas Phase Stability of Oseltamivir -Crown Ethers Complexes

The analysis of binding selectivities to determine whicbwn ether most
selectively binds oseltamivir provides valuable informatior quantitative applications,
which require the detection of this molecule in an arcipmatrix. It is well known that
binding selectivities are largely determined by the relatie¥modynamic stability of
complexes formed between crown ethers and various godstutes?®® Energy resolved
collision induced dissociation was used to establish elsive dissociation energies of
oseltamivir with various crown ethers. CID was parfed for 2.5 ms. Short activation
times, typically below 10 ms are known to result itingar relationship between the
threshold activation voltage and the minimum dissaiagnergies of complexé&® 267
Longer activation times may allow ions with a smaitess of internal energy to decay.
Fragmentation efficiency curve analysis of eachhesé complexes was performed on
the same day to minimize any effects caused by instraeatiation?®’ Figure 5.5
shows the obtained fragmentation efficiency curvee ER’* values, which represent
the activation energy at which half of the isolateumplex has been dissociated, are
presented in Table 5.1. It is well known that compoundk mibre degrees of freedom
(DOF), require more energy to break a bond within theesime frame. As such, the
E- values were also corrected for DOF differences wita oseltamivir-12-C-4
complex, chosen as refererf@. ?°® These values are presented in parenthesis in
Table 5.1. The binding energies for each of these completdsained from

B3LYP-D/6-311++G** computations together with the proton tifass*®® and cavity

sizé** for each of the crown ethers are also presentedbieTs.1.
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Figure 5.5. Fragmentation efficiency curves [(sum of fragmentensities)/(total
intensities)] for various crown ether-oseltamivimgaexes. The fragmentation fraction
was normalized to 100%.

From the fragmentation efficiency curve results, @swobserved that the gas phase
stability of the oseltamivir crown ether complexes @ages in the order
[M+(12-C-4)+H] << [M+(15-C-5)+HT << [M+(18-C-6)+HT <
[M+(2,5-DB-21-C-7)+H]. The retention of charge on the oseltamivir moleciter
activation indicates that the analyte has a higheppraffinity compared to all the crown
ethers investigated. Quantum-mechanical computations of ptieéon affinity of
oseltamivir performed in this study verified this assert(Table 5.1). It is also well
known that, the larger the differences in the protomigffof the interacting species, the
longer the hydrogen bond length, the weaker the formed hydroged, and the more
unstable the formed complé¥: ?°’ The relative gas phase stabilities of the protonated

oseltamivir-crown ether complexes are consistettt this trend.
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Table 5.1.Comparison of the relative stability of oseltamigipwn ether complexes in
the gas phase versus B3LYP-D computations.

DESI MS Theory

Complex ¢ Radiusel  PAM PAle] E 50%a] R2b] Binding energy/ kcalmott
[M+12-C-4 + H} 0.6-0.75 220.83 31.6 26.4+1.6(26.4+1.6)0.9985 49.63
[M +15-C-5 + HY 0.86-0.92 22495 27.48 31.5+1.4(34.4+1.5)0.9988 58.52
[M +16-C-6 + HY 1.34-1.43 227.45 24.98 34.0+1.4 (40.2+1.7)0.9988 77.04
[M+25-DB-21-C-7 + Hf 1.68-2.12 245.74 6.69 35.24+1.3 (48.5+1.8)0.9990 67.98

aActivation energy where half of the complex is didated (%).E.5%%values corrected for the degrees of freedom amengiv
in parenthesigCorrelation coefficient of fitting curvegCavity size of crown ethers (AdProton affinity (PA) of various
crown ethers (kcalmd); the value for [M + 2,5-DB-21-C-7 + H]+ was conied at the at the B3LYP-D/6-311++G** level
of theory.e PA computed as PA(oseltamivir) - PA(host). The pnaffinity for oseltamivir computed at the B3LYP @&/
311++G** level of theory was 252.43 kcal niol

The binding energy trends determined by fragmentationi&fity curves were
also observed in the computed B3LYP-D/6-311++G** binding ensygweith the
exception of the 2,5-DB-21C-7 complex, where density funatidheory predicted a
relatively lower binding compared to 18-C-6. In Figure 5.8, dptimized structures of
the oseltamivir crown ether complexes are presentasl.dbserved that for the 12-C-4
and 15-C-5 complexes, the crown ethers do not bind welathine strongly enough to
break the intramolecular hydrogen bond. In the case-@-42two of the oxygen atoms
interact directly with the protonated amine, while théeottwo have a bifurcated
interaction with two of the amine hydrogen atoms. Simidehavior is observed for the
15-C-5 complex; however, there are now three oxygen atonite crown ether in a
bifurcated configuration. The increase in binding energyn seelTable 5.1, from the
12-C-4 to the 15-C-5 complex is caused by the interacti@n@&dditional oxygen atom
with the amine as well as the increased dispersion ftwenlarger crown ether. The
binding of 18-C-6 with protonated oseltamivir is significantfronger because the
interaction between the crown ether and the amieaasgetically favorable to an extent

that allows the intramolecular hydrogen bond to be brokesm its geometry
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Figure 5.6. Complex geometries optimized at the B3LYP-D/6-31G** leotltheory:

(a) [M + 12-C-4 + HJ, (b) [M + 15-C-5 + H]J, (c) [M + 18-C-6 + H],
(d) [M + 2,5-DB-21-C-7 + H].

(Figure 5.6.c), it is observed that the symmetry of 18-Cstuch that three of its oxygen
atoms have a direct interaction with a hydrogen atothe amine group. The remaining
three oxygen atoms have bifurcated interactions with &meine group. The
2,5-DB-21-C-7 complex is predicted to bind less stronghnttiee 18-C-6 complex.
While the cavity in the 18-C-6 molecule is the optimumesior interactions with the
protonated oseltamivir molecule, the 2,5-DB-21-C-7 moletlsomewhat larger than
the optimum for the ideal interactions to occur. Heém@e oxygen atoms can interact
directly with the protonated amine, while two othersiarbifurcated configurations. Of

the remaining two oxygen atoms, one shows some loaggerinteractions with the
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amine, while the other is pointed away from it. Althoudje trends in the binding
energies and predicted cavity sizes do not agree comypleith the experimental
stabilities with respect to the ordering of the 2,5-DB-2T-Complex, the fragmentation

efficiency curve results are in good agreement with\ values (Table 5.1).

5.4.8.Solution Phase Selectivity for Oseltamivir by Crown Ethers

Although gas phase stabilities can offer insight infat&mn phase selectivity, this
may not always be the case, as hydration shell dispateatso plays a significant role.
In this sense, solution phase selectivities are afedarmined by performing competitive
experiments, which were performed by adding two crown dtbsts at a time to the
DESI spray solvent. Figure 5.7.a shows results for tleesapetitive experiments
indicating that the relative selectivity for oseltamiwas 2,5-DB-21-C-7 > 18-C-6 >>
15-C-5 >> 12-C-4 . This trend was further verified by perfognexperiments where
variable amounts of oseltamivir were deposited on fhEEPsubstrate. Decreasing the
surface concentration of analyte with respect to tm®umt of crown ether sprayed
should favor even more the formation of the more tlelynamically stable complex
leading to an increase in the signal intensity ratiolaserved in Figures 5.7.b.(i-ii).
Additionally, experiments were performed where theceotration of the equimolar
mixture of crown ethers sprayed was increased, whilath@unt of oseltamivir on the
surface was kept constant Figure 5.8.(a-c). The resulined by both approaches were
consistent, supporting the aforementioned stability orliereover, the trend observed
for the solution phase stabilities followed the trestuberved in gas-phase studies. A

log-log plot of the signal intensity ratio versus gugface concentration results in a linear

107



curve (inserts Figures 5.7.b.(i-ii)). The logarithmic tfansation applied to the spectral
data, results in a method with intermediate sengsitifiiresponsdlog([oseltamivir]).

This approach, however, could still have potential foeeining oseltamivir content.
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Figure 5.7. (a) Reactive DESI spectra of oseltamivir standardgsosieed onto PTFE
surfaces with various pairs of equimolar concentration (M) of crown ethers
(i) 18-C-6 and 2,5-DB-21-C-7, (i) 18-C-6 and 15-C-5, (iii) 15-C-5 aBeC-4. (b) Effect
of the amount of oseltamivir present on the substatéhe signal ratio of various pairs
of oseltamivir-crown ether complexes: (i) 18-C-6 an®-R2B-21-C-7, (i) 15-C-5
and 18-C-6, (iii) 12-C-4 and 15-C-5. The inserts representotyeithmic plots of the
corresponding signal ratio versus the amount of oseliapresent on the substrate. The
signal ratio was normalized to that of the maximum value
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Figure 5.8. Effect of increasing the concentration of each crowherein equimolar
solutions of crown ether pairs on the signal intensityo from the reactive DESI MS
analysis of fixed amounts (10 pL, 1 mg/mL) of oseltamigdeposited onto PTFE
substrates. The crown ether pairs investigated include {&yd&nd 2,5-DB-21-C-7,
(b) 18-C-6 and 15-C-5, (c) 15-C-5 and 12-C-4. The signal raa®mrmalized to that of
the maximum value.
5.4.9.Samples Preparation/Rapid Qualitative Screening of Field-CollecBaimples by
Reactive DESI CRM MS

DESI involves a microscopic dissolution/extraction svepween the liquid thin
film on the surface and the solid sample. A compromgEenum thus exists for substrate
surface hardness, which determines (a) the mass tramapes to the film and (b) the
proper droplet scattering angles for maximum secondaryetrspmpling efficiency. The
hardness optimum was determined by the analysis ofpiasecontaining tablets,

prepared in a standard excipient mixture at varying haslnsing a commercial KBr

press (Figure 5.9.i). An optimum tablet hardness of 73+7*(ihsert Figure 5.9) was
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Figure 5.9. (i) Sample preparation; (i) reactive DESI MS. Thesert shows the
dependence of the reserpine DESI MS signal intensityedlet hardness. Plotted are the
intensities for the observed protonated reserpine epélcat has been normalized for the
pellet hardness.
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determined and was adopted for preparation of all field-d¢eliesamples for subsequent
reactive DESI MS experiments (Figure 5.9.i)). The ermothe hardness measurement
was based on the accuracy associated with readingdleedf the KBr press. In practical

terms, an estimated 2 min/pellet are required for thpgpation of samples. The prying

of the capsule was the limiting factor in the samplearation protocol, but the speed of
carrying out this step improves with practice.

Results on the implementation of the reactive DRStocol for the qualitative
screening of potentially counterfeit tablets purchased twerinternet are shown in
Figure 5.10. Selectivity was enhanced by using the consecutiestion
monitoring (CRM) mode of the ion trap instrument. Figuré0: shows the steps

involved in CRM for oseltamivir detection by reactive 8IE This starts with the
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selective recognition of the analyte, leading to comgtien to generate an ion@z577
(Figure 5.10.a.i). MS/MS analysis of this complex leadh® neutral loss of the crown
ether, with the charge resting on the analyte to givéeoa atm/z313 corresponding to

the intact protonated oseltamivir molecule as theonagak in the spectrum
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Figure 5.10.(a) Reactive DESI mass spectra of an oseltamivir gitade standard (10
ML, 1mg/mL) interrogated with a solution of 1004 18-crown-6: (i) Full spectrum,
(i) MS/MS spectrum of the ion an/z577, (iiil) MS/IMS/MS spectrum generated from the
ion atm/z313 (iv) CRM isolation of the oseltamivir fragmentraiz 225 generated by
MS/MS/MS. (b) CRM traces obtained by reactive DESI MSalysis of a genuine
Tamiflu® capsule and capsules purchased over the Internet.
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(Figure 5.10.a.ii). The high abundance of this ion and ttietfet it corresponds to the
intact analyte was advantageously exploited for furthegmentation to afford an
additional level of selectivity. Fragmenting this ian/¢313) by MS/MS/MS generates a
protonated oseltamivir fragmentmatz225 as the predominant species (Figure 5.10.a.iii).
This ion is generated from the neutral loss of the 3gmen side chain from its precursor.
The oseltamivir fragment iom/z225) can then be isolated (Figure 5.10.a.iv). Setting the
mass spectrometer to monitor the ion ratz 225 generated by the transition
577 313 225 provides a highly selective approach for screening for trsemre of
oseltamivir in the capsules. Results on the impleat&nmt of this approach are shown in
Figure 5.10.b. Samples were secured on the motorized stageagh sample was
analyzed in duplicate by the sequential positioning, on aay drom the DESI spray
plume using the sample stage joystick. All samples wbserved to contain oseltamivir
as shown by the CRM traces (Figure 5.10.b), with relgtigeod reproducibility. The
competitive complexation of oseltamivir using a pair wfven ethers was then assessed
as a means for the direct quantitation of the amotiattove ingredient in these samples

by reactive DESI MS.

5.4.10.Effect of Signal Ratio of Oseltamivir-Crown Ether Complexes dDESI
Experimental Variables

In Chapter 4, it was shown that the dependencies oD#SI signal on various
experimental variables and sample properties could be vexmby addition of an
isotopically labeled internal standard to the samdenaig rapid quantitative analysis

by DESI MS. However, the need for an internal stasthdimits the widespread
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applicability of this method. Here the effect of the vasioDESI variables on the
distribution ratio of oseltamivir-crown ether complexeas investigated by spraying
sample using two different crown ethers. This was doneinbgrrogating genuine
Tamiflu® capsules pressed into pellets with a spray solutionatomg an equimolar
mixture of 18-C-6 and 15-C-5. The results are presentedbie Ta2. A lower relative
standard deviation for the distribution ratio comparedhéosum of absolute signal for the
complexes was observed for all the variables investigatidaiting its applicability for

direct quantitative analysis.

Table 5.2. Comparison of the robustness of the absolute DESI Isigansus the signal
intensity ratio of two different oseltamivir-crownher complexes. Reactive DESI was
performed by interrogating a genuine Tanfifloapsule, pressed into a tablet, with an
equimolar concentration (1) of 18-C-6 and 15-C-5 in neat acetonitrile.

RSD (%)
DESI variable ls577+ 533 I 5741533
Solution flow rate (5-10 pLmi#) 36.5 15.0
Nebulizer gas pressure (50-250 psi) 40.5 7.9
d,( 1-6mm) 138.2 9.3
d, (0.8-1.5 mm) 81.7 8.1
X (2-7 mm) 30.1 10.3
(50°-90°) 46.0 8.3

5.4.11.Direct Quantitation of Oseltamivir in Field-Collected Tamifl Capsules by
Reactive DESI MS

The quantitative capability of this reactive DESI MS apptowas assessed by
evaluating its performance for predicting the amount aiva ingredient present in
Tamiflu® samples collected over the Internet. Predictionsevibased on measuring the

response ratio in comparison to that of a genuinetaraglir pellets used as external
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standards. Figure 5.11 shows the selected ion intensite ti@c the protonated

oseltamivir crown ether complexes generated fromahalysis. The predicted amounts
of oseltamivir in each sample were then compared thithamount predicted by HPLC
with diode array detectioft? The results from these analyses are summarizedhte Ta
5.3 showing that similar results are obtained by botihrtigues, with an average
accuracy of 91%. Overall, these results indicate thist reactive DESI methodology
shows potential as a rapid, sensitive and semi-quaveitatharmaceutical quality

assessment tool for screening Tanfifaapsules.

4e+8

3e+8 Genuine

2e+8 A

Intensity

le+8 A
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Figure 5.11. Selected ion chromatogram traces obtained by redotf& of a genuine
versus potentially counterfeit Tamiflucapsules purchased over the Internet. Samples
were interrogated with a solution of 1M 15-C-5 and 5 M 18-C-6. The traces
correspond to complexes of oseltamivir with 15-Ca%z(533) and 18-C-5n(/z 577)
respectively. Samples were placed in a line on the sgome stage and sequentially
exposed to the DESI spray.
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Table 5.3. Quantitation of the amount of oseltamivir in variouaniflu® capsules

purchased over the Internet by DESI MS compared withatheunt present in each
sample determined by HPLC-UV. The standard deviationeottimcentrations reported
by DESI was calculated from the precision observedHterintensity ratio of the two
complexes measured in each mass spectrum obtained #wgssllet while its surface
was being scanned by the sprayer.

mg oseltamivir capsulet

Sample code DESI MS HPLC UV
#3 8416 7211
#4 69+4 66+2
#5 7917 7213
#6 82+10 73+1
#7 7618 7412
#8 6816 72+0

5.5.Conclusions

This study demonstrtated the capabilities of molacutecognition via
host-guest complexation reactions by DESI MS as a rapghly selective and
sensitive method for screening the quality of Tanfifsamples. Various crown ether
hosts including 12-crown-4, 15-crown-5, 18-crown-6 an8-dibenzo-21-crown-7
were assessed as selective chemical agents for thgnigoa of oseltamivir (guest).
The formed host-guest complexes were held togetheropre@ntly by hydrogen
bonding interactions. Solution and gas-phase studies andnitio molecular
modelling calculations indicated that, the stabilitf the gas phase complexes
increased in the order: [M + 12-crown-4 +'H< [M + 15-crown-5 + HJ <<
[M + 18-crown-6 + H] < [M + 2,5-dibenzo-21-crown-7 + H] Quantitative
predictions using mixtures of crown ethers in the gmalution were 91% accurate

when compared to HPLC determinations.
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CHAPTER 6. APPLICATION OF REAGENTLESS AND REACTIVE
DESI MS IMAGING TO PHARMACEUTICAL FORENSICS AND

DRUG DISCOVERY

6.1. Abstract

This chapter presents the implementation of DESI M$niamging mode for the
specific and sensitive determination of the two-dimeradiafistribution of analytes
present on various surfaces. Its capabilities are stsmdca the analysis of artesunate
pharmaceutical drug tablets for anticounterfeiting and drugtguadntrol applications
and for the determination of secondary metabolitescirdrom the surface of alga

tissues in order to shed some light on antimicrobialrgefenechanisms.

6.2.Introduction

Molecular imaging using MS allows correlations to bewdrabetween the
chemical identity of each analyte and its spatiakithistion at or near the sample surface.
In this chapter, an implementation of DESI MS in inmggmode is presented with its
utility demonstrated in two different applications.

The first application involves utilization of the optrad reagentless DESI MS
protocol presented in Chapter 2 for the determination ofdik&ibution of various
components observed in artesunate pharmaceutical téttettsug quality control and
anticounterfeiting applications. Techniques that have bec@mpular for imaging
pharmaceutical tablets include Raman spectro$€bpyd attenuated total reflectance

Fourier transform infrared (ATR-FIR) spectroscdfy.These techniques allow both
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spatial and chemical information to be obtained simelbaisly, however they are limited
by their intrinsic low specificity based on their recagm of specific functional groups.
Chemical imaging using DESI MS takes advantage of the ateigih specificity
provided by MS detection for the visualization of the distiion of chemicals, directly
from an intact surface without the need for chem@héling or prior chemical treatment.
Because of the less than ideal conditions under whuahterfeit drugs are expected to be
manufactured, fake tablets could be unevenly mixed to siegeee. This would be
reflected as an inhomogeneous color distribution inDE&SI MS image. Sample
properties such as the hardness-dependent dissolution grafée also contributing
factors that influence ion yields in DE®F, and these conditions would be directly
reflected by DESI molecular images in a spatially ne=wlfashion. In the case of
genuine samples, the information on the spatial digiah and homogeneity of different
chemical species on a tablet surface is extremely vauabldrug quality control. For
instance, some antimalarial therapies recommend hbaiablets be split to optimize the
dosage and/or reduce the upfront cost to the patient. Uhdse circumstances, an
inhomogeneous distribution of the APl would result im i@acorrect dosage being
administered.

