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ABSTRACT: The growing world population puts ewvircreasing demands on the
agricultural and agrochemical industries to increasgcatural yields. This can only be
achieved by investing in fundamental plant and agrochemical research and in the

development of improved analytical tools to support research in these areas.

There is currently a lack of analytical tools that provide-imwasive structural and chemical
analysis of plant tissues at the cellular scale. Imaging technigues such as cohe&tokeasti

Raman scattering (CARS) and stimulated Raman scattering (SRS) microscopy provide label
free chemically specific image conttadsased on vibrational spectroscopy. Over the past
decade these techniques have been shown to offer clear advantages for a vast range of
biomedical research applications. The intrinsic vibrational contrast providesfriedel
guantitative functional analigs it does not suffer from photoblgang; and allows near real

time imaging in 3D with sulicron spatial resolution. However, due to the susceptibility of

current detection schemes to optical absorption and fluorescence from pigments (such as



chlorophyl) the plant science and agrochemical research communities have not been able to
benefit from these techniques and their application in plant research has remained virtually

unexplored.

In this paper we explore thedfect of chlorophyll fluorescence and afstion in CARS and

SRS microscopyWe show that with the latter it is possiliteuse phaseensitive detection

to separate the vibrational signal from the (electronic) absorption processes. Finally we
demonstrate the potential of SRS for a range of amtpl applications by presentingsitu
chemicalanalysis of plant cell wall components, epicuticular waxes,thadleposition of

agrochemical formulationsnto the leaf surface.
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INTRODUCTION

Although resources devoted to plant biology are modest in comparison to biomedical
research, plant biology will play a crucial @ah ensuring the future of mankind. Basic plant
biology and its application will be a major vehicle through which we will insure we can feed
the increasing population, improve human health, meet increasing energy needs and provide a
source of sustainableosteffective materials. Of these challenges food security is the most
prominent. With a rapidly growing world population, increased demand for dugiity
foods and also biofuels the pressure on agriculture to produce enough food is ever increasing.

This is exacerbated by the loss of agricultural land due to erosion and climmgueaved plant



breedingand crop protectionis needed to meet these challenges and this can only come

through fundamental plant science and agrochemical research.

A major challege in plant and agrochemical researshto measure heterogeity in
chemical composition at the swbllular scale Hencethere isa clear need to develop
improved highresolution non-destructive, analytical techniques tbat providequantitative
microanalysisof both cellular structureand chemical compositiom live plant tissues.
Having theability to map chemical composition in this waspuld represent a major advance
in research capability across all areas of plant sciespzening fundamental plant biology;

crop sciencgindustrial biotechnologyagrochemical resear@md biofuel production.

Techniques based on vibrational spectroscopy proviggtunchemical analysis derived
from the vibrational frequencies of molecular denHowever, due to water absorption and
the intrinsically low spatial resolution associated with the long infrared wavelengths required
to directly excite molecular vibrations infrared absorption techniques have limited value for
bio-imaging. Raman scatiag however, provides analysis of IR vibrational frequencies by
examining the inelastic scattering of visible (or near IR) light. The Raman scattered light is
frequency shifted with respect to the incident light by discrete amounts which correspond to
molecular vibrational frequencieblowever,Raman scattering ia weak effectwith typical
photon conversion efficiencies in biological materials of the order ofLD'h This limits the
in vivo applicatiors of Raman since long acquisition times (@ to k per pixel) at
relatively high excitation powers are requireddetectmost biomolecules with sufficient
sensitivity. However novel techniques involving multiple foci have the potential to reduce

imaging time$. This lack of sensitivity is compounded Iblye susceptibilityof Raman



scatteringto interference from autofluorescenaehich overwhelmshe Stokesshifted light
andvirtually prohibits its application ifiving plant tissues.

Far stronger Raman signals can be obtained using coherent Ramaimgo@@RSy. CRS
achieves a signal enhancement by focusing the excitation energy onto a specific Raman
mode.Pump and Stokes bean wi t h f p & 1 di ,egpectivelys areyincident upon
the sample with t he sfhosegto matcthg madecufarf vibratenalc e ¥
frequency of interest. Under this resonant condition bonds are coherently driven by the
excitation fields and a strong ndinear coherent Raman signal is produd&then applied in
microscopy format CRS benefits from the Aorear nature of the process which confines the
signal tothefocal spot (which is typically sulmicron for high numerical aperture objectives)
that can be scanned in space, allowing taliegensional mapping of bimolecules with sub
micron resolution. NearIR excitation wavelengths can be employed which reduce
photodamage and increase depth penetration into scattering tissues; since the CRS process
does not leave sample molecules in an excéksttronic state it does not suffer from
photobleaching.

CRS wasfirst introduced as a microscopic technique by Duncan et al in®i88&hich
coherent antBtokes Raman scattering (CARS) was shown to provide vibrational imaging of
biological samples. When these techniques were combined with more practicésiltiR
laser systems by Zumbusch et al in 1089 potential for a highly sensitive imaging
technique was realizedCARS imaging uses the anistokes signal generated at frequency
Yas= RI1¥ sywhichis spectrally isolated from the pump and Stokes beamsajw tire
location of biomolecules of interesOver the past decade significant research activity has
focused on the technical refinemeniGARS microscopy which has allowed-invo imaging
of neurons in rodentsembryogenesis in zebraffstand skif. Despite thegreatpotential of

CRS as an analytical imaging tool for plant biology, very little work has been published in



this area. This is due tthe extremely strong optical absorbance and autofluorescence in
plants which makeshemically specific imagm with CRS extremely challenging. The
autdluorescence from plants enables high resolution structural imaging, but with a wide
range of fluorophores emitting at the similar wavelengths this data is not chemically specific.
In spontaneous Raman and coheamti-stokes Raman the chemically specific information
from the molecular bond vibrations is weaker than the fluorescence. Therefore most
successful CARS studies on plants hbaised on structures away from the main sources of
fluorescence for example idd stem§ plant rootd, bulbs tubers and fruit€ and waxes
striped away from the leaf surfdéeFrequency modulated coherent Raman techniques are
more promising for imaging in planta and the applications of this have been demonstrated
with stimulated Raman scattering in stefsand frequency modulated CARS in corn

leaved?,

Stimulated Raman ScatteringRS has recently been reported as alternative CRS
technique thatelies on detecting subtle changes in the intensities of the excitation fields that
occurby virtue of stimulated excitatidh®™>. When t he di f fie renaahes f r e g
a molecular vibrational frequency the intensity of the Stokes bearmaxperiences a gain,
¢, while the intensity of the pump bearp, | e X p e r i e n.cThesinteasityl transfer , ml
from the pump to the Stokes beam only occurs when both beams are incident upon the
sample and can be detected with high sensitivity using modulation transfer detection.
Modulating the intensity oéitherthe pump orStokes beam nuulates the SRS process and
can be detected as gain (Stimulated Raman Gain, SRG) in the Stokes beam or a loss in the
pump beam (Stimulated Raman Loss, SRIhe amplitude of the transferred intensity

modulation is directly proportional to the concentratioh target molecules and by



modulating at frequencies above laser noise (>1 Mhiz)ignakan be detected with a lock
in amplifier with great sensitivity (1 in £@hotons)®.

Since SRS is detected at the same wavelength as the excitation fieldstiaffected by
fluorescent emissignhowvever, SRS can succumb to interference from strongly absorbing
compounds. Singteor two- photon electronic absorption of either the pump or Stokes beams,
despite reducing their intensity, does not produce a modnlatansfer between the beams
since there is no temporal correlation between the absorption of the different wavelengths and
therefore does not interfere with the SRS signal. Howevercolar two-photon absorption
(TPA) of the combined pump and Stokesitms does result in modulation transfer since their
combined absorption can only occur when both beam are incident upon the sample. In most
samples this i& weak effect, however in plant tissues the optical absorption is sufficiently
strong across a broagbectral range and TPA overwhelms the SRS sigigilire 1 shows a
schematic of th&€€ARS, SRS and TPA processes and treffect on the detected intensity

transfer.
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Figure 1. Schematic illustration of the CARS and TPA processes. (a) shows the energy leve
diagram for CARS, SRS and TPA, (b) the input and output spectra of the three processes, and

(c) the detected modulation transfer signals for SRS and TPS.