The second application of DESI MS imaging presented hevelves the
development of a reactive DESI MS imaging protocol flee determination of the
distribution of bromophycolide natural products. Bromophytadi are diterpene
benzoate macrolides presented by the Fijian red &@g#pphycus serratusTwenty
different bromophycolide natural products including bromophgesli (A-I) and

debromophycolide A have thus far been isolated fromatigig, the most abundant ones
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being bromophycolide A and 82" Except for debromophycolide A, which contains
no bromine, all other bromophycolides identified from thiga contain 2-3 bromine
atoms. The presence of bromines has been shown ttab®vitheir moderate anticancer
and antimicrobial activities providing them with the potainfor pharmaceutical drug
candidacy’* Furthermore, bromophycolides have also been obsentseltery effective
antifungal agents, especially against the marine pathodengus Lindra thalassiae,
with ICso values at or below whole tissue natural concentrsifSn As such,
bromophycolides have been implicated in anti-microldinsical defense; however, the
chemical defense mechanisms are not yet completelgrstood. Here a reactive DESI
MS protocol for molecular imaging of bromophycolides oa Hurface ofC. serratus
tissues is developed with the aim of shedding some ngireitito the processes involved
in the chemical defense mechanisms used by this and olh&r species. This
investigation is supplemented with an assessment oatter$ that influence sensitivity
for the detection of bromophycolides by DESI MB.order to gain more insight on the
species formed during reactive DESI, the relative gasselstabilities of different

bromophycolide complexes were compared via ab initiopeational calculations

6.3. Experimental Details
6.3.1.Samples and Reagents

All reagents were used as received without additional patifin. High purity
HPLC grade methanol 99% (Honeywell Burdick & Jackson, Muskegon, MI, USA)
was used for all reagentless DESI MS experiments. Amumoghloride (Sigma-Aldrich,

St. Louis, MO), hydrobromic acid (Mallinckrodt Baker In@&hillipsburg, NJ) and
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trifluoroacetic acid (Fisher Scientific, Fair LawnJN\solutions in methanol were used for
reactive DESI MS experiments. A genuine artesunate ttgdMekophar Chemical
Pharmaceuticals Joint-Stock Co., Ho Chi Minh City, Viethand a counterfeit tablet
(collection code Lao 12060, Type 8 fake) investigated in tls¢ ifmaging application
were collected in Southern Laos. In the second studg, imamophycolides A, B and E
were isolated from the Fijian red alg&allophycus serratudollowing previously
reported procedurés™ 22 Algal samples were collected in February 2008 off Yanuca
Island in Beqga Lagoon, Fiji (283’ 57" S, 177 57’ 59” E). Samples were preserved in
10 % v/v formalin:sea water and stored at room temperaBamples were rinsed in

ultrapure water and allowed to air dry prior to analysis.

6.3.2.DESI Imaging lon Source

The DESI imaging ion source consisting of a joystickl anftware-controlled
motorized microscope XY stage (Prior Scientific, Roc#llarMA) and a high-
performance sprayer (Figure 6.1). The sprayer, affixed gosh was fitted with a high
precision rotation mount (Thorlabs, Newton, NJ) foanmal adjustment of the spray
impact angle. The aforementioned post was attached\tzraBlock 3-axis positioner
(Thorlabs, Newton, NJ) for manual adjustment of timeitter position in the XYZ
coordinates with respect to the capillary inlet. Thiager holder assembly was mounted
on a breadboard. The microscope stage on which samptesheld was mounted onto a
heavy-duty lab jack (Thorlabs, Newton NJ) for manualisitpent of the sample position
in the z-axis. The lab jack-microscope stage assemblhailsasaffixed to the breadboard.

For DESI MS imaging of pharmaceutical tablets, sampk® held in place using two

119



a

Figure 6.1. DESI MS imaging set-up. (i) Extended capillary (760 pmx.@&3cm), (ii)
Prior Scientific microscope stage (iii) off-the-shd@horlabs parts, (iv) high performance
sprayer.

Al sample holders (110x10x3 mm) mounted on the sample pfahe microscope stage.
Alga tissue samples were affixed to glass slides using deidad tape for DESI MS and
imaging of bromophycolides and alga tissues. The DESI| ge@al settings were
similar to those described in section 2.3.3. The DESkaurce was coupled to an LCQ
Deca XP+ quadrupole ion trap mass spectrometer (Thermag&mnBSan Jose CA)
operated using th¥calibur version 2.0 software. The standard ion transfer capieas
replaced by an extended version (768 i.d., 1588 m o.d., Small Parts Inc., Miramar,
FL). The capillary-scattered droplet collection angksw16. Samples were positioned
for DESI analysis so that the atmospheric samplingllaay of the mass spectrometer

was ~0.5 mm from the sample surface. A CCD cameral@Al San Jose, CA) was used

to monitor the spray plume and the DESI-sampled spot.

120



6.3.3.DESI MS Imaging of Artesunate Tablets

DESI MS imaging experiments were performed with Dr. iASkalhena, a
postdoctoral associate in our group. Image reconstrucas performed using
MATLAB software written by Dr. Mitchell Parry, a postoctoral associate in Dr.
Wang's group in the Department of Biomedical EngineeriGgorgia Institute of
Technology. The genuine artesunate tablet evaluated wasised of a flat surface with
somewhat tilted edges and was thus imaged directly witheny prior sample
manipulation. The counterfeit tablet (Lao 12060) had a morwex shape. This tablet
was sanded down to a flat surface using super fine P400 sandNapem Abrasive,
Worcester, Massachusetts) and the particulates rdleaseng sanding blown off using
N, from a gas cylinder. No sample contamination was evideatto sanding. The DESI
MS imaging experiment was performed in positive ion mdkess spectra were acquired
in profile mode with automatic gain control (AGC) tudnaff. The ion injection time was
set at 40 ms. Imaging data were acquired using a “looped”-stagaing mode. The
sample area imaged was 15 mm x 10 mm. The following scaresee was used for
imaging: (i) a forward, and (ii) a reverse scan lines he k-direction (15 mm)
perpendicular to the MS inlet, followed by (iii) a 200 step displacement in the
y-dimension, away from the MS inlet. The stage scaadpeboth dimensions was set to
80 um §-. Overlapping forward and reverse scan segments weedtil order to avoid
any image artifacts that might be caused by sample sgadiectionality, but only data
from the forward scan segments were used to consheigtinages. Using these settings a
lateral resolution of 75 um was achieved, as determined mniscaa calibrated test

image printed on glossy paper. The flow rate of the spoyent used for the imaging
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experiments was 8L min™. The recorded individual mass spectra scans were finally
processed and assembled into an image using an in-house \MAEDAB program

(version R2008a, MathWorks, Inc. Natick, MA).

6.3.4.DESI MS Analysis of Bromophycolides and Imaging of Alga Tissue $¢é&s
Reagentless DESI MS experiments of bromophycolides wertarmed using

100 % MeOH. For reactive DESI MS analysis of bromophgeoktandards, various
additives including NECI (100 M), HBr (10 M) and CECOOH (0.001 % v/v = 135

M) were added to the spray solvent (MeOH) at the cdrations in parenthesis unless
stated otherwise. The 100 uM NE methanol solution was used for reactive DESI MS
profiling and imaging of alga tissues. The spray solventifigvat a rate of 5L/min was
electrically charged externally to -3 kV. Bromophycolideriing solutions were
prepared in MeOH and 10L, 1 mg/mL of each standard were deposited onto PTFE
surfaces and air dried prior to analysis. For the iea@ESI MS profiling and imaging
analyses ofCallophycus serratusamples, small pieces of tissue were affixed to glass
slides using double sided tape and analyzed by exposing differsiiop® of their
surfaces to the DESI spray plume. All experiments vperdormed on an LCQ DECA
XP+ ion trap mass spectrometer (Thermo Finnigan, SanQA¥@perated in negative
ion mode. DESI MS analysis of bromophycolide standard mnélling of alga tissue
samples were performed with AGC on for an ion trapchge time of 200 ms at
2 puscans per spectrum. For the DESI MS imaging analysa&ga tissue (10 mm X
4 mm), mass spectra were acquired in profile mode with attomgain control (AGC)

turned off and the ion injection time set to 40 ms. Thees LabView controlled
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motorized stage scan sequence and image assembly protocddetest section 6.3.3

was used.

6.3.5.Estimation of the Concentration of Bromophycolides in Surfadeatches of
Untreated Alga Tissue by Reactive DESI MS

The concentration of bromophycolides A + B for indivisiges on algal surfaces
were estimated by comparing integrals from chloride addcasttive DESI MS signals
for these bromophycolides with a standard calibration cure calibration curve was
developed by depositing known concentrations of bromophysokdand B in a 2:1
ratio (1 pL, 1:0.5 mg/mL) on an intact patch-free algafeme (9.4 mrf). The 2:1 ratio
of bromophycolides A and B represented a reasonable appteqanizased on the
average 2.2:1 ratio observed by LC-MS for these compounéstiacts®® Triplicate
analyses of 4 different surface concentrations oflilasnophycolides mixture spanning
the range 2.4-119.5 pmol nfmvere evaluated by reactive DESI MS to give a calinat

curve with an7 value of 0.97.

6.3.6.Computational Calculations

Computational calculations were performed by Edward Hstkeém a graduate
student in Dr. Sherrill's group in the School of Chemistng Biochemistry, Georgia
Institute of Technology. The geometries of bromophycslideB, and E were optimized
at the B3LYP-D/6-31+G* level of theory, where the “-[fenotes the inclusion of
empirical terms to compensate for the inability of B&LYP functional to account for

dispersion interactions. The empirical dispersion sedaveloped by Grimm& were
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used in this work. The complexes of bromophycolide A, B, Bnadith CI, Br, and
CRCOO were fully optimized at the B3LYP-D/6-31+G* level of tmgo Binding
energies were computed at the B3LYP-D/6-31+G* level ofrthesing a Lebedev grid
with 302 angular points for each of 100 radial points. Thid gfas chosen to avoid
errors related to numerical integration. Counterpaiseection was applied to all binding
energies according to the scheme of Boys and BerfidrdGeometries of
bromophycolide A, B, and E dimers were optimized at tB&Y?/6-31+G* level of

theory. All computations were performed using QCherfr3and Jaguar 5.5°

6.4.Results and Discussion-Case Study 1. Reagentless DESI MS

Imaging of Artesunate Pharmaceutical Tablets

6.4.7.Reagentless DESI MS Imaging of a Genuine Artesunate Tablet

Figure 6.2.a shows a representative DESI spectrum of angeamtesunate tablet,
which shows peaks corresponding to sodiated artesunic asidmer (n/z407.2) and
dimer (n/z 791.2). Peaks corresponding to sodiated lactose monaonie3§5.3) and
dimer (n/z 707.2) are also observed in the spectrum. The corresgotsl MS
images of the genuine tablet constructed for four relei@mt species are shown in
Figure 6.2.b. All four images are shown on the sameivelattensity fake color scale
(there is no correlation between the actual color efftihmulations and their DESI MS
chemical images), thus allowing a qualitative comparisetwéen species. Figures
6.2.b.i and 6.2.b.ii show DESI images generated from the speakn/z 407.2
([artesunic acid + N&] and 791.2 ([2 artesunic acid + Ng]JAs indicated by these two

images, artesunic acid seemed to be distributed on thecsuof the genuine sample
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quite homogenously. The formation of artesunic acid dwes observed to be favored

over the monomer, resulting in a more uniform and sgemage (Figure 6.2.b.ii). The

preferential formation of artesunic acid dimer is layg#tpendent on the tablet surface

hardness. Lower sample hardness improves the maspdrarefficiency between the

solid tablet phase and the liquid film formed by the DEfBager. This increases the

(a)
3e+5 - .
[artesunic acid + Na]

2e+5 A
365.3

Intensity

le+5 4

[lactose + Naﬂ TIZ
ah.

0 i

[2 lactose + NaJ*

[2 artesunic acid + Na]*
791.2

707.2

Al

200 400

(b)

800 1000

100

Figure 6.2. (a) Representative DESI

manufactured by
constructed using

spectrum of a genuine artesutablet
Mekophar Pharmaceuticals. (b) DESI MSgesiaof the tablet
the spatial relationship between variougrapéeatures and their

intensity, with data acquisition in full-scan MS mod#: sodiated artesunic acidn(z
407.2), (ii) sodiated artesunic acid dimen/£ 791.2), (iii) sodiated lactosen(z 365.3)
and (iv) sodiated acetaminophen/z174.1). All images are shown in false color scale
and pixilated format.
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concentration of active ingredients in secondary drepkivoring dimerization during
ion evaporation from charged droplets. The DESI MS inmagenstructed from the peak
atm/z 365.3 ([lactose + N@) shows the spatial distribution of lactose in tlisnple, also

revealing a small degree of heterogeneity (Figure 6.2.blihg DESI MS image of a
common wrong active pharmaceutical ingrediemtz 174.1, which corresponds to
sodiated acetaminophen is also shown (Figure 6.2.0:h8.image clearly indicates the
absence of acetaminophen in this sample, as expdnted.images (Figure 6.2.b) the
tablet edges appear darker. This is an artifact introducatiebogomewnhat tilted tablet
edges, which lead to an increase in the sprayer tip-taesurtlistance, reducing

sensitivity.

6.4.8.Reagentless DESI MS Imaging of a Counterfeit Artesunate Tetbl

Figure 6.3.a shows a representative DESI spectrum olaterfeit artesunate
tablet with collection code, Lao 12060. The spectrum shmmaks atn/z174.1 and 325.1
corresponding to sodiated acetaminophen monomer and diesgrectively. The
spectrum also shows peaksmatz 363.3 and 707.2 corresponding to sodiated lactose
monomer and dimer respectively. The DESI MS imagethefcounterfeit sample are
presented in Figure 6.3.b. Figures 6.3.b.i and 6.3.b.ii show MSSimages that were
reconstructed for the peaks at/z 174.1 ([acetaminophen + Nj] and 325.1
([2 acetaminophen + Nj] Both indicated a relatively homogeneous distribut@n
acetaminophen in the sample. Such findings indicate thatexéeihdrug manufacturers
are using fairly sophisticated formulation techniques as @ltheir operations. The

spatial distribution of lactose was also homogeneaisepaerved in the DESI MS image
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that was reconstructed for the speciesnit 365.3 ([lactose + N&] Figure 6.3.b.iii).
Figure 6.3.b.iv shows the DESI MS image that was coasd for the ion signal
corresponding to sodiated artesunic acid. DESI MS imagingsasaf such a large area
across the sample surface shows unambiguously that actesumhiis not present in the
sample. Trace amounts of artesunic acid has previousty detected on the surface of
other types of fakes artesunate samples. A heterogedeulution of artesunic acid in
such sample would require DESI MS imaging analysis tablenthe unambiguous

determination of such subtherapeutic counterfeits.

ses5 | [acetaminophen + Na]" (@)
325.1
= [2 acetaminophen + Na]*
@ 4e+5 A
2 .
= ) | llactose + Na]* [2 lactose + Na]
e+5 707.2
174.1 365.3
0 . A
200 400 600 800
(b) m/z
100
()] (ii)
0

Figure 6.3. Representative DESI spectrum of a fake artesunate {@bkgction code,
Lao 12060, type 8 fake). (b) DESI MS images of the tablestcocted based on the
spatial relationship between various spectral featurek their intensity, with data
acquisition in full-scan MS mode: (i) sodiated acetapiren (n/z174.1), (ii) sodiated
acetaminophen dimem{z 325.1), (iii) sodiated lactosan(z 365.3) and (iv) sodiated
artesunic acidni/z407.2). All images are shown in false color scale axithped format.
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6.5.Results and Discussion-Case Study 2: DESI MS Analysis of

Bromophycolides and Imaging of Alga Tissue

The higher abundance of bromophycolides A and B relatwe other
bromophycolides in extracts of the al@allophycus serratdé® suggested a higher
chance for their detection from alga tissue by DESI M&: this reason, they were
chosen for the initial optimization and character@agxperiments together with the less

abundant bromophycolide E, depicted in Figure 6.4.

Bromophycolide A Bromophycolide B Bromophycolide E

Figure 6.4. Structures of a subset of bromophycolides extracted thenfijian red alga
Callophycus serratu%™
6.5.9.Conventional vs. Reactive DESI MS Analysis of Bromophycolies Phase
Structure of Observed Species

Initial conventional DESI MS analysis of pure bromophycdiges explored in
both positive and negative ion modes. However, ioninatend detection of
bromophycolides was significantly more efficient in tlh¢ter, presumably due to the
presence of a phenolic acid functionality in their madeolstructure in which the
conjugate phenolate anion is electronically stabilized Isprance. No appreciable

ionization was observed in positive ion mode even in phesence of various
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concentrations of organic acids or various cations suddadsind NH* which, when
added to the spray solution, could potentially enhance iacmizagfficiency by
cationization*** As such, all subsequent experiments were performed gatige ion
mode.

Figure 6.5 shows the reagentless DESI MS.?M8d MS spectra of purified
bromophycolides deposited on PTFE substrates, obtaineaviod interrogation with a

solution of neat MeOH. Figure 6.5.a shows the DESI spctf bromophycolide A.
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Figure 6.5.Conventional DESI MS, MSand MS spectra of bromophycolide standards.
(a) Full MS of bromophycolide A and (b) corresponding?6m/z665 precursor (M5
of m/z583 precursor inserted), (c) full MS of bromophycolider8l &) corresponding
MS? of m/z 665 precursor (MSof m/z 583 precursor inserted), (e) full MS of
bromophycolide E and (f) corresponding 8 m/z583 precursor.
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The spectrum consists of two major isotopic cluster) hase peaks at/z665 andn/z
1329. These clusters correspond to the deprotonated monandrdimeric species of
bromophycolide A, respectively. The insert in Figure@&dhows the isotopic distribution
of the deprotonated bromophycolide A monomer together thightheoretical isotopic
pattern based on its elemental formula. As seenannidert, bromophycolide A shows a
unique isotopic distribution consistent with the presencthiife bromine atoms in its
structure?™" #"’matching the theoretical distribution. Deprotonatiobmimophycolide A
is predicted to preferentially occur on the phenyl hydroxgligrdue to the ability of the

phenyl ring to stabilize the negative charge (Figure 6.bg)rotonation at this site

Br

(@)

\ H-bonding

(b)

Figure 6.6. Geometries of (a) bromophycolide A (b) deprotonated bphwcolide A
dimer, optimized at the B3LYP/6-31+G* level of theory.
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was calculated to be about 38 kcal thatore favorable than at the macrolide hydroxyl
group resulting in the structure shown in Figure 6.6.a., whiek calculated at the
B3LYP-D/6-31+G* level of theory.