In this paper we explore the issues associated with performing QR&itaby compamg
the origh of the background signals thahder bothCARS and SRS imagg. Weshow that
with the latter it is possiblese phassensitive detectiomo separate the vibrationaignal
from the(electronic)absorptionprocessedr-inally we demonstrate the potentafl SRSfor a
range of in planta analysis applications by preseniimgitu analysis of plant cell wall

componats,epicuticular waxes, and the deposition of agrochemaris the leaf surface

METHODS:

Multimodal Non-linear Optical Microscopy

Laser sources:

A combination of two laser systems were used for coherent Raman excitation. The first

system was comprised of a Nd:Vanadium mecond oscillator at 1064ngpicoTrain highQ



laser) and an OPO (Levante Emerald, APE) wiels pumped by the frequendoubled

output of the picoTrain laser. This systevas used for CARS an8RL where the 1064nm
output from picoTrain lasewas used as the Stokes beam and the signal from thev@®O

used as the pump beam. For SRL Stokes beasnmodulated at 1.7MHz usiran electro

optical modulator (EOM) (Leysop EM200). For SRG a Ti:Sapphire laser (Mira, coherent)
operating in picesecond mode at 770nm was used as the pump beam. The pump beam was
modulated at 1.7MHz using an acoustic optical modulator (AOMO -3@20 Crysal
Technology) and 80MHz driver (AODR 1080A41F0-1.0, Crystal Technology). The signal
output fromthe pico-second OPO was used as Biwkesbeam, this was tunable to allow
different Raman shifts to be accessed. The pump and Stokes hesensollimatedon
separate telescopes and then combined at an 850nm short pass dichroic filter. The
Ti:Sapphire laserwas locked to the picoTrain laser via electronic synchronization
(Synchrolock, CoherentY.he optical table saip is summarized in figure 2.

Microscopy

All imaging was carried out on a modified etotal laser scan unit (Flouview 300
Olympus) and an inverted microscope (IX71 Olympus). This system was capable of CARS,
TPF, SHG and SRS imaging and was also coupled to a spectrometer to allow micro
spectronetry. The light was focused onto the sample using a 60X 1.2NA water immersion
microscope objective (UPlanSApo, Olympus).

SRS was detected in the forwards direction using a Si photodiode (FDS1010 thorlabs) with
a 70V reverse bias. The forward propagatgttlwas collected using a 100X 1.4NA oll
immersion microscope objective (UPlanSApo, Olympus) for thin samples and a 60X 1.0NA
water immersion (LUMFI, Olympus) microscope objective for thicker samples. To suppress
the strong signal due to the laser pulsstig6MHz, the output current was filtered by a low

pass filter (minicircuits, BLR1 . 9+) and then ter mi nat-cgiode by

a



was connected to a radio frequency lackamplifier (Zurich instruments, HF2L1 Logk
amplifier) which detect# the modulations in the at the 1.7MHz frequency. This allowed both
the amplitude and the phase of the modulations to be rec@deius integration time was
chosen on the loek amplifier and this resulted in a 13s frame rate for 256x256 pixel images
and a 53s frame rate for 512x512 pixel images. For SRG the pump beam was blocked from
the photodiode by an 850nm long pass filteq850Ip) and the Stokes beam was detected
allowing Raman shifts from 1268000cn+ to be probed. FOBERL the Stokes beam was
blocked with a band pass filter (CARS 890/220nm, Chroma technologies) and the pump
beam was detected.

CARS or TPF images were simultaneously detected in thdiegmtion using a 750nm
long pass dichroic (750dcxr Chroma) and two filters centered at 6686MO(IF 40D Ealing
Inc) to separate the signal from the laser fundamental.

Spectra were acquired using a spectrograph (Andor Technology sham@3i)sand a
CCD camera (Andor Technology IDUS) cooled-65°C with a 150 I/mm grating with a
blaze at 800m. The light was collected in the epi direction and to block any laser
fundamental from reaching the CCD camera filters were placed in front of the spectrometer.
Spectra were taken using a variety of excitation wavelengths that corresponded to those used

to excite for coherent Raman scattering.
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Figure 2. A schematic diagram of the imaging system for coherent Ramakor SRL imaging the
pump beam is the signal from the OPO and the Stokes beam is 1064nm. For SRG imaging the

pump beam is 770nm and the stokes beam is the signal beam from the OPO

Spontaneous Raman

Spontaneous Raman spectra were obtaineddlactedagrachemicals, their formulations
and purified plant components using a Renishaw RM1000 Raman Microscope (Renishaw plc,
UK). This contained a 785nmiode continuous wave laser with a maximum power at the
sample of 300mW and a spectral grating with 1200 linesimhich gave a spectral resolution
of 1 cm?,

Sample preparation

Maize ¢eamay9 and cotton Gossypiumhirsutunm) plantswere propagated in a green
house. Three agrochemical®re investigated in this study chlorothalgréizoxystrobin and
deuerated glypbsate. Azoxystrobin and chlorothalonil were prepared isoktion of
1mg/ml in a solentof 20:80 acetone: watevith 0.05% TweenDeuterated glyphosate was
preparedat a concentration of 100mg/ml @n aqueous solution witfi% tallow amine
formulation. Aser i es of 2 0 eath obthe prepghred golutievieie applied to
the adaxial leaf surface. The leaves were treated 24hrs prior to imaging for azoxystrobin and

chlorothalonil and 30minutes prior to imaging for deuterated glyphosate. For gn#gn



leaves were mounted between 2 coverslips using perfluorocarbon as a mountimgrfnedi
The concentrations of azoxystrobin and chlorothalonil used here are comparable to some
typical field rates 1 mg/ml and 3 mg/ml respectively. The concentratiodeaferated

glyphosatenas approximately 20X higher than the typical field rate.

RESULTS:

To illustrate how autofluorescence prohibits CARS microscopy in plagaes 3A-C
showimages of a cotton leaf. When either the pump or Stokes beams are blocked a strong
TPF signal remains, indicating that the image is dominated by autofluorescence and contains
virtually no vibrational data.

Emission spectra of the autofluorescence exaitgdg both the pump and Stokes beams
(figure 3E) confirm the spectral overlap with the CARS emission. The strong peaks at 680
and 730nm correspond to chlorophyll fluorescéhte The fluorescent emission is
sufficiently intense that no anitokes signa(expected at 660nm corresponding to CH
vibrations) can be seen. Figure 3F shows that additional weaker fluorescence was also
detected from the chloroplasts at %® O n m ( at t carotbne,trileotlavirt, BAD fand
FMN'®) and from the leaf hairs and lcewalls at around 500nm (attributed to
hydroxycinnamic acid$ or ferulic acid). Due to the narrow band nature of the Bttkes
signal the relative contribution of the broad band TPF signal can be reduced by applying a
narrow band pass filter, howewis cannot completely separate out the TPF signal and also

complicates tuning between different Raman bands.

The autofluorescence covers a broad spectral range making it challenging to find a window
in which to carry out CARS imaging. If shorter pump and Stokes wavelengths are chosen the

anti-Stokes signal will ndonger overlap with the chlorophyll emission, rexer the other



fluorophores identified in figure 3F will cause interference. On the other hand, if the anti
Stokes wavelength is greater than 800nm then in principle it could be isolated from
background fluorescence, however when imaging at the longetemgties water absorption

can become a problem as imaging Raman shifts in the CH vibration region will require a

Stokes beam greater than 1500nm.

Figure 3D shows an SRL image acquired simultaneously with the CARS images. Since
stimulated Raman is detectad a change in intensity of the pump or Stokes beams, which
are spectrally distinct from the twmhoton excited autofluorescence, no background
autofluorescence is observed. Here the cell walls are clearly delineated basedG#h the
stretching modesThe @Il wall signal is shown to vary witlrp T s ¢fig 4A), moreover,
when¥p T s tuned away from the CH Raman band the sighshppears, which is
consistent with the backgrouficke purely vibrational response indicative of SRS. The
chloroplasts also féare strongly in figure 3D, however, despite being rich with CH bonds,

they exhibit virtually no spectral dependence.
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Figure 3. A-C) images of a cotton leaf taken with the CARS PMT (emission filter 660nm
40nm FWHM) with laser excitation from A) both pump and Stokes beams, B) Stokes beam only
and C) pump beam only. D) SRS image of the same area (when pump or Stokes beam were
blocked the signal disappeared (data not shown)) E) Fluorescence spectrum of chloroplasts
excited by a combination of 813 and 1064nmump and Stokes beams. (Here the green shaded
area indicates the transmission range of the filters used for CARS imaging) F) fluorescence

from cell walls and chloroplasts at shorter wavelengths (excited by 813nm light)