The structural connectivity of the deprotonated bromophgeo monomer can
be further evaluated by performing sequential ion trap" M&periments by
collision-induced dissociation (CID). Figure 6.5.b shows MS spectrum of the
deprotonated bromophycolide A monomer, which gives rise fragment ion cluster
with a base peak an/z583 corresponding to the elimination of HBr from its preour
Inserted in Figure 6.5.b is the MSpectrum generated from CID analysis of the ion
cluster atm/z583, which shows intense fragment ion clusters witle p@saks amn/z503
and m/z 421, corresponding to the elimination of 1 HBr and 2 HBrlegues
respectively. M$ analysis of the cluster at/z503 generated the ion at/z421 as the
predominant species in the spectrum, corresponding to ithemation of HBr from its
precursor ion (data not shown). The sequential eliminatidABr indicates a lability of
the C-Br bonds in the precursor ion molecule, presundistyto their relatively longer
bond lengths compared to all other bonds in this moléétidS® analysis of the isotopic
cluster centered ah/z 665 generated ions at/z377 (loss of C& andm/z 359 (loss of
H,O, Figure 6.7.a).

Bromophycolide B is a constitutional isomer of bromopliigeoA, containing a
16-membered macrolide within a diterpene-benzoate frankewsropposed to a 15-
membered macrolide for bromophycolide?’A. Figure 6.5.c shows the DESI MS
spectrum for pure bromophycolide B, which shows isotopistets with base peaks at

m/z665 and 1329 corresponding to the deprotonated monomer and dspestieely.
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Figure 6.7. DESI MS spectra of pure bromophycolides, (a) bromophycolide A,
(b) bromophycolide B.

Shown as insert in Figure 6.5.c is the isotopic distrlouaf the deprotonated monomer,
which is almost identical to that obtained for bromopligeoA, thus verifying their
isomeric relationship. Mass spectrometric distinctiogtween isomeric species can
sometimes be accomplished via Malysié’* but, as shown in Figure 6.5.d and 6.7.b,
stepwise CID analysis (up to MSof bromophycolide B led to elimination of the same
species as for bromophycolide A at each stage, thusnatimg this possibility. Figure
6.5.e shows the DESI MS spectrum of bromophycolide E, lwh&vealed isotopic
clusters with base peaks at/z 583 and 1167, corresponding to the deprotonated
bromophycolide E monomer and dimer respectively.? MBalysis of the isotopic ion
cluster with a base peakaiz583 generated a cluster with a base peak/2503 due to
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the elimination of 1 HBr molecule (Figure 6.5.). Alsosebved in this spectrum is a peak
at m/z 421 corresponding to the completely debrominated speegsting from the
elimination of 2 HBr molecules from the precursor ioRiggre 6.5.1).

The potentially low abundance of bromophycolides on tgal dissue surface
necessitates an appreciably sensitive detection meanshd&sn above, the most
abundant bromophycolides; A and B, produced the deprotonated @ntke base peak
in their DESI spectra (Figure 6.5). Declustering of suchedsnby in-source CID could
lead to an increase in the abundance of the deprotonatednmar thus improving the
sensitivity for the detection of bromophycolid@s.?’®In-source CID experiments were
performed by varying the DC voltage offset of the ion seuon transfer octopole

between 0-60 V (Figure 6.8). This resulted in an overalledser in the signal intensity

* gy
104 e ° ° |665
= ° v |
D 83
2 0.8 - °
9
£ ¢ .
= 0.6 -
)
N
‘T 0.4 -
£
o
Z 02 o S .
o)
o) o) ©
004 v v v v v v v
0 10 20 30 40 50 60

Potential (V)

Figure 6.8. Effect of ion source collision induced dissociationrggein the multipole
region for various DC offset voltages on the intensityarious bromophycolide A ionic
species including: [bromophycolide A - HBr - Hit m/z583, [bromophycolide A - Hat
m/z 665 and [2 bromophycolide A - Hpt m/z 1329. The intensity values were
normalized to that of the maximum observed.
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of the deprotonated bromophycolide A dimer and only inghslncrease in the intensity
of the deprotonated monomer ion, with a maximum at 40iyu(E 6.8). Higher voltages
resulted in the concomitant formation of the fragtremm/z583. Even at the maximum
DC offset investigated (60 V) an appreciable signal wasadigerved for the dimer ion,
indicating a significant stability. This stability can bé&ributed to a strong hydrogen
bond between the phenyl hydroxyl group of one bromophycolide culeleand the
deprotonated phenyl hydroxyl group of the other, contributing rouglikcal mot to
the stability as demonstrated by theoretical studiéseaB3LYP/6-31+G* level of theory
(Figure 6.6.b). Additionally, the stabilization due topeission interaction between the
two bromophycolide units could be larger than 10 kcal'mol

Performing the analysis in the reactive DESI mode provaesalternative
approach of improving sensitivity by improving ionization effir@g or increasing ion
survival during transport through the atmospheric pressurefaoesf? Addition of
halides to the spray solvent has been found benefitighproving the ionization of
target analytes such as explosi?®dn this study, various anions including”,@r’, and
CRCOO were explored as additives to investigate their effegt tbe various
bromophycolide signals. Results from the reactive D&&ilysis of bromophycolide A
standards deposited onto PTFE with various anions arenshowigure 6.9. When
ammonium chloride was added to the DESI spray solvergu(&i6.9.a), the DESI
spectrum showed signals atm/z 701 and 1365, corresponding to
[bromophycolide A + Cl] and [2 bromophycolide A + Clyespectively. A peak an/z
1329 corresponding to the deprotonated bromophycolide A dingealsa observed. The

identity of the peak an/z701 was verified by DESI MYFigure 6.9.b), where the
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Figure 6.9. Reactive DESI MS and MSspectra of bromophycolide A standards
interrogated with spray solutions of various anions in nmethga) 100 M NH4CI, and
(b) corresponding M5 spectrum of them/z 701 precursor, (c) 10 M HBr, and
(d) corresponding MSspectrum of then/z 745 precursor, (e) 0.001 %v/v (138/1)
CRCOOH and (f) corresponding MSpectrum of then/z779 precursor.

non-covalently bound chloride was eliminated as HCI to dlve ion atm/z 665

corresponding to deprotonated bromophycolide A. The additica low concentration

of hydrobromic acid to the DESI spray solvent resultegeaks am/z 745 and 1411

assigned to the complexes of bromide with bromophgeoh monomer and dimer

respectively (Figure 6.9.c). DESI KSanalysis of the ion am/z 745 generated
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predominantly the ion an/z665 corresponding to deprotonated bromophycolide A via
loss of HBr (Figure 6.9.d). Peaksratz779 and 1443 corresponding to bromophycolide
A monomer and dimer adducts with trifluoroacetate wdigeosed when trifluoroacetic
acid was added to the DESI spray solvent (Figure 6.9.e). ak @& m/z 1329
corresponding to the deprotonated bromophycolide A dimer alss observed in the
spectrum (Figure 6.9.e). The identity of the peakn&779 was verified by DESI MS
analysis, which gave the deprotonated bromophycolide A mendbgnelimination of a
trifluoroacetic acid molecule (Figure 6.9.1).

Figure 6.10 shows the B3LYP-D optimized structures of bromoglde A
(Figure 6.10.a), together with its ‘GFigure 6.10.b), Br(Figure 6.10.c) and GEOO

(Figure 6.10.d) adducts. Density functional optimizationdhefdromophycolide

m O O

Br
(@)

(b) (© (d)

Figure 6.10. Optimized geometries for: (a) bromophycolide A, andcdasmplexes with
(b) CI, (c) Br and (d) CECOOQO optimized at the B3LYP-D/6-31+G* level of theory.
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complexes with C|] Br, and CECOO showed in all cases a preference for hydrogen
bonding between each of these anions with the phendiokyl over the macrolide ring
hydroxyl group. This preference is due in part to the delocalizati the partial negative
charge transferred from the anion, over the phenyl ringydasated by Mulliken charge
analysis. Another reason for the preference for hodo the phenolic hydroxyl is that
anion binding to the macrolide ring hydroxyl disrupts the inti@cular hydrogen
bonding between this hydroxyl and the neighboring macrolide miognine atom. This
gives rise to a less stable conformation thereby ma&imgn binding to this site less
favorable by roughly 10 kcal mdl Also, hydrogen bond lengths resulting from anion
binding to the phenyl hydroxyl were about 0.2shorter for complexes with Chnd
CRCOO compared to similar complexes where anion binding ocdutiseamacrolide
hydroxyl group. Similarly, for the Br- complexes, hydrogemddengths for the phenyl
hydroxyl were shorter by about 0.1 Angstrom. Table 6.1 prefiemtsinding energies for
the various bromophycolide-anion complexes together wiibir corresponding
intermolecular hydrogen bond lengths. In general, chlaraeplexes showed the highest
binding energies and bromide complexes the lowest. dimeef were observed to show

greater charge delocalization compared to the bromide lege® probably accounting

Table 6.1.Binding energies for various bromophycolide-anion com@eteained from
geometry optimizations at the B3LYP-D/6-31+G* level oédhy. The intermolecular
hydrogen bond lengths are indicated in parenthesis.

Binding energy/kcalmol! (H-bond length/A)

Analyte (M) [M+Br] - [M + CF,COOJ [M+CI-

bromophycolide A 32.7 (2.09) 36.2 (1.57) 37.1(1.92)
bromophycolide B 30.5 (2.10) 34.1(1.58) 34.9 (1.93)
bromophycolide E 31.9 (2.11) 35.2(1.58) 36.2 (1.94)
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for the higher binding energies. This observation isisbent with the higher sensitivity
that was obtained by reactive DESI MS when chloride a@ded to the spray solvent
(vide infra). In the case of the GEOO complex, despite the anion oxygen atoms
showing two favorable interactions with the phenolic bgén atom of the
bromophycolide, the anion tends to retain more of égative charge, which might
account for their slightly lower binding energies congplaio the chloride complexes.
Figure 6.11 shows the effect of the DESI spray solvent@icentrations on the
intensity of the corresponding bromophycolide A addootz{10) and the deprotonated
dimer (m/z 1329). The intensity of the Cadduct increases with the concentration of
chloride, reaching a maximum at approximately 18NH4CIl. Above 100 M NH,CI,
the intensity of both species decrease, possibly duecteaised analyte suppression
effects as the electrolyte concentration increadésen HBr and C¥COOH were each
added to the DESI spray the optimum concentration forfdheation of bromide and

trifluoroacetate adducts with bromophycolide A were Mand 135 M respectively.
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Figure 6.11.Effect of CI concentration on the intensity of the [bromophycolide CI|
and [2 bromophycolide A - H]ons. The intensity values were normalized.
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The S/N of all the investigated. bromophycolide anion addottsined by
reactive DESI together with those of their correspogiddeprotonated counterparts
obtained by reagentless DESI are shown in Figure 6.1ZheAbptimized concentration
of each of the investigated anions the chloride adductstgava@ghest S/N. This resulted
in S/N gains for the chloride adduct of 10x, 19x and 7x fommphycolide A, B and E,
respectively when compared to the corresponding depitebspecies. The high S/N for
the chloride adducts is probably due to the comparably emaize and high
electronegativity of the chloride anion. The presencehtaride in the spray solvent also

somewhat inhibits the formation of the deprotonated

.. | = IM-HJ 2
| 0 2M-H]
250 A M+ CIJ
[M + Br]
mmm [M + CF.COOJ ”
200 A
Z .
B 150
100 -
il
501
| |
o L1 il 0

bromophycolide A bromophycolide B bromophycolide E

Figure 6.12. Signal-to-noise ratios observed for various bromoplgeo species
obtained from the DESI MS analysis of pure bromophgeslistandards; spraying with a
solution of 100 % MeOH, (i and ii) and spraying with a solutid methanol containing
various anions including C{100 M), Br" (10 M) and CF3COO(135 M) (iii, iv and

V) respectively.
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dimer species potentially resulting in the improvemeinthe signal for the monomer
adduct. The LOD values (S/N3) for all the investigated species are shown in Table 6.2.
The addition of chloride into the DESI spray clearlguies in a very sensitive approach
potentially allowing the direct and rapid detection fosrhophycolides on the alga tissue

surface.

Table 6.2. Limits of detection (S/N 3) for various bromophycolides obtained by
monitoring different species by DESI MS in negative iordeida] reagentless DESI, [b]
reactive DESI where various anions including, Bif/COO and Cl were added to the
spray solution.[a] = reagentless DESI, [b] = reacti&SD

Detection limit (pmolmm-2)

Analyte (M) [B[M - H] - PI[M + Br] - BI[M + CF ,COO] bI[M + CI] -
bromophycolide A 85 80 42 8
bromophycolide B 146 78 55 8
bromophycolide E 66 61 75 10

6.5.10.Direct Reactive DESI MS Profiling of Untreated Alga Tiss&amples

The applicability of the optimized reactive DESI MS puaitls was then
evaluated for the direct detection of bromophycolides fithin surface of untreated
Callophycusserratus samples. No appreciable bromophycolide signals werenaase
when analysis was performed by scanning the 400-b%@0@ange. This was probably
due to the fact that trapping within such a widé& range effectively results in a low
number of bromophycolide species trapped in the QIT madgzan. Analysis was then
performed in the 550-75€n/z range, and signals corresponding to bromophycolide
species were unambiguously observed (Figure 6.13). The pealz @01 was assigned
as the chloride adduct of bromophycolides A and/or B. Thsigasent is consistent with

the theoretical isotopic distribution of these speditzsnever, there could also be
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Figure 6.13.(a) Typical spatially-resolved reactive DESI spectr&oserratussurface.
(b) Representative reactive DESI spectrum from pah-algal surface prior to and
following mechanical damage. lon clusters centered at @D3,and 583 correspond to
[bromophycolide A(B) + CI], [bromophycolide E + Clland [bromophycolide E - H]
respectively.

contributions from the less abundant bromophycolides & nwhich have the same
elemental formuld® #* An intense peak was also observedrdz 619 and this was

assigned as the chloride adduct of bromophycolide E, ¢tensisith its theoretical mass
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and isotopic distribution. Some minute peaks were alseredd atm/z 665 and 583,
corresponding to [bromophycolide A(B) - Hind [bromophycolide E - Hiespectively.
The bromophycolide signal intensity was not homogendbusughout the sample
surface, with some regions showing no signal whatso@sigure 6.13.a). Reactive DESI
MS imaging analysisvide infrg further confirmed this observation. In addition, no
bromophycolide signal was observed for samples, whiciwed no white patches on
their surfaces. However, when the surface of such lssnas scraped with a razor blade
resulting in the exposure of underlying internal tissuesmbphycolide signals were
readily observed in all cases (Figure 6.13.b) suggesting dagenous origin for
bromophycolides.

The combined concentration of bromophycolides A and B echpaurfaces was
estimated to be 36+23 pmol ffmThis was calculated from the integral DESI MS
signals of the Cladducts of these two bromophycolides measured from 3 indegiende
patches and predicted from a standard curve. The large tamidviation in
bromophycolide surface concentrations suggests a highahatamability within the
bromophycolide-rich patches. These results are cornsistéh LC-MS data, which
indicates substantial variation of bromophycolide cotre¢ions among extracts of whole
algal tissues®® An evaluation of the antifungal activity (againist thalassiag of
combined bromophycolides A and B coated onto nutrient agatratds revealed a mean
ICso value of 17 pmol mii'®® The 1G, being approximately half the measured
concentration of bromophycolides on patches indicdiaisthese compounds are present

in surface patches at sufficient levels to inhibithalassiaeand other susceptible fungi.
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6.5.11.Reactive DESI MS Imaging of Untreated Alga Tissue

Figure 6.14.a shows the optical image dfalophycus serratusissue sample,
which shows a heterogeneous distribution of white patchebetissue surface. Figure
6.14.b shows a representative reactive DESI spectrunmedtéorm the sample, which
shows peaks corresponding to chloride adduct of bromophgcAlidnd/or B in/z701)
and bromophycolide En{/z 619). Figure 6.14.c shows the reactive DESI MS image
constructed for the peak at 701, which indicate the distobutif its corresponding
species over the tissue sample. As observed in thel IMES image, the sites
corresponding to the highest bromophycolide signal as shgwtine color intensity scale
matches relatively well with white patches seen in tmical image. This further
confirms the presence of bromophycolides on alga tissuassociation exclusively

within the distinct light-colored patches attache€#dlophycusserratussurfaces. The

ity

Intens

(@)

0

Figure 6.14. (a) Callophycus serratugptical image. (b) Representative reactive DESI
spectrum of a light-colored patch on fhallophycus serratusurface. (b) Reactive DESI
MS image reconstructed for the ionmatz701. The ion clusters centered at 701 and 619
represent [bromophycolide A(B) + C§nd [bromophycolide E + Cllespectively.
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detection of bromophycolides among heterogeneous patclagadsurfaces and within
algal tissues leads to the hypothesis ti@dllophycus serratusmaintains these
compounds internally and releases them at sparsefybdisid surface sites. There are a
number of possible explanations for the heterogeneatisbdition of bromophycolides
acrossC. serratussurfaces. One possibility is that bromophycolide ritessiepresent a
targeted response to microbial challenge at these Amesher possibility is that patches
are associated with sites of localized algal damagm fivhich bromophycolides have
leaked, providing antifungal defenses where tissues are rableeto waterborne
microbes. Whichever hypothesis prevails, reactive DES iWhaging presented here
provides direct evidence for localization of chemical coesbiological surfaces in

concentrations sufficient for targeted antimicrobiakedst.

6.6.Conclusions

This study demonstrated the capabilities of chemicagingaby DESI MS as a
highly specific and sensitive approach in the determinatibrthe 2-dimensional
distribution of various chemical species enabling appticain a wide variety of fields.
DESI MS imaging of pharmaceutical drug tablets provides infaomabn the
homogeneity of active ingredient enabling applications harmaceutical drug quality
control. The degree of product homogeneity also providesn&tion on the caliber of
counterfeit-drug manufacturing practice. The large sam@a avaluated during DESI
MS imaging analysis is suggested to facilitate the detetimmaof subtherapeutic
counterfeit drugs especially those in which the API is indgeneous distributed.

Sensitivity and selectivity enhancement during DESI M&gmg can be enhanced by
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performing the experiment in the reactive mode. Applicatof reactive DESI MS
imaging in the analysis @allophycus serratuprovided an unprecedented ability to map
secondary metabolites to distinct surface sites. ReaDESI MS imaging revealed that
bromophycolides are not homogenously distributed acCa#iephycus serratusurfaces
but instead are associated within distinct surface patthesncentrations sufficient for
targeted antimicrobial defense. This suggests a role ofidpbycolides inCallophycus

serratusin surface mediated antimicrobial chemical defense.
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CHAPTER 7. DESORPTION ELECTROSPRAY/METASTABLE-
INDUCED IONIZATION (DEMI): A FLEXIBLE MULTIMODE

AMBIENT IONIZATION TECHNIQUE

7.1. Abstract

This Chapter presents a new multimode ambient ion sdercged Desorption
Electrospray/Metastable-Induced lonization (DEMI), whiokegrates the benefits and
circumvents some of the limitations of Desorption dilespray lonization (DESI,
polarity range limited) and DART-type Metastable-Inducedribal lonization (MICI,
molecular weight limited). This ion source allows thnenique operation modes, each
with unique capabilities, including: spray (DESI-like)-onlyICl-only and DEMI
(multimode), and can be thus operated in each of thesies allowing the detection of a
wider range of analytes of interest. lon source oerain the MICI-only mode is
particularly well suited for the analysis of low patigr low molecular weight compounds
in powdered, solid or dissolved samples. Operation oiotihaource in spray-only mode
shows superior performance for the analysis of higheowtér weight, high polarity
compounds over the MICI-only mode. Heating the nebulgas in spray-only mode
allows improved analyte solubility in the spray solveemabling up to an order of
magnitude improvement in sensitivity. Perhaps the mostadipg mode of operation of
the ion source is the DEMI mode, which allows the #iameous detection of compounds
within a much broader range of polarities and molecularghts than each of the
individual modes. For drug quality screening and counterfeit ti@eapplications,

operation in the DEMI mode results in the generatioath protonated and sodiated
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analytes. The observation of such complementaryciepecies facilitates compound

identification when investigating unknowns.

7.2.Introduction

In recent years, there has been an increasing demanalgticah technologies to
become more universal, enabling the simultaneous detedt@broader range of analyte
chemistries. In the realm of mass spectrometricyaisalefforts toward meeting this goal
have been directed towards combining more than one rotyze at the front end of the
mass spectrometéf’ Presented in this Chapter is the implementation of aelnov
multimode ambient ion source; DEMI, which consolidates complementarity between
DESI and DART enabling the simultaneous analysis ofcad®er range of compound
classes.

Multimode ionization sources combining electrospray iorozati with
atmospheric pressure chemical ionization (ESI/ABCIY, ®electrospray ionization with
atmospheric pressure photoionization (ESI/APP)?* for probing high complexity
samples by liquid LC-M8® have been reported, and are now commercially available.
However, they are still limited by the intrinsic lovarbughput performance of LC
separations, which precede sample ionization/MS analsibient MS methods on the
contrary are particularly attractive because ofrthapid throughput capability and their
ability to investigate samples of odd shapes and sizk#e wreserving their intrinsic
chemical information content. DESI is particularlywssful for analyzing thermally
labile, non-volatile, polar molecules in a mass rangented to be as high as 45 kiFa.

DART, on the other hand, has been shown to be bestidoit the analysis of molecules
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with a broad range of polarities in a mass range of Wg0fDa’*®

approximatelyThe
complementarity between DART and DESI mechanismsetber suggests a potential
advantage in combining the two techniques into a hybrid approach.

In this Chapter, a novel ambient multimode ionizatiechhique; DEMI, together
with first insights into its associated ion generatimechanisms is presented. This
technique combines features of DESI- and DART-type iomnatibut with the unique
capability of enabling the simultaneous and direct deteatibrmolecules within a

broader range of polarities and molecular weights thase techniques alone, without

loss of throughput or spatial resolution.

7.3. Experimental Details

7.3.1.Samples and Reagents

All reagents were used without additional purification. I@Pgrade methanol
(EMD Chemicals, Gibbstown, NJ, USA), ACS grade acet@¥allinckrodt Baker,
Phillipsburg , NJ, USA), and ultrapure water (18.2 Mm*), obtained from a Nanopure
purification unit (Barnstead, San Jose, CA) were usegray solvent in the spray-only
and DEMI experiments. Characterization of capabilibEgarious ion source operation
modes was investigated using the following: Tyl&n@blets (500 mg acetaminophen,
McNeil-PPC, Inc., Fort Washington, PA, USA), countérfartesunate antimalarial
tablets collected in Cameroon and Southern China, Hattslets (250 mg halofantrine
hydrochloride, GlaxoSmithKline, London, UK), multivitaminablets (Pharmelle
Pharmaceutical Company, Gilbert, AZ, USA), trans-10, 1leditadibenzosuberone,

dibenzosuberenone, cholesterol, angiotensin | (Sigldkach, St. Louis, MO, USA) and
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spray dried lactose (FMC Corp., Newark, DE, USA). Uni&ated otherwise, high-purity
He (99.999% Airgas, Atlanta, GA) was used to generate mabtastin MICI and DEMI
experiments. Industrial grade, X99.998% Airgas, Atlanta, GA) was used as nebulizer

gas for the sprayer.

7.3.2.DEMI lon Source

The experimental setup is shown in Figure 7.1. The DEMI source was
constructed by interfacing a custom-built glow dischar@panter to produce He
metastabled’ to a custom-built DESI-type ion source modified by #ulition of a
resistive flow-through heater to the nebulizer gas [irtee glow-discharge chamber (held
at room temperature) was connected to a 3/8 in. Sway@lalion, fitted with a 10 cm
glass capillary (i.d. = 3.8 mm, 0.d. = 6.4 mm). The T-onias sealed onto the glass
capillary at one end, with the glass capillary edteg up to the edge of the opposite,
unsealed end. The glass capillary was tapered fromedledsend to a final 1.5 mm i.d,
2.8 mm o.d., creating a concentric clearance for theastable gas stream flow. This
assembly was mounted onto an xyz manual translatioagé swith the glass capillary
exit aligned with the mass spectrometer capillary inlée distance between the glass
capillary exit and the MS capillary inlet was 10 mmlass stated otherwise. The spray
emitter consisted of an 11.5 cm long inner liquid capil@y um i.d., 190um o.d.),
surrounded by an outer nebulizer gas capillary (3®1.d., 1588.m 0.d.), both made of
stainless steel. These were fitted into a ¥4 in. Sw@er-union (Swagelok Company,
Solon, OH, USA) with the inner capillary fixed to itsogimal part, and the outer

capillary fixed to the distal part, offset by ~0.2 mm freath other. One port of this
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Figure 7.1. Schematic of the DEMI ion source coupled to a quadrupoigrap mass
spectrometer (only inlet shown).

union was connected through an in-line T type air procesehéOmega Engineering,
Stamford, CT, USA, not shown in Figure 1) to adds cylinder using Tefléhtubing to
provide heated/unheated nebulizer gas. The temperature liddbed gas was monitored
using a 1/8 in. stainless steel K-type thermocouple probeected to a benchtop model
CSC-321-K controller (Omega Engineering, Stamford, CT, JJSAe spray solution
was delivered to the sprayer through a short piece of 127.d1 PTFE tubing that was
connected to one port of a PEEK T-union (Upchurch Scien@ak Harbor, WA, USA).
The second port of this PEEK union was connected througimged piece of PTFE
tubing to a 25QuL glass syringe (Hamilton Company, Reno, NV, USA) framch the
spray solution was delivered. The spray solution was biese8000 V via an external

high-voltage power supply (SRS PS350, Sunnyvale, CA). This peumgply was in
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electrical contact with the spray solution through &dtpiort of the PEEK T-union. The
sprayer assembly was mounted through posts onto a secanchatyal translational
stage. The motorized stage employed in Chapter 6 was useshrfgole positioning
relative to the sprayer. Analytes dissolved by the girdrsolvent spray, thermally
desorbed or aerosolized by the nebulizer gas are traedpoowards the mass
spectrometer inlet through the glass transport capilldppn exiting this glass capillary,
the dispersed droplets, particulates or sublimated neutealsnie entrained with the

metastable stream emanating from the glow-dischargeesou

7.3.3.Mass Spectrometry

All experiments were performed on a Thermo Finnigan LC&ceDXP+
guadrupole ion trap mass spectrometer (Thermo Fishertlcie8an Jose, CA, USA)
operated in positive ion mode usixgalibur version 2.0 software. The standard ion
transfer capillary was replaced with an extended ver&6.5 cm long, 762 um i.d., 1588
um o.d., Small Parts Inc., Miramar, FL, USA) thatsweeated to 30C. Samples were
positioned for analysis so that the glass samplinglagpof the DEMI ion source was
~0.5 mm from the edge of the mounted sample at a dolteahgle of 0. The sprayer tip
was positioned 4-6 mm from the glass capillary inlet &8l mm away from the surface
of the sample at an angle of°58nless stated otherwise, the spray solvent was composed
of 90:10 MeOH:HO, at a flow rate of 12 uL/min. The nebulizer gas pressias set to
150 psi and heated to a temperature oiC7iinless stated otherwise. Spectra were

collected in full scan mode with automatic gain contiained on for a maximum
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injection time of 200 ms, and 2 microscans per spectruata yere acquired for a total

time of 15 s unless stated otherwise.

7.4.Results and Discussion

7.4.4.DEMI lon Source Operation Modes

The DEMI ion source allows operation in three différenodes (Figure 7.2),
including: (i) metastable-induced chemical ionization (MIGhly, (i) spray-only
(DESI-like) and (i) DEMI  multimode. In MICl-only mode, analyte
desorption/ionization can be achiewad (a) aerosolization with unheated nebulizer gas
(for fine powders) followed by reactions of solid aergsaiticles with reactant ions, or
(b) thermal desorption using heated nebulizer gas (fordmspersible solids). In spray-
only mode the glow discharge voltage is kept off, whilalges are sampled by micro-
extraction into the charged solvent stream produced bgrieematic sprayer. Operation
in this mode can be achieved with the nebulizer gas urtheateeated to modify analyte
solubility. In DEMI mode, the shortcomings of MICI (lirad in mass range) and
spray-only (limited in polarity range) modes are mitigatEach of these ion source

operation modes enable unique capabilities presented in khwifa sections.
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Figure 7.2. Pictorial representation of the different DEMI opgena modes, and the
corresponding ion generation mechanisms believed todwalpnt in each case.
7.4.5.Reagent lon Generation/Source Optimization

Figure 7.3 shows a typical background mass spectrum gethésateetastable He
atoms, when the ion source is operated in positivemode. Signals corresponding to
protonated water clusters ({®),H*, n=2-4) were observed with=2 dominating the

spectrum. These clusters serve as reagent ions dytarmonization, which occurs by a

process whose efficiency depends on the proton affifitlyeoanalyte being greater than
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Figure 7.3.Mass spectrum showing typical reagent ions for soypeeadion in the MICI
and DEMI modes.

that of the reagents. It has been reported that thterpaffinities of (HO)H" increase

with increasingn, and that the cluster with=2%%?

presents the largest reaction cross
section?®? 2 The predominance of smaller-size clusters in the spedmagi3) should
therefore be advantageous for efficient proton tran8fiemute peaks atm/z42 and 59
(marked with asterisks) corresponding to protonated acel®rand acetone were also
observed, originating from trace amounts of these d@miin the laboratory

environment. Their relatively low proton affinitf&§ 23

also make them readily available
for proton transfer reactions.

In order to maximize dynamic range and minimize ion siggiwe during direct
ionization, the effect of various experimental varigbd® the total reactant ion intensity
was investigated by performing single measurements at eatibufaar setting. Of
particular interest was the effect of glow dischaggs flow rate on both the reactant ion

signal intensity and the ion trap analyzer pressure.préssure in the quadrupole ion
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trap analyzer region showed a minimum at a gas fléevab4 L/min (Figure 7.4.a, right
axis), coinciding with the maximum reagent ion cumutatsignal, for both He or
N,-supported glow discharges (Figure 7.4.a, left axis). Lowew frates were
detrimental, with the analyzer pressure spiking to vahfeap to 7.7x18 Torr. The

decrease in analyzer pressure for flows higher than ihlvi@s probably caused by the

source-to-MS
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Figure 7.4. Optimization of the total reactant ion signal for tba source operating in
MICI-only mode (a) as a function of He or, Mischarge gas flow rate (corresponding
normalized intensity scale on left ordinate). The dbtiees show the effect of He gas
flow rate on the ion trap analyzer pressure (scalehenright ordinate) for different
source-to-MS inlet distances ). The effect of (b) the glow-discharge voltage, (@ t
source-to-MS distance @), (d) the grid voltage and (e) the voltage bias on T-uaion
the total reactant ion intensity is shown on thedmtplots. For each plot, the total ion
signals were normalized to that of the maximum value.
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creation of a low pressure region at the interfadé thie MS inlet by the glow discharge
gas flowing around the periphery of the glass transdpillary and the MS inlet aligned
with it. This effect limited the load on the pumping syst allowing stable operation.
Figures 7.4.b-e shows the effect of other experimemtadbles on the total reagent ion
signal. The signal increased with the He glow-dischaodage up to about +1400 V, the
threshold above which a stable glow discharge was achi@hvigure 7.4.b). The total
reagent ions signal also increased with the source-tailgt@nce ([Rg) for the entire
range investigated (Figure 7.4.c). This is possibly due to agasmg in reaction time of
He or other metastable species with increasipg B fine balance is therefore required
to allow generation of sufficient amount of reaggreces while minimizes suppression
and analyte dispersion effects. It is possible to envidi@ses in sensitivity due to
dispersion effects especially with an increase ig.0However, sensitivity losses were
highly compensated for by the source design due to sigmiljcéarge cross sectional
area of the glass capillary inlet into which dropletd thermally desorbed or aerosolized
powdered analytes were sampled. The sampled analytes fagused into a tighter
plume before exiting the glass capillary. Efficieningpding of the focused analyte stream
emanating from the glass capillary was achieved by aligris exit with the MS
capillary inlet. The flow of the metastable plumeowrd the periphery of the glass
capillary also served to focus the analyte plume upol exnimizing dispersion. As
such no evident losses in sensitivity were observed in thigpserhen the source was
operated in the DESI-only and/or MICI-only modes, whempared to traditional DESI
and DART experiments. The standard capillary inlet hasoas-sectional area which is

25 times smaller than the glass capillary inlet presehere. The total reagent ion signal
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was also observed to decrease with increasing grid (Figurel) 7afhd T-union
(Figure 7.4.e) voltages probably due to enhanced neutralizsti@agent ions. Based on
these studies, the following optimum settings were tsedll experiments unless stated
otherwise: He glow discharge voltage = +1400 V, voltage Teanion = 0 V,

grid voltage =0V, s = 10 mm.

7.4.6.Capabilities of lon Source Operation in the MICI-only Mode
DEMI operation in the MICI-only modality was observed te particularly

advantageous for the analysis of powders by direct derason. In this approach,
sample particles propelled by the nebulizer gas flowcaptured by the transfer glass
capillary and transported towards the downstream ionizategion for reaction with
(H.0)H" ions. Figure 7.5 exemplifies the successful analysiswfolarity compounds
in powder form, including dibenzosuberenone (Figure 7.5.ajpmhibdibenzosuberone
(Figure 7.5.b), cholesterol (Figure 7.5.c) and the mixturaliothree (Figure 7.5.d) in
which the various analytes were detected as either @tetdand/or ammoniated species.
The detection of all three low polarity compounds i thixture (Figure 7.5.d)
showcases the performance of the MICI-only mode imatieysis of mixtures resulting
in minimal suppression effects. Powder analysis in the [MIQy mode was further
exemplified by the analysis of some pulverized samplekiding: spray dried lactose
(Figure 7.6.a), a chloroquine containing fake artesunate tébigtire 7.6.b), and a
Halfan® antimalarial tablet (Figure 7.6.c), in which thaimconstituents were detected
predominantly as protonated species. A small degree gfowarrwas observed during

the analysis of powders in the MICI-only mode. This @ftgas negligible when small
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Figure 7.5. Mass spectra of powders of some low polarity compoundghar mixture
with the source operating in MICIl-only mode. (a) diben#merenone, (b)
dibromodibenzosuberone, (c) cholesterol (d) mixturalbthree. 2 mg powder of each
sample deposited onto a glass slide were aerosolizettaarsported by the Nnebulizer
gas from the pneumatic sprayer (with spray solvent bif§ugh the glass capillary. 1 mg
of each compound was used to prepare the mixture. Theebllizer gas temperature
and pressure were A2 (unheated) and 150 psi, respectively.

amounts of material were sampled into the glass laapilbut was noticeable when
increasing the amount of material sampled. Due to treewels which the glass capillary
assembly is attached to the rest of the source, marywas prevented by simply
unscrewing and rinsing the glass capillary with a satud 50:50 MeOH/HO and

reattaching it in-between runs, if necessary.
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Figure 7.6. Mass spectra of various powdered samples with the s@erating in the
MICI-only mode. (a) spray dried lactose, (b) powdered dgome-containing fake
artesunate antimalarial tablet, and (c) powdered Halg@mimalarial tablet containing
halofantrine. The pressure of the unheated nebulizer gad 50 psi.

Figure 7.7 shows a direct comparison of the analyssnohtact (Figure 7.7.a)
and powdered (Figure 7.7.b) multivitamin tablet in MICI-onlyd®o The intact tablet
spectrum showed predominantly one peak corresponding to pedomacinamide, the
lightest component in the sample. Powder analysis pr@$aenore signals corresponding
to niacinamide, ascorbic acid, thiamine, pyridoxine and hiate most abundant

components in the sample. The observed increase muthber of observable signals can

be ascribed to the higher surface area interactinggasgkous reagent ions when the
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Figure 7.7. Direct ionization mass spectra of a multi-vitamin talMeth the source
operating in the MICI-only mode: (a) intact tablet anatyzvith the nebulizer gas heated
to 83C, (b) powdered sample deposited on a glass slide afhyzesmavith the nebulizer
gas unheated.

sample was aerosolized. For non-dispersible sampleh, as intact tablets, analyte ion
yield in the MICI-only mode was found to largely depend org antrease with the
temperature of the nebulizer gas, as shown in Figure 7o8.sahe analysis of an
acetaminophen tablet. Figure 7.8.b, ¢ and d show the porrésig mass spectra from
this analysis, at three different temperatures, whkeeeprotonated analyte monomer
(m/z152) and dimernG/z 303) were observed as the predominant analyte spedis in
spectra. Some unidentified background peaks were also obgeedaminantly at low

nebulizer gas temperatures, possibly resulting frontacninating species desorbed from

within the gas transfer lines.