To investigde the origin of the anvibrational contrast from the chloroplasts in the SRL
channel it is useful to examine the phase of the signal with respect to the amplitude
modulation of the Stokes beam and its dependence on excitation power. Figure 4B shows that
the chloroplast signak in phase with the SRL signal in the cell walls, indicating that the

origin of this signal is also a loss proce$ie chloroplast signal followea linearpower



dependencdor both the pump andtokes beamgfigure 4C and D)which follows the

expected trend faa two-color two-photon absorption (TPA) procéés
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Figure 4. TPA and SRL in planta excited using pump and Stokes beam 813 and 1064nm) A
spectra from the cell walls and the chloroplasts (the cell walls show a strong spectral
dependencewhereas the signal from the chloroplasts showttle spectral dependenceB) Phase
of chloroplast and cell wall signals feferencedto the modulation phase ofthe Stokes beam) C)
power dependence of chloroplast signal on pump bea(tokes beam kept congnt at 17.5mW)

D) power dependence of chloroplast signal oBtokes beam power (pump beam kept constant at
50mWw)

Figure 5A) shows the phase of the signals from cell walls #r&ichloroplast measured
using SRG.In this arrangement the chloroplast sigaglbears approximately30° out of
phase from the cell wall signalwo-color TPA, alone would appear exactly1l8(° to SRG
since the processes manifest in a loss and gain of the Stokes beam respectively.

The discrepancy in phase can be explained by-plaion photothermal lensing
(TPPLY?23 Local heating resulting from resonant tplooton absorption of the pump beam
causes a refractive index gradient, which results in a deflection of the probe (iasthithe
Stokes) beam that is detected as a loss in intensity. Although TPPL produces as loss in the

probe intensity, the thermal gradient builds up during pulses resulting in a peak signal that



does not necessarily occur in phase with the pump beam moduldhe phase delay
between the pump and probe is dependent on modulation frequency and the thermal
properties of the sample and can in principle produce an arbitrary phase shift in the loss

signal.

To confirm the presence of TPPL the chloroplast sigreed measured when the pump and
Stokes beams were desynchronised. For both SRL and SRG some signal remained when the
beams were no longer temporally overlapped. -Talor TPA requires the beams to be
temporally overlapped however degenetaste-photon phadthermal lensing can still occur
when the beams are desynchronized. The signal detected in the absence of a temporal overlap
must therefore be due to photothermal effects. The photothermal effects are much stronger
for SRG compared to SRL (this is indiedtby the large phase shift seen in figure 5A). This
is due to were the twphoton absorption wavelengths of the modulated beams fall on the
absorption spectrum of chlorophyll. For SRL the modulated beam (1064nm) corresponds to
532nm where the absorptiori both chlorophyll a and b is weak, however for SRG the
modulated beam (770nm) corresponds to absorption at 385nm which is close to a peak in the
absorption of chlorophyll a.

Mapping the modulus and the phase of the SRG channel (figure 5B and 5C regpectiv
provides a useful visualization of the differences in signal origin from different leaf
componentsFigure 5C clearly highlights the difference in phase between the chloroplasts
and cell walls. It shows a range of different phases in the chloropjast,sndicating that
the ratio of TPPL to TPA differs between individual chloroplasts. This may relate to
difference in the ratio of chlorophyll a:b. The peak of absorption of chlorophyll a is blue
shifted with respect to chlorophyll b. Consequently tiwe-photon absorption of the pump

(at 385nm) will be strong for chlorophyll a but very weak for chloroph$fl Bherefore a



relative increase in the ratio of chlorophyll a:b will result in increased TPPL and an increase
in temporal lag. Combining the mdds and phase data enables image contrast to be
generated at any specified phase and by selecting phases corresponding to SRG and
TPA/TPPL enables the chloroplast and the coherent Raman signal to be separated as shown

in figures 5DF.
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Figure 5. The use & phase to separat&SRG and TPA. A) phase dependence of chloroplast signal
and the SRG from the plant cell walls. B) and C) Images showing the modulus (R) and the
phase of the signal for a maize leaf. &) 3D reconstructions of a maize leaf showing how the
SRG and the TPA signal can be separated by phase sensitive imaging. D) SRG from the CH
vibration in the cell walls and E) TPA from the chloroplasts. F) merged image showing SRG
(green) and TPA (red)