160



100
@ 80 1 (b)
—— 87°%C 607
6e+6 - o 401 15, 54°C
—— 83°%C 20 | J
77°C 0 Lu J Wb l H VRRTHY
0, =
- T1°C| g | 192
D pere eLc £ 804
5 —— 54| E g 1% ©
£ % 40 3([3
8 5]
& 0 1 L Al 1 h I\
2e+6 100 4 152
80 - o (d)
60 | 77°C
W 40 4 303
0 20 1
T T T T T 0 | L L
0.0 0.5 1.0 1.5 2.0 25 200 400 600 800 1000
time (min) miz

Figure 7.8. Left panel:(a) selected ion intensityn/z152+0.15) traces obtained from the
analysis of an intact acetaminophen tablet with dberce operating in the MICI-only
mode. Samples were probed with the nebulizer gas thheraprayer (solvent off) heated
to various temperatures with an inline heating elenteigit panel: corresponding mass
spectra obtained for the nebulizer gas heated to {&), %d) 7£C, and (d) 77C.
7.4.7.Capabilities of lon Source Operation in the Spray-only Mode

DEMI source operation in the spray-only mode, essentéilyivalent to DESI,
using heated nebulizer gas allows appreciable improvenmetits overall analyte signal.
This was demonstrated by the analysis of an acetanmemotatblet, which shows peaks
corresponding predominantly to sodiated acetaminophen monom®el74) and dimer
(m/z 325, Figure 7.9.a). The detection of predominantly sodiateciespdy DESI is
presumable due to the presence of sodiated excipient talile matrix. Greater than an
order of magnitude improvement in the analytical sigmat achieved by heating the
nebulizer gas up to 7C (Figure 7.9.b). This reinforced the idea of a prevailing

DESI-like droplet pick-up mechanism where analyte signedelst depends on its

solubility in the spray solvert? 284 28
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Figure 7.9. (a) Typical mass spectrum obtained from the analylsenacetaminophen
tablet with the source operating in spray-only modeS@kcted ion intensity tracesifz
152, 174, 303 and 325) from the analysis of an acetaminophenuatbiéhe nebulizer
gas set to ramp from 3@ — 83C at a rate of ~ 6°&/min with the source operated in
spray-only mode. The window width for all selected ioncesm was 0.3m/z
M = acetaminophen.
7.4.8.Capabilities of lon Source Operation in the DEMI Mode

Perhaps the most intriguing mode of operation of thesmurce is the DEMI
mode, which mitigates the limitations of the individualQWl and spray-only modes
enabling the simultaneous detection of a broader rangenalite chemistries. This
capability was showcased by the analysis of a binaryunexaf dibromodibenzosuberone

and angiotensin | standards deposited onto glass slides. Fidgureshows the spectra

obtained from the analysis of the above mentioned ypimaxture with a nebulizer gas
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temperature of 7C, using 90:10 MeOH:$O at 15 pl/min as the spray solvent. Only the
low polarity, lower molecular weight protonated dibraiii@nzosuberone was observed
in MICIl-only mode (Figure 7.10.a). In the spray-only mode (Fagidrl0.b), only the
higher polarity, higher molecular weight, singly and doupigtonated angiotensin |

species were observed. In DEMI mode, both dibromodibemh®sene and angiotensin |
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Figure 7.10.Mass spectra of a binary mixture (10 pL, 0.5 mg/mL anggtel, 1mg/mL
dibromodibenzosuberone, deposited onto a glass slidggadan, (a) MICl-only mode,
(b) spray-only mode and (C) DEMI moden/g 1319 = [angiotensin | + N&]. Noted in
the upper right corner of each plot is the base peakutbsatensity.
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ionic species were observed (Figure 7.10.c). The limitdetéction (LOD) for each of
the component in this binary mixture for the differepe@ation modes are presented in
Table 7.1. When the previous experiment was performed gthebulizer gas unheated,

only peaks corresponding to angiotensin | were obsdreddin the spray-only and

Table 7.1.Limit of detection (S/N 3) for each of the components in a binary mixture of
angiotensin | (0.5 mg/mL) and dibromodibenzosuberone (1 bjgapotted onto glass
slides (10 pL) from a solution in 90:10 MeOH® and analyzed with each of the
operation modes after solvent evaporation.

LOD (pmol)
Analyte MICI-only Spray-only DEMI
Angiotensin | - 79 120
Dibromodibenzosuberone 1269 - 760

DEMI modes (data not shown). The poor solubility of dibodibenzosuberone in the
spray solvent is probably the limiting factor preventingcefnt analyte pick-up. Similar
experiments using a spray solvent mixture of lower @gla®0:50 MeOH:acetone)
resulted in peaks corresponding to singly and doubly prtgédnangiotensin | in
spray-only mode (Figure 7.11.a) and peaks for both dibromagbsaberone and
angiotensin | in DEMI mode (Figure 7.11.b). These findings sstggeat the higher
polarity angiotensin | presumably undergoes protonationlutisn following desorption
by ESI-like processes where insufficient basicity dfrdimodibenzosuberone precludes
its ionization. Dibromodibenzosuberone ions were fbeeemost likely generated by
metastable-induced chemical ionization of gaseous neutralduged by thermal

desorption or following evaporation of the solvent drtgpses we further discuss below.
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Figure 7.11.Mass spectra of a binary mixture (10 pL, 0.5 mg/mL angiatdndmg/mL
dibromodibenzosuberone) deposited onto a glass slidenahgzad with a spray solution

composed of 50:50 MeOH:acetone, in (a) spray-only and,D@MI modes. The
unheated nebulizer gas pressure was 150 psi and the solverdtibowas 10 pl/min.

The intensity and types of observed species during DEBI-&kperiments
showed a solvent flow rate dependency. This was illestréty the analysis of an
acetaminophen tablet with the nebulizer gas heated 9 {®igure 7.12). Protonated
acetaminophen species dominate the spectra at lowensdwe rates while sodiated
species predominate at higher flow rates. At an intelatedow rate, both sodiated and
protonated species were observed (Figure 7.12.c). At low riwes, the spray solvent
evaporated quickly before or immediately after impaghwhe sample surface. This

resulted in limited partition into the solvent spray dmelgeneration of gas phase analyte
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Figure 7.12.Mass spectra of an acetaminophen tablet with the s@perated in DEMI
mode for different solvent flow rates (a) 5 pL/min) @ pL/min, (c¢) 15 pL/min and
(d) 20 pL/min. The temperature of the nebulizer gasseaso 71C.
species predominantly by thermal desorption with subsequertation by proton
exchange with reagent ions. Higher solvent flow raagsdred the extraction of analytes
molecules into droplets from which sodiation occurs pnadantly by adduction with
alkali ions dissolved from the excipient matrix.

The effect of different DEMI experimental variablas the appearance of various

ionic species was further investigated by sequentiallyckimity on and off various
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components of the ion source. No appreciable effect atserved when the spray
voltage, or the glow discharge gas flow were sequent@iligched on and off while
keeping the discharge voltage off (Figure 7.13.a and b, resggr Sodiated

acetaminophen monomer and dimer were the predominantespebserved in the
spectrum in both cases. However, both sodiated and pretbaaalyte species were

observed when the glow discharge voltage was turneBligaré 7.13.c). A similar
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Figure 7.13. Selected ion intensity tracesfz 152, 174, 303, 325 corresponding to
[M+H]", [M+Na]*, [2M+H]*, [2M+Na]" respectively, where M = acetaminophen) from
the analysis of an acetaminophen tablet under diffeBEMI ion source operating
conditions: (a) spray-only mode, while switching the etesgray voltage off and on
repeatedly, (b) spray-only mode while switching the glowltisge gas flow off and on
repeatedly while maintaining the glow discharge voltageaoifl (c) DEMI mode while
switching the glow discharge voltage off and on repeatediyie nebulizer gas was
heated to 7°C and the spray solvent flow rate was 12 pl/min. The windddth for all
selected ion traces was 0r3z
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response was observed when an acetaminophen standltibns was directly

electrosprayed into the glass transfer capillary whaliternating the discharge voltage
on/off (Figure 7.14). These findings reinforce the previous itat protonated species
observed in DEMI spectra could originate predominantly ftbenionization of gaseous
neutrals produced by microdroplet desolvation, and not frdra tompetitive

displacement of sodium adducts by protonated water clusbexdiated species were
probably generated by DESI-type mechanisms. Protonate@spray be generated in
parallel from neutrals thermally desorbed from the danby the heated nebulizer gas
which later undergo metastable-induced chemical ionizatitdmmwihe interface between
the glass transfer capillary and the mass spectros@tiet. The detection of protonated

and sodiated species within the same spectrum by DEMIrkI8ases the certainty of
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Figure 7.14. Selected ion intensity tracesfz 152, 174, 303, 325 corresponding to
[M+H]*, [M+Na]", [2M+H]*, [2M+Na]" respectively, where M = acetaminophen)
observed for the infusion of an acetaminophen stand&apd/) operating the ion source
in the pneumatically-assisted electrospray/chemicataion mode while switching the
glow discharge voltage off and on repeatedly. The sofi@w rate was 12 pL/min and
the nebulizer gas temperature and pressure wel@ &id 150 psi respectively. The
window width for all selected ion traces was of W&
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peak assignments, an important feature in forensic apphsasuch as the identification
of unknown pharmaceutical ingredients. This feature Wastrated by analyzing a
counterfeit artesunate antimalarial tablet collectedtha China/Myanmar bordé?°

which was found to contain artemisinin. Peaks correspgndo protonated and
ammoniated artemisinin species predominated the spectriandtysis in the MICI-only
mode (Figure 7.15.a), while sodiated species predominated irspitag/-only mode
(Figure 7.15.b). The complementarity between the MIGd apray-only modes was
captured for analysis in the DEMI modes where peaks qmneldng to protonated,

ammoniated and sodiated artemisinin species were obgéigede 7.15.c).
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Figure 7.15.Mass spectra of an artemisinin-containing fake artesamim®alarial tablet
with the source operated in the: (a) MICI-only mode s{py-only mode and (C) DEMI
mode. (Mm/z 265 = [M-HO +HJ, m/z 237 = [M-HO-CO+HJ] , m/z 209 =
[M - H,O - 2CO + HJ; where M = artemisinin).
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7.5.Conclusions

A new ambient multimode ionization technigue named Desorpti
Electrospray/Metastable-induced lonization (DEMI), whiclombines DESI and
metastable induced chemical ionization mechanisms, is peesedhree unique
operation modes are possible (MICI-only, spray-only and DERach with unique
features. The data obtained thus far supports a DEMI aboiz mechanism where
analytes dissolved from the sample are releasedrathesodiated, protonated and/or
neutral species from electrically-charged droplets intpp@sion mode. Neutrals undergo
further reactions with protonated water clusters, produpirajonated species. High
polarity analytes are desorbed and ionized following D& hanisms, while less polar
molecules can be thermally vaporized or dissolved lmwaplolarity spray mixture, later

undergoing metastable-induced chemical ionization.
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CHAPTER 8. CONCLUSIONS AND OUTLOOK

8.1. Abstract

This Chapter presents a summary of the results ohngstigations on DESI and
DART for applications in the analysis of pharmacedtmampounds. The Chapter is

concluded with a proposal of potential future directions.

8.2. Accomplishments-Ambient (DESI and DART) MS Investigatiors

Ambient MS is a new and growing sub-field in mass spewtry, which has
opened new research avenues, particularly for applatielating to the analysis of
solid samples. Opportunities in this area increase as melweat ion sources are
introduced and better characterized. The results prekdwtee indicate that ambient
ionization techniques such as DESI and DART could serne®aplementary tools for
the forensic characterization of pharmaceuticaldrwip to two orders of magnitude
improvement in throughput compared to traditional methodgh sas liquid
chromatography mass spectrometry (LC-MS).

The capabilities of DESI MS for the selective and desmsi qualitative and
guantitative analysis and imaging of pharmaceutically mambd molecules were
extensively explored. For the qualitative screening/fipgeting of pharmaceutical drug
tablets, one of the most critical attributes thatedained sensitivity/selectivity was
solubility in the spray solvent. As such, the chemnisfrthe spray solvent mixture could
be tuned to enable the selective dissolution/detectiepeadific analytes of interest from

the tablet matrix*®> *° Furthermore, the sensitivity of this technique for drablet
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analysis was also observed to be largely dependent amethdizer gas velocity, spray
solvent flow rate and sample hardness. These variabkesndee the efficiency of
momentum transfer from the initial primary dropletsaihe surface liquid film to
generate analyte-containing secondary droplets. Thesadsy droplets are ejected off
the sample surface and sampled at the inlet capilfatiyeomass spectrometéf: 4’ As
such, the nebulizer gas velocity and spray solvent fe must be appropriately chosen,
based on the sample hardness to allow efficient sus@aegpling. The selectivity of this
technique can also be enhanced by performing the experimém reactive mode. In
this mode, various chemical reagents are added into tlag spivent to enable the
selective recognition/reaction with specific moietiesarget analytes. These reactions
usually result in analyte stabilization, inhibiting fragrteion with a concomitant
enhancement in the analyte surface activity, factitatheir evaporation from secondary
droplets culminating in an improvement in sensitiviy 4% 14/

The capability of DESI MS for the direct quantitativealysis of drug tablets by
DESI MS was also demonstrated following two differerdtsigies. In the first approach,
the analyte signal dependency on DESI geometrical setaupbles was mitigated
following the careful and controlled addition of ant@pically labeled internal standard
(IS) to the sample resulting to an analyte-to-IS digraio, which was largely
independent of DESI experimental variabi&sThus, monitoring the analyte-to-IS signal
ratio as oppose to the absolute signal enabled thet dijgantitation of the active
pharmaceutical ingredient (API) in drug tablets with up t@&®dccuracy when compared
to LC-UV analysis. In the second approach, the anaigeal dependency on set-up

variables was mitigated by analyzing samples using a paieagents (in the spray
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solvent), which had different binding affinities for tlalyte to provide an analyte
complex ratio, which was independent on the set-up vasiablewever, the analyte
complex ratio was observed to be dependent on the tanalyface concentration,
allowing direct quantitative analysis of drug tablets, uskmg &approach, without any
requirement for internal standarfs.

Following construction of a DESI MS set-up with imagingpabilities, this
technigue was also demonstrated as a very powerful tootldtermining the 2-D
distribution of various pharmaceutically important compmisiron tablet and tissue
surfaces. The ability to map the distribution of males of interest by DESI MS has
very great implications in drug tablet quality conttdland in determining the role of
chemical signals presented on tissue surfd®e¥he mapping of various chemical
markers by DESI MS is also showing great prospectsnoeraresearch in determining
the spread of malignant tisstfé: 2%°

DART MS was also explored and observed to be a very polmedl for the
rapid forensic characterization of pharmaceutical dabéets providing an addition to the
analytical toolbox for such applicatioffs: 1** 2°%: #fnterfacing the DART ion source to
an accurate mass TOF MS instrument demonstrates tlity ofil this technique in
determining the elemental composition of wrong APIs aurterfeit drug samples
enabling their identification.

The extensive use of DESI and DART for the various pitese applications
provided some insights into some of the intrinsic litiot@as of these techniques. DESI
was observed to be limited to ionizing molecules of imadto high polarities without

much limitation in terms of mass range, whereas DAdRdetter suited for the analysis of
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molecules within a broader range of polarities, but withimore limited mass range (up
to 800 Da approximately) due to the desorption mechanismsved.oTo circumvent
these limitations a novel multimode ambient ion sourceesorption
electrospray/metastable-induced ionization (DEMI), whioimbines various aspects of
DESI and DART was constructed and tested. Initial expetisnevith the DEMI ion
source have demonstrated its ability to enable the wimedus analysis of molecules

within a broader range of polarities and masses tharl BESDART aloné®®

8.3.Proposed Future Directions

Our research on DESI and DART MS was directed towagsoring the
capabilities of these techniques, predominantly for the $irenharacterization of
pharmaceutical drug tablets. The pharmaceutical drug class ertensively evaluated
was the artemisinin based antimalarial monotheragisgjoing ventures are geared
towards extending these efforts to the investigatiomtfrelarial combination therapies
containing artemisinins (ACTs), with the aim of furtldeveloping improved approaches
for performing rapid mass spectrometric analysis ofgligags and for other applications
as follows:

1. Fixed dose ACTs usually contain two or more APIs in phesence of an
excipient matrix resulting in a relatively complexrgde mixture. The artemisinin
constituent in the ACTs usually undergo extensive fragatiem following
DART MS analysis resulting in very similar spectra &irthe artemisinins. As
such, preliminary investigation of such samples by DESIchvie much softer

than DART is recommended. DESI MS analysis should incple, allow the
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detection of intact tablet constituents eliminating anymiriguous identification.
Analysis of such sample by reactive DAR¥could also be employed to mitigate
this limitation. However, the applicability of eitheESI or DART MS for the
direct analysis of such multi-component samples inkelitasuffers from
ionization suppression. In the case of DESI, this phemom arises from the
different proton affinities and surface activities od tharious constituents picked
up by the DESI spray droplets, resulting in vastly diffefenization efficiencies.
The APIs however, usually have a higher proton affiaitg greater solubility (in
commonly used DESI MS compatible sprays solvents) then excipient
constituents resulting in their preferential dissolui@mmzation. Nevertheless, the
presences of more than one API constituent in ACTsdcatill result in
preferential detection of APIs with higher solubilitpcaionization efficiencies,
precluding the observation of less soluble or ionizablésAFAs such, proposed
experiments should be aimed towards determining the sa#iie constituent
concentration limits for charge competition and the-set of ionization
suppression effects to allow a determination of the lidgaamic range of DESI
MS and its capabilities for the analysis of ACTs. Eheasudies should have
important implications in the direct quantitation anaysif APIs in ACTSs.
Preliminary investigation of the solubility charactacstof the various API in the
DESI spray solvent is required in order to decouple, toesdegree, the analyte
desorption/incorporation into secondary droplets from tkabsequent

ionization/charge competition effects.
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For the qualitative analysis of pharmaceutical tablet DART MS, analyte
desorption, which is tightly coupled to ionization oysredominantly by
thermally heating the sample with the heated metastghs plume. For the
analysis of ACTs, sample constituents with greateatiay will be preferentially
desorbed. Based on their ionization efficiency, theyhingyeatly suppress the
ionization of the less volatile tablet constituentshich are inevitably less
abundant in the gaseous phase, precluding their detecioalysis of the
pulverized sample should mitigate this limitation enablihg simultaneous
detection of more tablet constituents.

DART MS was also observed to show a relativelyteohimass range due to the
limited molecular weight range of analytes that cantkansformed into the
gaseous phase following thermal desorption. In additiohR D MS has been
observed to show superior performance in the analydissefpolar compounds
than DESI MS. As such one strategy for extending thieecatar weight range of
compounds amenable to DART MS would be to explore spaagddesorption
approaches for high molecular weight, low polarity spgcwhich might not be
easily ionized in an appropriately chosen spray solversu¢h cases, the role of
the spray solvent would be to effect analyte pick-up amdbsequent
transformation into gaseous phase following solvent eadion. Implementation
of this strategy such as in the DEMI set-up would resuthénionization of the
gaseous analytes upon interaction with plume from t@stable source.

Analyte desorption in DEMI MS occurs by a combinatdrthermal and spray

solvent pick-up, with the subsequent ionization event alswrang following
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two different strategie®? Thus, application of this technique for the analysis of
ACTs should mitigate some of the limitation of therrasorption and ionization
discussed above enabling the simultaneous detection obddirrange of sample
constituents.

An investigation of the size of the analyte-containiolyent droplet emanating
from the DEMI source under conditions that allow siadous operation of both
ionization approaches is required. This investigation shpudvide insight into
the combination of spray solvent, nebulizer gas flovesaand temperatures
required for efficient surface sampling to allow optimunenstivity.
Computational simulation modelling of the interaction tbé metastable and
charge solvent droplet plumes is also required in ordesbtain the optimum
geometrical setting for efficient sampling of the spgegenerated following both

ionization approaches.
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APPENDIXES-SURVEY OF OTHER TECHNIQUES USED IN
COMBINATION WITH AMBIENT MS FOR CHARACTERIZING

COUNTERFEIT ARTEMISININ-BASED ANTIMALARIALS
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APPENDIX A. ASSESSMENT OF HAND-HELD RAMAN
INSTRUMENTATION FOR IN SITU SCREENING FOR
POTENTIALLY COUNTERFEIT ARTESUNATE ANTIMALARIAL
TABLETS BY FT-RAMAN SPECTROSCOPY AND DIRECT

IONIZATION MS

A.1. Abstract

This appendix presents an evaluation of the performanaeneiv portable Raman
spectrometer (TruScdf) as a rapid, user-friendly, reliable and inexpensive atktbr
drug quality screening. The capabilities of this device arstitited by its application in
the chemical characterization of genuine and fake arésuantimalarial tablets

following validation by FT-Raman spectroscopy and direcization MS.

A.2. Introduction

An ongoing trend in analytical instrument developmerst Ir@en the deployment
of portable technologies that allow robust real-timesoeements, particularly attractive
for on-site field applications such as in pharmaceltarag quality control and
anticounterfeiting. One key requisite for portable amedyt instruments is their
operational simplicity, to allow various analyses €oreadily accomplished by personnel
with minimum training and expertise. This appendix presamsassessment of the
capability of a hand-held Raman instrument for the rapidsitu determination of

counterfeit artesunate antimalarial tablets.
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Raman spectroscopy is a very powerful chemical ammaliesthnique for the
analysis of condensed phase samples typically requirngample preparation. It is
based on the Raman effect, which is the inelastidesead of photons from molecules
via interaction with the vibrational modes of the aralgtolecules. In this process, a
photon typically transfers a fraction of its energy & vibrational mode within the
molecule (Stokes scattering). Consequently, the wavdleniythe scattered photon is
spectrally red-shifted, with the degree of the shift iating the amount of energy uptake
by the molecule. Since the vibrational modes are quantinddmolecule specific, the
distribution of observed wavelength shifts is characterist that particular molecule.
The shift pattern serves, in essence, as a unique fingeefprithe molecule, specific to
its structure and conformation.

The general applicability of Raman spectroscopy is dichib samples that do not
exhibit strong fluorescence emission in the Raman speegan, since this can easily
overwhelm the relatively weaker Raman signal. Howethes problem can be mitigated
by using near-infrared excitation away from the electrafsorption bands of most
fluorescing species, thus preventing their excitation @ikequently the generation of
fluorescence emission by these species. Several diffpogtable Raman units are now
available from different vendors, and are being subjegetdormance characterization.
For example, the performance of a mobile Raman ingtntsnhas been successfully
tested for the in situ characterization of art olgétt

The goal of this study was to evaluate the performanca small hand-held
Raman spectrometer to accurately and rapidly screen rgerand fake artesunate

antimalarial tablets collected in SE Asia, Ghana andhswn China. In order to confirm
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the ability of this type of portable Raman spectrometeddtect excipients and active
ingredients present in the pharmaceutical tablets evaludtedesults were compared
and validated by FT-Raman spectroscPyDESI MS and DART MS. Thirty two

representative antimalarial tablets were characif@éowing this approaches.

A.3. Experimental Details

A.3.1. Samples

Artesunate antimalarial samples, including both genuitesanate (15) and
counterfeit tablets (17) were collected in Vietnam, LBDR (Laos), Thai/Burma
(Myanmar), China, Ghana and at the Thailand/Burma boredisted in Table A.1. The
genuine samples were manufactured by Guilin Pharmace@aaltd, (Guilin, PRC),
Mekophar Chemical Pharmaceutical Joint Stock Co. (Ho Iginh City, Vietnam),

Pharbaco (Hanoi, Vietnam), and Traphaco (Hanoi, iein

A.3.2. Portable Raman Spectroscopy

Portable Raman Spectroscopy measurements on each ofaithi@es were
performed by Felicia Yang, a high school student at the, tomea summer internship
program in our group. Experiments were performed using a #ani$cportable
spectrometer (Ahura Scientific Inc., Wilmington, MA, UBA This instrument is
equipped with a cooled external cavity-stabilized 785 nm kasexxcitation, which has a
maximum output power of 300 mW, a 2048-element silicon CCizctlar, and a

resolution of 7.5-10 cthover the Raman shift range of 2875-250%cm
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A.3.3. FT-Raman Spectroscopy

FT-Raman spectroscopy experiments were performed by &mill@ Ricci, a
postdoctoral associate with Dr. Sergei Kazarian in Dwepartment of Chemical
Engineering in Imperial College, London. Laboratory Ranspectra were acquired for
each sample in air at room temperature using a Fourarsfarm Equinox 55
spectrometer (Bruker Optics Inc., Ettlingen, Germanyhwan FRA 106 Raman module
equipped with a 1064 nm Nd:YAG laser. For these experimé@daser power was set
to 400 mW. A liquid nitrogen cooled Ge detector was used avitésolution of 4 cfh

and 32 scans in the spectral range 3500-108 cm

A.3.4. Direct lonization (DESI and DART) MS

DESI MS experiments were performed on each sampletintbe reagentless and
reactive DESI MS modes using the same ion source andgsettescribed in section
2.3.3. Experiments were performed using the MS conditiossritbed in section 3.3.2.
Reagentless DESI MS was performed on each sample nth®tpositive and negative
ion mode to determine the mode that gave unambiguous detaadtbidentification of
analytes desorbed from the sample surface. Reactiv€l DES was performed
exclusively in the positive ion mode. Several pointstioa tablet surface and interior
were sampled during DESI analysis to obtain an accuratar@ of the components
present.

DART accurate mass measurements were performed using alUME&C
(AccuTOF™) TOF mass spectrometer (JEOL, Peabody, M8A)Uequipped with a

DART ion source (lonSense, Saugus, MA). Experiments werl®rmed in the positive
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ion mode, at a temperature of 28D. Other settings were as follows: the He flow rate
was 4.2 L mift, the discharge voltage was 2500 V and the exit grid electatge was
200 V. Samples were manually held with a pair of clearahteteezers in front of the
DART ion source for approximately 20 s. The mass specteynign optics setting®
were as follows: inlet orifice voltage 30 V, ring electe voltage 5 V, orifice-2 5 V, ion
guide bias voltage 29 V, ion guide peaks voltage 300 V. Thetdetamtage was set to
2,650 V. Mass spectra were acquired in the 100 to 1000 Da ram@owns were
identified by accurate mass measurements. The spectramagess drift was corrected
using neat polyethylene glycol (PEG, average moleculegghiv&00, Sigma Aldrich, St.
Louis, MO, USA). DART mass spectra were exported in® Bkcel and searched via a
system of macros, against an in-house library of exestses for protonated molecules
derived from the Model List of Essential Drugs publisbgdthe WHO?** A match was
considered positive if the difference between the ewpartal accurate monoisotopic
mass and the theoretical mass values was less thamb and the relative intensity

equal or larger than 5 %.

A.4. Results and Discussion

This study was carried out in three stages. First, ssanpére rapidly analyzed
using the portable Raman instrument for the analysis alécular composition of the
tablets. Second, the results were validated through bhnatianal characterization of the
samples using FT-Raman spectroscopy. Portable Raman aR&rRdn spectroscopy
was performed through both the blister packs and afterlsaimmoval from the blister

packs. The spectra were found to be practically identlicalto the transparent nature of
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the blister packs, which present little or no specteakdres. Also, both sides of the
tablets were analyzed and no difference was detectedpiiicipal advantage of using
FT-Raman spectroscopy with a near infrared laser tsleba fluorescent interference is
induced from samples compared to visible excitation. Thaaks spectrometry was used
to evaluate the results obtained with spectroscopitnigues and confirm the presence

of the active ingredient in the potentially counterfeltlets.

A.4.1. Analysis of Genuine Artesunate and Artemisinin-comtizig Tablets

The genuine artesunate tablet and all other samplesicmgt artemisinins
resulted in poor efficiency of Raman scattering due topegition with fluorescence
phenomenon. This precluded the application of conventionatalger Raman
spectroscopy for their analysis. The observation todng fluorescence from such
samples by portable Raman spectroscopy however, suggestegdrabence of an
artemisinin, which was identified following FT-Raman alekct ionization MS analysis.

Figure A.1.a shows traces obtained from the FT-Ramastregeopy analysis of
an artesunic acid standard together with those for a menartesunate tablet
manufactured by Guilin Pharmaceutical Co. Ltd (trace gl Mekophar Chemical
Pharmaceutical Joint Stock Co. (trace (ii)). Apparerttigse measurements do not suffer
from fluorescence and the FT-Raman traces show werias features for both types of
genuine sample clearly indicating the presence of aresacid in these samples.
Figure A.1.b shows results from the complementary yaiglof the genuine Guilin
artesunate tablet by DESI MS, which was very similathtt for the Mekophar tablet

(data not shown). Reagentless DESI MS analysis of thmpk generated peaks
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predominantly am/z407.2 and 791.3 corresponding to the species [artesunic acili + Na

and [2 artesunic acid + Najspectively (Figure A.1.b.i). Analysis by reactive DS
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Figure A.1. (a) FT-Raman spectra of genuine (i) Guilin and (ii) Melapartesunate
tablets, compared with the reference spectrum of aresend. (b) DESI spectra of the
genuine Guilin tablet obtained by the (i) reagentlessIDES and (ii) reactive DESI MS
modes.
resulted in the peak am/z570.4 corresponding to [artesunic acid + DDA + H$ the
predominant species in the spectrum (Figure A.1.b.ii). Thegmce of artesunic acid in
these samples was also verified by DART MS analgsita(not shown). The detection of
artesunic acid as the only active ingredient in both tgbg@enuine artesunate samples by
direct ionization MS was consistent with Raman rtssul

As with the genuine samples, analysis of the sarf§pk0-1 by conventional
Raman spectroscopy resulted in significant fluorescentiehvmade it difficult to obtain
an unambiguous Raman spectrum for this sample using thablgoinstrument. This

however, suggested the presence of an artemisinin arfatsederivatives in the sample.

The sample was determined to contain artemisinin (tthesunic acid precursor)
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following FT-Raman spectroscopy analysis (Figure A.2F)-Raman analysis also

revealed the presence of starch in this sample. Timpasition of the sample was
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Figure A.2. (a) FT Raman spectra of fake tablet S 40-1 compared with tleeersfe
spectra of starch and artemisinin. (b) CorrespondiE&IDspectra of fake tablet S 40-1:
(i) reagentless DESI MS and (ii) reactive DESI MS.

verified by direct ionization MS as follows. Reagessl®ESI MS analysis showed peaks

at m/z 305.1 and 587.3 corresponding to the species [artemisinin F &lad

[2 artemisinin + Nd] respectively (Figure A.2.b.i). These assignments werdied by

reactive DESI, which revealed the characteristic pmeoh artemisinin adduct with

dodecylamine atn/z468.4 (Figure A.2.b.ii). A peak anh/z 750.5 corresponding to the

species [2 artemisinin + DDA + Hfan also be seen in the reactive DESI spectrum of

this sample. Again, the detection of artemisinin ins tsemple by DESI MS was

consistent with the results obtained by Raman specipgsc
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A.4.2. Analysis of Counterfeit Tablets

Analysis of counterfeit artesunate tablets, most ofctwhdo not contain
artemisinins, generally resulted in very negligible fluoesge allowing the collection of
Raman spectra data using both portable and FT-Raman spetrs. Results form the

analysis the sample Lao BW8 by both techniques is shoWwigure A.3.a. Both Raman
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Figure A.3. (a) (i) Portable Raman and (ii) FT-Raman spectra & fablet LAO BW8
compared with the reference spectra of starch and dwpirgb) Corresponding
reagentless DESI spectra of fake tablet LAO BWS.

spectroscopic techniques consistently verified the absehcatesunic acid in this
sample. However, the Raman spectra show bands pnealotiyi at 1000, 1355, 1598,
1632 and 1666 cihwhich indicate the presence of dipyronesG:NsO.S, an analgesic)
as wrong active ingredient in this sample. A band atofiTBattributed to the presence of
starch was also observed. Further analysis of timpleaby reagentless DESI MS in
negative mode (Figure A.3.b) shows peaken&310.1 and 643.2 corresponding to the
species [dipyrone - Hland [Na-dipyrone + dipyrone - Htespectively . These peak

assignments were verified by DESI MS/MS analysis (catashown). A peak at/z
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191.1 corresponding to a dipyrone fragment due to the néagsabf Ph-N=NCHfrom
its precursor was also observed in this reagentlesd Biegtrum (Figure A.3.b). The
detection of dipyrone in this sample was again consistiéhtresults obtained by Raman

spectroscopy using both portable and FT-Raman instruments.
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Table A.1. Description of the samples studied.

Sample code Genuine/fake as determined by Results from portable Results from FT-Raman MS results
packaging inspection and MS  spectrometer spectrometer
(Typep
S29 Fake (9) starch, acetaminophen, talc starch, acetaminophen, calcite, tal@acetaminopheh,®artemisiniré
S 40-1 Fake (13) starch, talc starch, artemisinin, talc artemisinif©
S 45 Fake (1) starch, acetaminophen, talc starch, acetaminophen, talc acetaminopheh,® artemisiniré
S 40-2 Fake (13) starch, calcite, talc starch, calcite artemisinir
S47-2 Fake (14) starch, talc starch, calcite, talc artemisinir
S47-1 Fake (14) starch, talc starch, calcite, talc artemisining 4 artesunic acid ¢
S 47-3 Fake (14) starch, talc starch, calcite, talc artesunic acidd
S50 Genuine fluorescence starch, calcite, artesunic acid artesunic acie ©
S51 Genuine fluorescence starch, calcite, artesunic acid artesunic acie ©
S55 Genuine fluorescence starch, calcite, artesunic acid artesunic acie ©
Ghana 0601 Genuine fluorescence starch, calcite, artesunic acid artesunic acie ©
China 0604 Fake (10) starch, talc artemisinin, starch, talc artemisiniry: ¢
China 0605 Fake (10) starch, talc starch, calcite, talc artemisinir- ¢ €
Lao 0604 Fake (6) starch, calcite, talc starch, calcite, talc artemisinirt: ¢
Lao 0503 Fake (11) starch, acetaminophen, calcite, tatarch, acetaminophen, calcite, taleio API detected® ©
Lao BW 8 Fake (10) starch, dipyrone starch, dipyrone dipyrone? eerucamide
Artesunate Vietham Genuine starch, calcite, talc artesunic acid, calcite, talc artesunic acid ¢ e
Artesunate China Genuine fluorescence artesunic acid, calcite artesunic acitl ¢ ©
Lao BW 9 Fake (10) starch, dipyrone starch, dipyrone, calcite dipyrone e
Lao 12060 Fake (8) calcite, acetaminophen calcite, acetaminophen erythromycin A acetaminophéenc: f
Lao 12012 Fake (6) starch, calcite starch, calcite, artemisinin artemisinirt: ¢
S 57 Genuine (Mekophar Co.) starch, calcite calcite, starch, artesunic acid artesunic acitl ¢ ©
Lao 0704 Genuine (Guilin) starch, calcite calcite, starch, artesunic acid artesunic acitl ¢ ©
Lao 0709-5 Genuine (Traphaco Co.) fluorescence calcite, starch, artesunic acid artesunic acid ¢ e
Lao 0702-1 Fake (1) calcite, starch, talc calcite, starch, talc no API detected® ¢
S 65 Genuine (Pharbaco Co.) fluorescence calcite, starch, artesunic acid artesunic acitl ¢ ©
Lao 0708 Genuine (Pharbaco) fluorescence calcite, starch, artesunic acid artesunic acitl ¢ ©
S 62 Genuine (Guilin) fluorescence calcite, starch, artesunic acid artesunic aciel ¢ ©
Lao 0701-1 Fake (16) calcite, starch calcite, starch no API detectedc e
S 60 Genuine (Guilin) fluorescence calcite, starch, artesunic acid artesunic acitl ¢ ©
Lao 0705 Genuine (Guilin) fluorescence calcite, starch, artesunic acid artesunic aciel ¢ ©
Lao 0703-1 Genuine (Guilin) starch calcite, starch, artesunic acid artesunic acitl ¢ ©

aThe number for types correspond to the type of fased on the holograftActive Pharmaceutical ingredient (API) detected éggentless DESI MSAPI detected by
reactive DESI MSYAPI detected only on the sample surface.
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Table A.1 summarizes the results obtained by both vdmalt techniques
compared with those obtained by direct ionization MS.tofal of 30 potentially
counterfeit artesunate samples were investigated in tilnity.sAlthough artesunic acid
shows strong fluorescence, making the collection of&espectra data using TruStan
difficult, this shortcoming however serves an indmatof the presence of artesunic acid
in the sample. In all of such cases the presenceteduwanic acid was verified by both
FT-Raman and MS. Also for all the samples for whieimfan spectra was obtained using
TruScan", results were consistent with those obtained byREfan spectroscopy. It is
worth noting that some samples exhibited a band around 676wimith can be assigned
to the symmetric Si-O-Si stretching mode of talc §BigD:o(OH),).?°? In most cases
characteristic features at 363 and 293'amere observed, and these can be related to the
deformation modes of the silicate network and the stmgchvig—O vibrations,
respectively. This finding is in agreement with the respiesented by de Vet al?®

In summary, except for the samples S 47-1 and S-47-3, vdointained very
small amounts of artesunic acid on their surface detemtly by reactive DESI MS, 18
of 32 of the samples were determined to contain artesaiicbg both Raman and MS
methods. Various wrong active ingredients including aceigphen, artemisinin,
dipyrone, erythromycin, erucamide were also detectedrious samples by both Raman
spectroscopy and MS. No active ingredient was detectid isamples LAO 05017, Lao

0503, Lao 0702-1 and Lao 0701-1 using MS methods.

190



A.5. Conclusions

This appendix demonstrates the capabilities of a portableaRampectrometer
(TruScan™) as a potentially inexpensive field device for charactegizthe composition
of counterfeit artesunate antimalarial samples withgarhple preparation. The strong
fluorescence of artesunic acid makes it difficult to mbt®aman spectra using the
portable Raman unit. This can however be advantageouglgitexi as a hint for the
absence of artesunic acid in the sample during the deteimnircdtcounterfeits, which in
general do not show any appreciable fluorescence. Thefute more sensitive FT-
Raman instrumentation allowed the verification of ahsence/presence of artesunic acid
in such samples. For samples, which show negligibledhaence, typically counterfeits
with various wrong active ingredients or no active idgeat, the results obtained using
the portable Raman unit show consistency with thosaired by FT-Raman. Using the
more sensitive direct ionization MS methods including DES and DART MS, the
identity of the API present in the various counterégitesunate samples was verified.
These results suggest the applicability of this portablaaRainstrument (TruScaf) as
a reliable analytical tool for the routine on-sitedi@nalysis of pharmaceutical tablets for

drug quality control purposes.
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APPENDIX B. COMBINING TWO-DIMENSIONAL
DIFFUSION-ORDERED NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY, DESI MS AND DART MS FOR THE INTEGRAL

INVESTIGATION OF COUNTERFEIT PHARMACEUTICALS

B.1. Abstract

This appendix presents an investigation of the complemgnthetween
two-dimensional diffusion-orderedH nuclear magnetic resonance spectroscopy (2D
DOSY *H NMR) and ambient (DART and DESI) MS methods for asigy the quality
pharmaceutical tablets for forensic purposes. Fourtederetit artesunate tablets,
representative of what can be purchased from informalcesun SE Asia, were
investigated using these techniques. The correct API was e¢iadive formulations by
both NMR and MS methods. Common organic excipients fglsucrose, lactose,
stearate, dextrin and starch were also detected. Thhigahrepresentation of DOS
NMR results proved very useful for establishing similasitamong groups of samples,
enabling counterfeit drug “chemotyping”. Overall, this study suggést 2D DOSYH
NMR combined with ambient MS composes a powerful softenstrumental analysis

methodologies for the integral characterization ainterfeit antimalarials.