Chemically-specific structural imaging and analysis inlgnta

To exemplify the use of SRfer fresh plant tissues on the cellular scale, we performed
structural and chemical analysis of epicuticular waxes and cell .vidtiderstanding the
structural and chemical composition of cuticle waxes is of particulareisito agrochemical

applications as both the epicuticular wax and the cell walls are bamhérk agrochemicals



must cross in order tenterthe plant. They also provide much of the pfamtatural defenses
against pthogensand diseaseMicroscopic clemical analysis ofhe cell wall composition

has a wide variety of plant biology applications ranging from fundamental questions relating
to plant growth and biochemical response to pathogens and commercial R&D applications
such adiber processing fothe biofuelandmaterials industry

Figure 6AD) showsSRL images and spectra of cell wallsquired ovethe CH regiorof
maize and cottanThe SRL spectra are overlaid with thgontaneous Ramaspectra of
cellulose and pectin (maj@omponents of the cell wal The principlespectral components
correspond to those in currditeraturé®26 Analysis of theSRL spectra acquired from the
cell wall providesan indication of the composition and from figut@ &nd Dit canclearlybe
seen todiffer between the two crop plants investigated.

The epicutular waxes again gave a strong signal in the CH region with a strong peak at
2840cmt from the symmetric CHstretch and an even stronger peak at 2870ftom the
antrsymmetric CH stretd (see figure 6H)To provide complementary data on both the cell
walls and waxes images were taken at both 284¢figure 6F) and 2930cr(figure 6E). At
2930cmt only the cell walls are visible however at 2840ciihe wax crystals appear.
Imaging at tlese twowavenumbersnables these two chemically different structures to be
identified.

Another important component of some plant cell walls is lignin, which is primarily found
in the stems and woody parts of plants but also in the xylem vessels witHeatheins.
Lignin has a strong Ramanodeat ~1600cm® which is attributed téd C=C- stretching in the
phenyl group$'2?6 Using SRL we are able to image the lignin distribution at a leaf vein
(figure 6 FK). The image taken at 2930¢nshows the struate of the cell walls in the leaf
vein and surrounding tissue; whereas the image taken at 180fwws that the lignin is

localized within the leaf vein.
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Figure 6. SRL imaging provides structural and chemically specific information on untreated
leaves. A) and B) images of cells walls in the upper epidermis of maize and cotton taken from
the spectra data set at 2930cth C) and D) the SR. spectra of cotton and maize ovethe CH
region overlaid with the spontaneous Raman of cellulose and pect{®RL spectra are acquired
from the entire field of view). E-G) images of the surface of a maize leaf taken at 2930¢rand
2840cmt giving contrast for the cell walls and waxes resgctively (in merged image 2930cm is
green and 2840cm is red). H) Spontaneous Raman of purified wax from a maize leaf overlaid
on the spectra of maize cell walls.-K) Imaging of vascular bundles in a maize leaf vein at the
2930cm* CHj3 vibration and the phenyl stretching vibration at 1600cmmt (in merged image
2935cm’ is red and 1600crt is green) L) SRL spectra of the lignin peak around 1600cm

(acquired from the central region of image6J)

Agrochemical Imaging
To demonstrate the potentapplication of SRS as an analytical tool for the agrochemical
industry we investigated the deposition and uptakevofdaommercially available fungicides

azoxystrobin and chlorothalonil. Both these compoutide many agrochemicalgontan



C [ Nyroupswhich give rise to a strong Rambéand n the so-called silent regionwhich is

devoid of naturally found resonances and facilitates their detection within biological tissues

(see figure A) . The CIN peak position differed sl
reflecting differencesn molecular compositiorand was found to be at 2225c¢imand

2234cmt for azoxystrobin and chlorothalonil respectively. These were significant enough to
enable us to differentiate chemically between the compowitdsSRL imagingasshown in

figure 7B. SRL was used to image leaves treated with each of these fungicides and this
revealed crystalline deposits of the chegthon the leaf surfacehiTe CI N vi br ati on
to visualize the agrochemical crystals and thes @idrations at 830cm’® gave structural

information onthe cell walls
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Figure 7. Two fungicides azoxystrobin (az) and Chlorothalonil (chl)applied to maize leavesA)

SRL and spontaneous Raman o&zoxystrobin and chlorothalonil showingt h e

CI N

peak,

the peak is sightly different between the 2 chemicals (2225crhfor Azoxystrobin and 2234cmt

for chlorothalonil) B) SRL Image of a mixture of AZ and CHL showing that we are chemically

specific between the 2 Als (here red is AZ imaged at 2225¢nand blue is CHL imaged at

2234cmt) C) Chlorothalonil applied to a maize leaf(blue = SR. at 2234cm! f r o m

t he

bond, green =SR. at 2930cm' from the CH3 vibrations) D) Azoxystrobin applied to a maize leaf
(red =SRL at 2225cm!f r om t he CI N bLcan2830cmyfrora thenCHz\ibRitions)

(note that in this section the azoxystrobin crystals appear yellow/orange as contrast from both

the CH bonds (green) and CN bond (red) has been combined

Many agrochencals do not contain Raman vibrations within the silent regida. aid

ClI

chemically specific imaging of these compounds deuterium labeling was investigated.