B.2. Introduction

The ever-growing sophistication of counterfeit drugs hasqa a requirement for

the constant development and deployment of increasmghe in-depth pharmaceutical
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analysis approaches for investigating their composition @gin. In this appendix,
2D DOSY *H NMR,*** accurate mass DART and DESI MS are compared and combined
for the forensic investigation of artesunate antimalaablet formulations.

2D DOSY 'H NMR?* relies on the decrease in diffusion coefficients (@th
increasing molecular mass as a means to virtually sep@omponents in a solution
mixture. The separation is based on the differenceshén ttanslational diffusion
coefficients of individual components in the mixture, evhare largely dependent on
various physical parameters including temperature, solisobsity, size and shape of
the molecule. 2D DOSYH NMR spectra therefore show correlations between iadm
shifts presented on the horizontal axis and the diffusimfficients expressed irm? s*
on the vertical axis. All 2D DOSYH NMR peaks generated from the same component
line up at the same diffusion coefficient. As such tkeshhique in a sense provides a
localized separation of the components in a mixtotetien without the need to for any
physical separation such as observed in chromatograpghicigees.

Two-dimensional DOSYH NMR has already been shown to provide a highly
comprehensive chemical fingerprint of genuine pharmaceubcaiulations®®> 2% In
combination with ambient MS methods, the multipronged agaronvestigated in this
study is likely to produce comprehensive chemical inforomatior determining the
similitude between different classes of fake arteupatrmaceuticals, a critical step in

guiding law enforcement and public health agencies towardstiost probable origin.
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B.3. Experimental Details

B.3.1. Samples

Fourteen tablet formulationd-14) were analyzed in this study by both DOSY
and ambient MS methods. Formulatieghs, 7, 9, 13vere classified as genuine products
based on packaging inspection and were manufactured by Phé@rzaam, Viet-Nam),
Mekophar (Ho Chi Minh City, Viet-Nam), Yangon Pharma iiBaon, Burma), Mepha
(Basel, Switzerland) and Guilin Pharmaceutical (Guan@kina), respectively. The
remaining samples (classified as counterfeit by packamadysis) were collected on the
Thai/Burma border, Burma, Cambodia and the Lao PDRg)Land mimicked genuine
antimalarial tablets as manufactured by Guilin Pharmaadsit A blister pack containing
12 tablets was collected for each suspect sample anthble¢ from each blister pack
was available for this study. One half of each tablet mrocessed for NMR experiments
whilst the second half was analyzed by DART and DESI NiBe formulations,
indicated on their blister packs to all contain 50 mg artate per tablet were labeled
with the following collection codes with correspondingkeging type¥° respectively1
(S1/2005, Type 9)2 (S2/2005, Type 4)3 (S3/2005, Type 4)4 (S4/2005, Pharbaco,
Hanoi, Viet-Nam) 5 (S5/2005, Type 108 (S8/2005, Mekophar, Ho Chi Minh City, Viet
Nam); 7 (S9/2005, Yangon Pharma Industrg;(S10/2005, Type 9)9 (S23/2005,
Plasmotrim, Mepha, Switzerland)p (Laos 05/03, Type 11}%1 (Burma 2/14029, fake,
Type unknown as hologram cut off)2 (Laos 2/12070, Type 4);3 (Cambodia 2/13008,

genuine, Guilin Pharmaceutical Co. Ltdl% (Laos 05/15, Type 8).
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B.3.2.'H and 2D DOSY'H NMR Analysis

'H and 2D DOSYH NMR experiments were performed by Stéphane Balayssac,
a postdoctoral associate with Dr. Robert Martindhi@ Groupe de RMN Biomédicale,
Université Paul Sabatier, Toulouse, France. fforNMR analyses, a quarter of each
tablet was powdered and dissolved in 2 mL of dimethylsulfof@dSO)-d; (Eurisotop,
Gif-sur-Yvette, France), with magnetic stirring for dfin and sonication for 5 min. The
suspension was centrifuged (10 min, 6000 rpm) and the superpataet into a 5 mm
NMR tube for analysis. NMR experiments were perfornte298 K on a Bruker Avance
500 spectrometer (Bruker BioSpin, Wissembourg, France) eqlippth a triple
resonance 5 mrtH cryoprobe (TCI) with z-axis gradient. Typical acdfiis parameters
for 'H NMR experiments were as follows: 1.02 s acquisitimmet 8000 Hz spectral
width, 16 K data points, 1 s relaxation delay and 32 sc@hs. chemical shifts § were
referred to an internal trimethylsilylpropane sulfonicdaGiMPS) standard, which gives
a singlet for the trimethylsilyl moiety at O ppm andethmultiplets for the propyl chain at
0.51, 1.58 and 2.40 ppm. In each spectrum, the peaks at 3.17 apg®.68rrespond to
the residual signals of HOD and DMSO, respectively.

For 2D DOSY 'H NMR analyses, stimulated echo bipolar gradient pulse
experiments including an eddy-current delay of 10 ms andesgpadients of -7.92 and
-6.09 G crit with a pulse length of 0.6 s were used. The gradienveegalelay was
3 ms and the relaxation delay was 2 s. Pulse fieldigmdengths varied between
2-2.4 ms and the diffusion delay between 100-170 ms. Sequenceepars® were
adapted in order to decrease the intensity of aromati® $lgnals from the API by at

least a factor of 50 at 95% of the full gradient strenifnen no APl was detected,

195



signals from excipients were used for sequence optiilbizaForty gradient increments
(32 scans for each experiment) were recorded with the gtadiensity linearly sampled
from 5 to 95%. The gradient system was calibrated to 46.25Gatmaximum intensity
prior to all experiments. All data were processed using &2 via the inverse Laplace
Transform method together with the Maximum Entropy algor (MaxEnt). The
processing parameters were 2048 points along the Laplaceuspeatiffusion axis and
20,000 MaxEnt iterations. The inverse Laplace Transform eamputed only on the
columns presenting a signal 32 times greater than the leeskof the experiment. The
identification of all APIs and excipients was done bynparing values to an in-house
2D DOSY *H NMR library, or by spiking the samples with standafBso-dimensional
gCOSY, gHSQC, and gHMB&H NMR experiments were performed to assign the NMR
signals of artemisinin and artesunic acid (Table B.1), whmelched previous literature

data®®” Spectra analysis was done using the NMR notebook soffiare
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Table B.1.'H NMR data of APIs detected in the artesunate antinadsamples investigated in this study.

Acetaminophen Dipyrone Artesunic acid Artemisinin
(ppmyf* | Number of protons, N° (ppmyf* | Number of protons, N° (ppm}y* Number of protons, N° (ppm}y* Number of protons, N°
multiplicity® (J, Hz) multiplicity® (J, Hz) multiplicity® (J, Hz) multiplicity® (J, HZ)

9.67 1H, s 6 7.48 2H, t (7.9) 2/4 5.69 1H, d (9.6) 10 6.15 1H, s 12

9.16 1H, s 5 7.38 2H, d (7.9) 3/5 5.57 1H, s 12 3.18 1H, m

7.35 2H, d (8.6) 1/4 7.28 1H, t (7.9) 1 2.62/2.52 4H, m 14/15 2.29 1H, m

6.69 2H, d (8.6) 2/3 3.68 2H, s 9 231 1H, m 9 2.08 1H, m

2.00 3H, s 7 291 3H,s 6 221 1H, m 4 1.95 1H, m 5

2.90 3H, s 8 2.03 1H, m 4 1.81 1H, m 8a
2.27 3H,s 7 1.84 1H, m 5 1.75 1H, m 8

1.65 1H, m 8 1.66 1H, m
1.65 1H, m 7 1.56 1H, m
1.58 1H, m 8a 1.38 3H, s 3Me
1.48 1H, m 8 1.36 1H, m 5a
1.44 1H, m 6 1.34 1H, m 5
1.35 1H, m 5 1.17 1H, m 8
1.31 3H, s 3Me 1.09 3H, d (6.6) 9Me
1.21 1H, m 5a 1.03 1H, m 7
0.97 1H, m 7 0.94 3H, d (6.6) 6Me
0.91 3H, d (6.6) 6Me
0.79 1H, d (6.6) 9Me

& Spectra were recorded at 298K in DMS§-d
P s: singlet; d: doublet; t: triplet; m: multiplet.
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B.3.3. Ambient lonization (DART and DESI) MS

DART MS experiments were performed by Glenn Harris, agate student in
our group. Experiments were performed using a custom-buiR Dype ion sourcg’
interfaced to a JMS-100TLC (AccuTOF™) TOF mass spectran{deeOL, Peabody,
MA, USA). All experiments were performed in positivenionode, using similar MS
setting described in section A.3.4. The DART-type ion sogaténgs were as follows:
high-purity He (99.999% ultrahigh purity helium, Airgas, Atlant@A) flow rate
7.2 L min?, heater temperature 200 °C, corona discharge needégedlD00 V, counter
electrode voltage 200 V, fixed distance between ion scamdeMS orifice 3 cm. MS
data were acquired and processed using the same proceduiteedescsection A.3.4.

DESI MS experiments were performed using the set-up dedantsection 6.3.2.

Experiments were performed by spraying samples with aieolat 99.9% MeOH, 0.1%

HCOOH at a flow rate of &L min™. The MS experimental parameters were the same as

described in section 4.3.4.

B.4. Results and Discussion

All the samples investigated in this study were firsilgred by 2D DOSYH
NMR followed by complementary analyses by ambient M&hwods including DART
and DESI for validation purposes. These analyses eesirt the samples placed into
various classes based on the observed chemical sigatsrdiscussed in the following

sections.
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B.4.1. Analysis of Genuine Artesunate Tablets

The sampled, 6, 7, 9and13 were all categorized as genuine products based on
packaging inspection, and originated from different manufacs. They were grouped as
Class Asamples (Table B.2). 2D DOS NMR and ambient MS analyses revealed two
different sub-classes withidlass Asamples, with samples 6, 7and9 in one sub-class,
and sampld.3, manufactured by Guilin Pharmaceutical Co. Ltd, being different sub-
class. The expected API, artesunic acid, was observall ithe formulations with
stearate and starch as excipients, as exemplifiedhbyanhalysis of formulatior

(Figure B.1). The major difference between the samplesch sub-class related to the
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Figure B.1. Analyses of formulatiort by: (a) 2D DOSY'H NMR in DMSO-d with
TMPS as internal reference standard, positive ioden{b) DART MS (C) DESI MS.
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identity of the disaccharides present (lactose vs.oseyr Lactose was identified in the
first sub-class4, 6, 7, 9 and sucrose in the second. Results for formulatiare a good
example of the virtual separation of components, basetha@ir diffusion coefficients,
observed in a 2D DOSYH NMR experiment (Figure B.1.a). Differences betweef: sel
diffusion coefficients of low M, components, 0 (D 1100mm? s*) and DMSO (D
910 M’ s%), intermediate M, components, artesunate (0300 nm* s?) and lactose (D
250m s?), and starch with a very low diffusion coefficiegpical of polysaccharides
(D < 10 mm* s?) are readily observed. DART MS analysis of formolat4 showed
peaks at m/z 267.2 and 533.4, assigned as [artesunic aghits@s+H]® and
[2(artesunic acid-gHs04)+H]" respectively (Figure B.1.b). Figure B.1.c shows the
complementary DESI spectrum of this sample. The predeompeaks in the spectrum
(m/z 407.2, 673.2 and 791.2) were assigned to [artesunic acitl+Na]
[2 artesunic acid-§HsO4+Na]", and [2 artesunic acid+Nafespectively. Also in this
spectrum, the peaks anh/z 365.3 and 707.2 were identified as [lactose+Naid

[2 lactose+Na] after comparison against DESI f&nhalyses of standardgde infra).

B.4.2. Analysis of Counterfeit Artesunate Tablets

Figure B.2.a shows the 2D DOSM NMR spectrum of formulatio8,, which had
a unique chemical signature, and was thus placed in a uniquydesalass Class B
Table B.2). Three compounds were identified in this fdatmn. The API was
artemisinin (D 620 mm’sY), the naturally-occurring precursor for a number of semi
synthetic antimalarial drugs including artesunate, artesnettihydroartemisinin and

artelinic acid. In addition to artemisinin, two othecients were found in this tablet,
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Figure B.2. Analyses of formulatior2 by: (a) 2D DOSY*H NMR in DMSO-g with
TMPS as internal reference standargviss represents DMSO satellite signals), positive
ion mode (b) DART MS (c) DESI MS.

viz. dextrin, which shows two characteristic doublets at 6rnétll @39 ppm, a triplet at
4.93 ppm and two series of broad signals between 5.2-5.8 a3d03gpm in*H NMR.
The second excipient was a stearate-based lubricantetads to four signals located at
0.88 (triplet), 1.26 (broad singlet), 1.50 (quintuplet) and 2.1gl€t)i ppm. Results from
the complementary analysis of this sample by both DARd DESI MS are illustrated in
Figures B.2.b-c. The peaksmatz283.2 and 565.3 in the DART spectrum (Figure B.2.b)
correspond to the protonated artemisinin monomer andrdiegpectively. Peaks at/z
300.2 and 582.7 were also observed, corresponding to the resp@sthanium adducts.

Analysis of this sample by DESI MS in positive ion mat®wed peaks ah/z 305.1,
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587.3 and 869.4 (Figure B.2.c), which corresponded to sodiated adfimetsi@meric,
dimeric, and trimeric artemisinin. The excipientsedé¢d by 2D DOSYH NMR were
not detected by either DART or DESI MS. Although stearsteot expected to ionize
well in positive ion mode, dextrin, which could be ionize@s also not observed. This
phenomenon could stem from the higher ionization effyeof artemisinin, which
suppresses ionization of other compounds in the sample.istugpyr, these species were
not observed in the negative ion mode probably due toasimifects. The correct API,
artesunic acid, was not observed in this sample by atheassayed methods.

2D DOSY 'H NMR analysis of formulatioi1 (Figure B.3.a) revealed a unique
chemical signature, and was assignedCéss C (Table 1). The tablet contained no
identifiable API, but a stearate-based lubricant aloitg the tablet diluents starch (five
broad signals at 5.53, 5.43, 5.13, 4.61 and 3.61 ppm) and suavosdofiblets at 5.08
and 4.52 ppm, a triplet at 3.91 ppm and multiplets at 5.21, 4.82,and between 3.8 and
3.1 ppm) were found to be present. Minor unknown signatsn@et at 6.50 ppm and
four doublets at 6.08, 7.62, 8.19 and 8.36 ppm) were also dete&Bd. S analysis of
samplell did not yield any identifiable peaks. However, analy$ihis sample by DESI
MS in positive ion mode showed two prominent peaks/at365.3 and 707.2, identified
as sodiated sucrose monomer and dimer respectivgyréB.3.b). The peak identities
were determined by comparing the DESI MS and?®M@ectra of this sample against
sucrose (Figure B.3.c) and lactose (Figure B.3.d) standaedsuBe these disaccharides
are structural isomers, only DESI K/®ut not DESI MS, can distinguish between them.
Figure B.4 summarizes the various cleavages and fragomnobserved by DESI MS

of the precursor ionsn/z365.3. For both sodiated sugars, cleavages at the glycosidic
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Figure B.3. Analyses of formulatiori1 by: (a) 2D DOSY'H NMR in DMSO-d with
TMPS as internal reference standarg@nsp represents DMSO satellite signals); and
(b) DESI MS in positive ion mode. (C) DESI spectrumacgucrose standard (1Q, 1
mg mL?), (D) DESI spectrum of a lactose standard (101 mg mL?%). Standards were
deposited onto PTFE and analyzed after air drying. The snser(b), (c) and (d)
represent the corresponding DESI MPectra generated from the iomaz365.3.

bonds occur with the competitive retention of a sodmmon each monosaccharide unit,
with or without an additional loss of a water molectd generate [monosaccharide+Na]
and [monosaccharide,B+NaJ ions atm/z203.2 and 185.1, respectively. For sodiated
lactose (Figure B.4.a), additional fragment ions cornedpmg to the loss of a water
molecule or two formaldehyde molecules from the prexuon are observed, generating
diagnostic signals atm/z 347.2 andm/z 305.2 for distinguishing between sucrose

(Figure B.4.b) and lactose. The detection of sucrose ar&Pis in this sample by DESI

MS was thus consistent with DOSY NMR results.
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(a) [lactose + Na|™, m/z 365.3 (b) [sucrose + Na|™, m/z 365.3

—-H,O+H+Na —-H,O+H+ Na
m/z 185.1 m/z 185.1
_>+H+Na OH —>+H+Na
m/z203.2 m/z203.2
OH OH  I— OH
Q O
—O ——O
HO OH OH O H
Lo HO CH,OH
OH OH
OH OH
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+ 14+ Na m/z203.2
m/z203.2 -H,0+ H+Na=<—r
-0+ H+Na<s— m/'z 185.1
m/z 185.1
-H,0

O BT
a
-2HCHO _ 3959

Figure B.4. Fragment ions observed for the isomeric species:ldajope + Na&] and
(b) [sucrose + N3]

Table B.2 presents a summary of the results obtdiéxiving 2D DOSY *H
NMR and ambient MS analyses of all the samples investiga this study. The analyses
of artesunate tablets formulation using these complemertnalytical techniques
enabled the comprehensive determination of the chemigahtures presented by each
sample readily placing them into distinct classes ratgpes). For a total of 14
formulations evaluated, the correct APl was detectedniy five formulations The
remaining formulations were observed to contain variousoriyy’ APIs. DESI and
DART did not readily offer information about the preserof stearate and polymeric
excipients such as dextrin, which were detected by 2DYD&BSNMR. Interestingly, no
disaccharides (lactose, sucrose) were detected by DARIE. is possibly due to the
different desorption mechanism of this technique, whidbelgeved to be predominantly
thermal, compared to DESI, which relies on the solybdif the analyte in the spray

solution.
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Table B.2.APIs and excipients detected by 2D DO%YNMR, DESI and DART MS in 14 different antimalarial

formulations.

Formulations

G)

Compound Technique Class A Class B Class C Class D Class E Class F Class
4,6,7,9 13 2 11 10, 14 12 1,8 3,5
Packaging Typ@&° Genuine | Genuine 4 NFA 8,11 4 9 4,10
: . DOSY NMR
Artesunic acid
DESI/DART MS / /
Artemisinin DOSY NMR
DESI/DART MS /
: DOSY NMR
Acetaminophen
DESI/DART MS /
. DOSY NMR
Dipyrone
DESI/DART MS /
DOSY NMR
Stearate
DESI/DART MS
DOSY NMR
sucrose  HESIDART MS ]
DOSY NMR
Lactose DESI/DART MS / /
. DOSY NMR
Dextrin
DESI/DART MS
DOSY NMR
Starch

DESI/DART MS

“The packaging type @lass Cformulations could not be assigned, because the latobad been cut off.
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B.5. Conclusions

This appendix highlights the use of complementary analytmethods, 2D
DOSY 'H NMR and ambient (DART and DESI) MS to characterthe chemical
composition of counterfeit antimalarial drugs. Both mdthallowed the detection of
various APIs and tablet excipients enabling samples tedwily categorized into seven
distinct classes based on their chemical signat@@2sDOSY *H NMR allows a much
increased peak capacity compared to classicaiHBMR, arising from the use of both
chemical shifts and diffusion coefficients as analytdiatensions in the former, making
it a very appealing analytical technique. The facile chgpmog of samples following 2D
DOSY 'H NMR and ambient MS analyses provides compelling evidémaesuggests
that samples within each chemotype are most likely faatwred by the same
establishment thus alluding to the number of distinct genuand/or counterfeit

artesunate manufacturers.
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APPENDIX C. A COLLABORATIVE EPIDEMIOLOGICAL
INVESTIGATION INTO THE CRIMINAL FAKE ARTESUNATE

TRADE IN SOUTH EAST ASIA

C.1. Abstract

This appendix presents efforts by an international col&tlmn for the
conglomeration of detailed forensic evidence on genum# @unterfeit artesunate
tablets, using a plethora of analytical techniques wighgibal of determining the source
of counterfeits. This collaboration involved our laborgf a group of police, criminal
analysts, palynologists, and health workers, workingtteyeunder the auspices of the
International Criminal Police Organization (INTERPOIndathe Western Pacific World
Health Organization Regional Office. The evidence ctdie following chemical,
mineralogical, biological, and packaging analysis suggettat at least some of the
counterfeits were manufactured in southeast Peoplgisitiie of China. This evidence
prompted the Chinese Government to act quickly against ithenaf traders with arrests

and seizures.

C.2. Introduction

Since the first description of fake artesunate in 2000y ligtle effort has been
invested towards a careful collection of forensic evidenwhich could enable a
determination of their source to allow possible law ssgment in shutting down
operations and prosecution of counterfeiters. Notwitlstgnthe huge public health

consequences of counterfeit artesunate antimalahieal,ohly actions that were taken
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included survey§!’ #18. 220, 222, 299, 304,arnings and educational filAt& ***resulting in
some strengthening of drug regulatory authority (DRA) anthmaaprogram capacity.
This appendix presents efforts by a joint multidiscippné&am comprising our lab.
(performing ambient MS), the center for disease cont@WC), criminal analysts,
palynologists, and health workers under the auspicd®edNTERPOL and the Western
Pacific World Health Organization Regional Office toledl forensic evidence for the
different types of fake and genuine artesunate samplesaiole a criminal investigation
into the counterfeiting ring.

Following the worsening contamination of the supply of raatarials in the
Greater Mekong Sub-Region by counterfeits, a confidentedting was held in Manila
in May 2005 at the WHO Regional Office for the Westeraifita(WPRO). This meeting
brought together WHO officials, physicians, pharmacastd scientists working in the
region with the INTERPOL to discuss what could beeddhwas decided to join forces
to investigate where the counterfeits were being matwfd and develop an
intelligence document that could be presented to conteyoeernments with a request
that measures be taken to stop the lethal manufaatdregade in counterfeit artesunate.
In the hope that forensic analysis of genuine and cdeitéablets would provide clues
as to the origin of the counterfeits, samples were stdgeto high performance liquid
chromatography (HPLC), ambient mass spectrometry, Xdiffsaction (XRD), isotope
ratio mass spectrometry (IRMS), gas-chromatographic (8€ad space’ analysis of the
gases surrounding tablets in blisterpacks, pollen analysign@begy) and detailed
packaging inspection. This appendix presents a summary eoffoitensic evidence

acquired and the findings relevant to public health.
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C.3. Experimental Detalils

C.3.1. Samples

Data were pulled together from the analyses of a t6ta®bd samples collected in
a wide area of SE Asia encompassing Vietham (75), Camal{d8), Lao PDR (115),
Myanmar (137) and the Thai/Myanmar border (16), during 2000-2006dpanid were
kept refrigerated (4° C) until analysis. The samples veadkected using convenience
sampling?*” 2% 2®random sampling (in Laos onf{fj and ad hoc at the request of
individuals and NGOs in the region. All samples undervikast Red Trypaflavine (TR)

Dye testing?” 3%

and/or HPLC, packaging analysis (see section 2.3.2.) ahit@ainMS.

A subset of 27 fakes from this collection and 5 genuialesig with 4 fake (collected in
Cambodia) and 2 genuine samples from the United StdtasmBcopeia (USP) Drug
Quality and Information program, also underwent detailecenfeic chemical and
palynological examination. 5 samples seized by the Minsf Public Security (MPS)

investigation in China were also evaluated. All laboratopesformed the analyses

blinded to the results from other laboratories.

C.3.2. Palynology

Palynology is the science that deals with the studgomtemporary and fossil
palynomorphs, including pollen, spores, dinoflagellates;yatritarchs, chitinozoans and
scolecodonts, together with particulate organic mattérkanogen found in sedimentary
rocks and sediments. Some of these substances havdoloeel trapped in counterfeit
drug tablets, and their geographical origin, especially depphave been used to link

counterfeit drugs to their source of manufacture. Howevesults obtained from
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palynological analysis must be interpreted with cauéierthe spore and pollen content
could be indicative of either the place of manufactibhe, source of the individual
ingredients, or both, and could also be influenced by theid wispersal and seasonality.
Palynological analysi&’ was performed by Dallas C. Mildenhall of GNS Science,
Lower Hutt, New Zealand. Briefly, tablets were dissal in hot distilled water or 10%
hydrochloric acid yielding two fractions of material in whithe top fraction, which
contains spores and pollen, was dissolved in 9:1 (v:@i@aanyhydride:sulfuric acid.
Mineral material remaining was removed by 50% hydrofluoam and was filtered
through a 6mm mesh. All residues were mounted on glass microscodessknd
examined at a magnification of x125-250. The taxa of suspquiélen grains were
identified by comparison with an internal GNS Sciencesregice library of modern

spores and pollen collectidff=%

C.3.3. XRD and IRMS

XRD* analyses were performed by S. W. Ray Soong from GN&h&e;i Lower
Hutt, New Zealand while stable isotope ratio ¥fsvas performed by Kevin Faure, also
from GNS Science. The basic protocol was as folloeeszh sample was crushed and
mounted as a slurry on a silicon plate and was amalygeXRD (X'Pert Pro X-ray
Diffractometer, Philips, Almelo) and IRMS analysi® tdetermine the mineral

composition. Values, in per mil (%o, parts per thousandk eeported in 20

16 T 16 s 16 12 T s 12
O Samp. O Std. O Std. C Samp. C Std. C Std.

18 18 18 13 13 13 13
1000x —2 O o and °C 1000x ¢ c

notation®*® Samples were analyzed in duplicate and values averaged.
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C.3.4. LC Diode Array Analysis

HPLC analysi§® was performed by Dr. Michael D. Green of the Divisinfin
Parasitic Diseases of the CDC, Atlanta, GA. Brieflyl50 x 4.6 mm octadecylsilica
column with a mobile phase consisting of 45% acetoniamié 55% 0.05 M perchlorate
buffer (pH 2.5) was used to effectively separated artemijsiacetaminophen, and
artesunate. For quantitative acetaminophen analysigntiile phase was changed to
10% acetonitrile and 90% perchlorate buffer. Components detected using a diode
array detector with wavelengths set at 220 and 254 nm. UMrapet samples were
compared with artesunate, artemisinin and acetaminopbfarence standards for

validation.

C.3.5. Ambient lonization (DESI and DART) MS
Ambient MS analyses by DESI and DART MS was performeshgushe
procedure described in section A.3.4. DESI was performdsbtin the reagentless and

reactive mode for validation purposes.

C.4. Results and Discussion

A total of 14 different hologram types were identifiedhe wide area of SE Asia,
up to and including 2006. A further two hologram types were ifieditin 2006-2007
making a total of 16 hologram types identified in this redgae Figure 2.2, Chapter 2).
The aggregated results obtained from the various analysee samples constituting all

16 hologram types are summarized in Table S1 of Neettair*
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C.4.1. Determination of API(s) in the Samples

HPLC and/or DART- and DESI-MS confirmed that all spesimspeculated to
be counterfeit (195/ 391, 49.9%) on the basis of packagingaicedt no or small
guantities of artesunic acid (up to 12 mg per tablet as oppodkd expected 50 mg per
genuine tablet). One sample from Cambodia had apparemlyinge packaging but
contained only 21 mg artesunic acid and was therefore egthestandard or had
deteriorated in transit and/or stor&§e.Of 321 samples labeled as made by Guilin
Pharmaceutical, 195 (61%) were counterfeit. A wide varadtyunexpected ‘wrong’
pharmaceuticals were identified in the counterfeit samphcluding acetaminophen (n =
24), sulphadoxine (n = 18), pyrimethamine (n = 11), dimethylfatean = 17),
erythromycin (n = 8), erucamide (n = 5), safrole (n =aBfjemisinin (n = 10) dipyrone (n
= 10), 2- mercaptobenzothiazole (n = 5), chloramphenicel4) metronidazole (n = 2)

and chloroquine (n = 2).

C.4.2. Palynological and Mineralogical Investigation

Most of the spores and pollen identified in the sampks a distinct northern
Asian temperate signature with evidence for plants suHirg, pines, cypresses,
sycamores, alders, wormwood, willows, elms, wattdesl fern spores. Figure C.1 shows

photos of some of the debris found in the counterfbleta.
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Figure C.1. Photomicrographs of material found in fake artesuraibéets. (a) Debris,
including charcoal fragments. (B)nuspollen grain. (cJuglanspollen grain. (dAcacia
pollen grain with charcoal deposit. @grmatophagoidemite nymph.

The estimated origin of the samples includes northernmetham, southern
China, and near the mountains, bordering Myanmar and VietseenFigure 2.2). Some
of the plant remains, such dsiglandaceaepollen (walnut),Carya (wing nut), and
Pterocarya(hickory), suggest manufacture in southern China. In tefnpalgnological
analysis for samples having different types of fakedi@m/sticker, Type 2 differs from
the others as it lacks fern spores, Type 1 containeel tittterial but appeared similar to
Type 3, and Types 10, 11 and 12 had similar pollen signaturess bypad 8 did not
contain anything to enable comparisons to be made and Tyges 49, 13 & 14 were

not examined.
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In addition to plant remains, five samples contained iebestes, including a
Dermatophagoidesmite nymph (from Type 11, Vietnam, Figure C.l.e), which is
commonly found in house dust and has a global distribufiirfake artesunate tablets
contained charcoal fragments and black chips, broken uipebgrocessing for pollen. In
some samples, charcoal was so abundant that it sudgd®esource was an area
suffering severe air pollution.

XRD demonstrated great variability in tablet mineralogyhaligh, maize starch
is the main excipient in the genuine Guilin product, {aldrated magnesium silicate),
calcite (calcium carbonate) and starch were the maiipients detected in the
counterfeit tablets. Trace amounts of aragonite wereepraa two calcite-dominated
fake tablets and traces of chlorite (iron-magnesium dsgjticate) and quartz (silicon
dioxide) were found in another two. Stable isotope arslgkithe calcite fraction gave

180 and *C values between -11 to +2% and +2 to + 25 %, respectiv&lsh@vn in
Figure C.2.

Given the similar isotope signatures, the calcitellifTaypes 2, 4, 5, 8, and 11)
but one sample appears to come from the same sourcis aitther hydrothermal or
medical in origin. The one exception is sample 05/17 (Ty®efrom southern Laos
which, if the calcite is assumed to have been formedabyral geological processes, is

typical of marine limestone.
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Figure C.2. Plot of d*C andd'®0 values, in % of carbonate in tablets. Approximate
values expected from calcite in different geological emrments (pink = igneous;
yellow = metamorphosed; green = unaltered) is alsoguoffhe top right data point
represents sample 05/17.

C.4.3. Interpretation of the Evidence

Although at first glance, the pooling of chemical, palpgidal and packaging
evidence suggests a wide diversity of fake artesunate #s#Ewith strikingly different
fake holograms and chemical sighatures, some genermatizain be made. For example,
palynological evidence suggests that all counterfeits \werduced in temperate areas
along the borders between China and neighboring countriek iAs&. Inspection of
maps of the geographical distribution of fake artesu(sge Figure 2.2) suggests that

there may be two different origins of counterfeit autege, with similarities between the
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samples in Myanmar, the Thai-Myanmar border and northaos in a westerly group,
and similarities between those recovered in southers,Netnam and Cambodia in a
easterly group. Of the 319 samples labeled as made by ®Gdirmaceutical Co, with a
detailed location recorded, there were a significantghén proportion of counterfeit
drugs in the east than in the west (41% (62/151) vs. 79% (133/168)0(91). In
addition, in the west 73% (37/51) of batch numbers used weaéid whereas in the east
only 1.5% (2/128) were invalictt = 107.8, p<0.0001).

Fakes with stickers were only found in Vietham and Cangbadhile those with
holograms were only found in Myanmar and along the Thaaiyar border. Both
stickers and holograms were found in northern and soutterns. All of the different
fake holograms have mis-registration of the outer oifidne Guilin logo and although the
errors differ between all Types, they have been nratlee same way, suggesting the use
of similar technology and machines. Types 2, 3, 5, 7, 1d 1@nwere only found in the
east while 6, 9, and 10 were only found in the west. Typdsdnd 8 were found in the
east and the west but in varying proportions as 82%ypé 1., 17% of Type 4 and 25%
of Type 8 were found in the west. With the exception gpel 4, all counterfeits
containing calcite bore stickers and not fake hologramsveder, the pollen signatures
of Types 3, 11 & 12 (easterly) and 9 & 10 (westerly) weralaimsuggesting that the
manufacturing sites of these two groups may be in the saea of southern China, but
that are parts of separate operations having differemrtbdison networks. Types 8, 11,
and 12 all contain an error in the upper case font fog*Mhd ‘Exp’ suggesting a link
between the producers of these three types. The occeroém Type 10 blisterpack in a

Type 4 box and a Type 13 blisterpack in a Type 9 box suggestsbetlsseen the
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producers and/or distributors of these fakes. All of thislende supports the ‘easterly’
and ‘westerly’ distribution hypothesis.

The existence of two main sources is also suggested by BART DESI-MS
analysis. Metronidazole and artesunate were only foumeesterly group samples while
sulphadoxine, pyrimethamine, erythromycin and erucamides vieund only in the
easterly group samples. Dimethylfumarate (88%), 2-mercapiobhiazole (80%),
metamizole (70%), safrole (67%), acetaminophen (67%) aemneinin (60%), were
found predominantly in the east. Samples containing chldramgol, and chloroquine
were in equal numbers in each geographical group. Counterésuadte (Type 14) was
shown to contain some artesunate on the exteriorcgeusiaggesting that the counterfeit
tablets may have been contaminated with the genuinediegitein the tablet press left
over from the manufacture of genuine product at an unkroeation'®? The presence of
sulphadoxine and pyrimethamine further suggests that the ydwaor been making, or
had access to, sulphadoxine+pyrimethamine, an anti-aadannbination therapy that is
no longer effective in SE Asia. The discovery of slafrie of considerable concern and
interest as it is a precursor in the synthesis of metiegglioxymethamphetamine (MDMA
or Ectasy) and is a banned chemical in the United Nat@@onvention Against lllicit
Traffic in Narcotic Drugs and Psychotropic Substaritesiowever, MDMA was not
detected in or on the counterfeits.

All of the counterfeits purchased from Vietnam, exceptTygpe 12, contained
calcite having C and O stable isotope ratios that arsistent with what would be found
in an area being volcanic in origin rather than thatiwaighg from marine or terrestrial

limestone or tap water precipitation. One such area gaviigh temperature
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hydrothermal calcite is mined in an area west of Nanniragecto the Vietham border
(see Figure 2.2) and the calcite used in Types 2, 4, 5, 8 amél have originated from
these mines.

This combination of excipient composition and palynologguits therefore
suggested that at least some of the counterfeit arteswete coming from southern
China or close to its border with Vietham, Thailand ahganmar. Furthermore, the
evidence suggests that there are at least two distmbutiates followed for these
counterfeit products with westerly origins via Myanmar aaskerly origins via Vietnam
with Laos in the middle, an area of overlap afflicbsdTypes of both groups.

The evidence described here was presented by the Sec@targral of
INTERPOL (Mr. Ronald K Noble) to the Assistant MPSr(Mheng Shaodong) in
March 2006 in Beijing, China. In response, a criminal investigatvas carried out
leading to the arrest of a native of Yunnan Province ,whwas alleged, had bought
240,000 blisterpacks of counterfeit artesunate (Figure C.3) &mative of Guangdong
Province, China, which is thought to be the origin of thesanterfeits. As Guilin
Pharmaceutical Co. Ltd. exported 272,000 blisterpacks to Myanmdarftzailand during
this time, an estimated 47% of artesunate available inmdudket was fake which is
consistent with previous estimates of the proportibfake artesunate in mainland SE

Asian shops.
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Figure C.3. Counterfeit artesunate samples seized during arrests afist reporting of
findings of Operation Jupiter to Chinese governmentiafic

The seized samples appeared to be related to the mphestgmated westerly
counterfeits found in Myanmar, Thai-Myanmar border andsLbearing sophisticated
holograms and without the plethora of wrong APIs (ottlean artemisinin). This
assertion was also supported by the absence of calciteese counterfeits. However,
based upon the findings presented here, there is a strosigiftgsthat there is a second
trade route involving a different group of criminals dsiting and/or manufacturing
fake artesunate, with poor quality stickers and a vaoktyrong ingredients with calcite,
into Vietnam, Cambodia and southern Laos. If this hyggith is correct, future
examination of the prevalence of different types wouwddelzpected to demonstrate a

reduction in the westerly distribution, but not thanigeied by the easterly trade route.
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C.5. Conclusions

This appendix showcases the strengths of combining a pdethfoanalytical
techniques including HPLC, ambient MS, XRD, IRMS, GC ‘hepdcs’ analysis,
palynology and packaging analysis to allow the collectioaetailed forensic evidence to
enable a determination of the source of counterfeisangge antimalarial tablets. Of 391
tablets investigated using these techniques, 196 (50.1%) weven do be genuine
artesunate samples while the remaining 195 samples wereniletd to be counterfeit.
The counterfeit samples contained various wrong activen@eeutical ingredients
including erythromycin (22.5%), acetaminophen (6.1%), artemis(2.6%), safrole
(1.6%), as well as several other compounds. This evidemggested two different
origins of counterfeit artesunate, with similaritiestvieeen the samples in Myanmar, the
Thai-Myanmar border and northern Laos in a westerlygra@and similarities between
those recovered in southern Laos, Vietham and Camabindia easterly group. The
abundant forensic evidence provided by these tools wastadeusly exploited to
initiate a criminal investigation into the critical faketesunate trade. This first led to the
arrest of a native of Yunnan Province who, it wasgat, had bought 240,000 blister
packs of counterfeit artesunate from a native of Guang&wagince, China who was
also arrested. All those arrested are currently bpiogecuted. The international cross-
disciplinary approach presented in this study may be approjmidbe investigation of

other serious counterfeit medicine public health probldsesere.
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