Replacing hydrogen atoms with heavier deuterium replaces thdaiid (~2850cn) with

the redshifted CD band (~2100cn) situated in the sileregion and hencallowing similar

N

N



spectral isolation from biological tissues as the CN band. Since deuterated compounds have
been shown to exhibit comparable transport and uptake as thehdenterated
counterparts-?8this technigueh as gr eat pot eanbtelad faosr as tsuud ytianb
kinetic£%°. We applied deuterium labeling to the widely used herbicide glyphcEhis
introduced GD vibrational peaks at 2164cn2214cm' and 2248cm (see figure 8 andB).
Glyphosate is often applied witha formulaton thataids its transfer across the waxy cuticle

The Raman spectrum of one sdohmulation matrix (shown in figure 8) exhibiteda strong
contribution from the CHsymmetric stretch at 2850chenablingSRG to easily differentiate
between the deuterateglyphosatethe plant structures and formulati¢gghown in figures

8E). At 2850cmt the rectangular crystal appears darker than the surrounding formulation,
some SRG signal is detected from the crystal as it is not fully deutetat2tio4cmt there is

SRG signal from the crystal along with additional signal from the formulation and the edge of
the formulation. This suggests that there is some deuterated glyphosate dissolved within the
formulation and possible glyphosateamystallzation on the formulation surfack figure

8C the plant cell walls are visualized using TPF. When imaging with shorter wavelengths this
strong signal provides an alternative to SRS for the complementary structural imaging and

may be preferable as it alis faster imaging speeds.
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Figure 8. Deuterated Glyphosate application with formulation onto maize leaves A)

spontaneous Raman spectrum of deuterated and nesteuterated glyphosate showing
the peaks generated in the silent region by deuteration (inseteWs the Hydrogen atoms
within the molecule which have been replaced with deuterium) B) SR spectra of the G
D peaks in the deuterated glyphosate. C) Deuterated gylphosate crystals omaizeleaf
(red = glyphosate, green = cell walls (TPF). D) spontaneoU®aman spectrum of
glyphosate formulation showing a very strong peak at Z®cm? corresponding to CH
vibrations in aliphatic chains. E) imaging deuterated glyphosate (2164cH and
formulation (2850cnT!) applied to leaves in the merged image blue = 2850¢rand red =

2164cmt.

CONCLUSIONS

There is a clear need for techniques that combine structural imaging veitlh ichemical
analysis of plant materials with sw@lllular spatial resolution, and in this paper we propose
that coherent Raman scattering offers a solution. We have demonshatedhile CARS
microscopyin living plantsis prohibited by chlorophyll autiuorescere that spectrally

overlaps theanti-Stokes signal, the modulation transfer detection scheme usedGRB



imaging is not affected. SR$loes howeversuffer from twephon absorptionof the
combined pump and Stokes beams and that for shorter pump wavelengtid)otao
absorption of the pump beam causes interference due to photothensia We have
shown that with phasgensitivedetection of the SRGignal it is pasible to separatthe
chemically specifiSRS signal fromthe TPA and TPPLMoreover, the relative phases of the
TPA and TPPL themselves proved useful information regarding the specific type of
chlorophylls present within plant cells. We exemplified thdity of the technique for
performing insitu structural and chemical analysis in living plant tissues by performing both
structural and chemical analysis gint cellwalls andepicuticularwaxesand toimage a
rangeagrochemicls and formulation compaus on fresh plant leavesPerforming spectral
scans or tuning between specific wavelengths allowed us to identify between different
chemical compounds.

The in planta imaging applications reported in gtisdyrepresent only a small fraction of
the potentl areas in which SRS could be applied. It is anticipated that the simple detection
and analysis technique reported here can be applied to a wide range of research applications

in the plant sciences.
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