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Photodynamic therapy byin situ nonlinear
photon conversion

A. V. Kachynsk¥, A. Pliss, A. N. Kuzmirt, T. Y. Ohulchanskyy; A. BaeV, J. Qé* and P. N. Prasat*

In photodynamic therapy, light is absorbed by a therapy agent (photosensitizer) to genete reactive oxygen, which then
locally kills diseased cells. Here, we report a new form of photodynamic therapy in which nonlineaptical interactions of

near-infrared laser radiation with a biological mediumin situ produce light that falls within the absorption band of the

photosensitizer. The use of near-infrared radiation, followed by upconversion to visible or utaviolet light, provides deep

tissue penetration, thus overcoming a major hurdle in treatment. By modelling and experimeniwve demonstrate activation
of a known photosensitizer, chlorin €6, byin situ nonlinear optical upconversion of near-infrared laser radiation using
second-harmonic generation in collagen and four-wave mixing, including coherent anti-StokéRaman scattering, produced
by cellular biomolecules. The introduction of coherent anti-Stokes Raman scattering/four-ave mixing to photodynamic
therapy in vitro increases the ef‘ciency by a factor of two compared to two-photon photodynamic therapy ne, while

second-harmonic generation provides a “vefold increase.

rom a photoexcited sensitizer molecule (PDT drug or agent) tioe susceptibility of tumours to CARS-enhanced PDT, when

generate highly cytotoxic singlet oxyge®4) to destroy a excitation frequencies are tuned to the vibration resonances of
tumour'-® The scope of PDT can be signi“cantly expanded libid biomolecules. Furthermorén situ generation of CARS by
near-infrared (NIR) photosensitization is used, because it utilizzslular membrané%?®can cause additional damage to a diverse
the biological window of maximum optical transparency and praange of subcellular organelles, where singlet oxygen enables
vides deep tissue penetration, enabling the treatment of remotehmhly localized PDT.
thick tumour<. However, the design and synthesis of photosensiti- Propagation of NIR radiation through a biomedium and gener-
zers that absorb light in the NIR are restricted since (i) stable N&Ron of photoexcitation lighin situ within the malignancy is
absorbing photosensitizers are notoriously dif‘cult to synthésizaccompanied by minimum optical losses (due to scattering and
and (ii) the triplet electronic energy level of the photosensitizabsorption) in reaching the photosensitizer, permitting deeper treat-
must be higher than the singlet energy level of the oxygen mdlecuteent than with conventional PDTn situ generation of spectrally
One approach to overcoming these limitations is to make use of Niiable light by the biological medium allows for NIR excitation
two-photon excitation of photosensitiz&ré®Because photosensiti-of a broad range of currently available photosensitizers, without
zers typically have low two-photon cross-sections, modi“cation affecting their structure and properties. Furthermone, situ
their structure to produce stronger two-photon absorption, aronversion of incident NIR radiation occurs in a highly
coupling them with other strongly multiphoton absorbing speciecalized area, increasing the spatial resolution and speci“city
is necessary for two-photon PDT to be succe¥sfifl However, of the PDT, which can be valuable for ophthalmologic and
these approaches may affect the pharmacokinetics of tieurological applications.
parent photosensitizer. Here, we present a theoretical assessment of the ef“cacyiof the

In this Article, we propose a radically different approach,time situ generation of nonlinear optical signals for PDT initiation, as

situ generation of light by nonlinear optical interaction of incidentvell as experimental veri“cation of the proposed approach; these
NIR laser radiation with a natural biological medium at the wavere in good agreement and validate our concept. We identify and
length that falls within the intense one-photon absorption bandiscuss the optimization of various parameters for enhancing the
of the PDT agent. We demonstrate ef‘cient PDT drug activatiggroposed nonlinear PDT.
with NIR laser radiation and its nonlinear optidalsitu upconver- A commercial photosensitizer, chlorin e6 (ref. 27), with absorp-
sion by (1) second-harmonic generation (SHG), a second-ordiemn bands peaking at400 nm and 665 nm, was used to demon-
nonlinear optical process occurring in collagen, which is abundasttate the proposed PDT. Three different nonlinear optical
in tumourg®?! and (2) four-wave mixing (FWM), including upconversion mechanisms for PDT initiation were studied com-
coherent anti-Stokes Raman scattering (CARS), a third-ordmaratively: (1) direct two-photon absorption (TPA) in the photosen-
nonlinear optical process produced by biological constituents susitizer; (2) CARS and associated FWM produced by the natural
as proteins, lipids, nucleic acids and aquatic biological envirantracellular macromolecules (proteins and lipids), with subsequent
ment$?2 CARS microscopy reveals excessive accumulationoné-photon excitation of the photosensitizer; and (3) SHG in col-
lipids into tumorigenic lesior§ probably caused by upregulationagen and subsequent one-photon excitation of the photosensitizer.
of lipogenic enzymes, uptake of lipoproteins through the lowhe nonlinear optical interactions utilized for optical signal gener-
density-lipoprotein receptors and/or the invasion of lipid-loadedtion are presented in Fig. 1.

Potodynamictherapy(PDT) generally involves energy transf@acrophageé4 These high contents of lipids will promote
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Figure 1 |Nonlinear optical mechanisms for PDTa.c, Excitation with TPA &), CARS/FWM (b) and SHG €). ISC, intersystem crossing; IC, internal
conversion; ET, energy transfer.

Theoretical consideration whereh is the conversion ef‘ciency anglis the incident irradiance.
The one-photon PDT ef‘ciency can be modelled by using the exti-the case of CARS/FWM, the corresponding conversion ef‘ciency
tation ef‘ciency of the photosensitizer, which, in turn, equals ttie given by°
relative number of photo-excited molecules per unit volume. The
one-photon excitation ef‘ciency is given by

_ bV 2
heargrwm = n 51(2?22 3x® |§ L? ©)
z= sllloc (1) a
Ghv

wherev . is the anti-Stokes laser frequeng{? is the third-order
wheres;, is the linear absorption cross-section of the photosensitienlinear susceptibility of cellular conteift2! n,is the refractive
zer8 Gis the lifetime broadening (half-width at half-maximum) ofindex at the anti-Stokes frequendy, is the permittivity of free
the excited singlet statk,is the reduced Planck constamt,s the spacecis the speed of light and is the FWM interaction length
angular frequency, antj,. is the local irradiance of light being (twice the Rayleigh rangeg, for a tightly focused Gaussian
absorbed by the photosensitizer moleculgs.is a function of beam). Our estimate of the interaction length utilizes a raw approxi-
many variables characterizing a speci‘c nonlinear process genemation assuming a uniform “eld within the interaction volume,
ing light for linear absorption (Fig. 1). Without loss of generaljfy, perfect phase matching and the absence of any additional threshold.

can be represented as The interaction length thus depends only on the radius of the beam
waist. The conversion ef“ciency is enhanced if molecular resonances
loe = loh (@ such as in CARS are utilized, due to resonance enhancement of the
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Figure 2 | Experimental design for nonlinear excitation of PDTa, Nonlinear excitation diagrams. Left: laser pulses with zeroagilocused on the cultured
cells. Middle: delayed pulses focused in cell cultures. Right: 818 nm laser pulses focused in caladexxciting PDTb, Scheme of the experiment.
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Table 1 | Chlorin e6 excitation ef‘ciency (16 8). — Delayed laser pulses (TPA)

—— Zero-delayed pulses (CARS/FWM/TPA

Gaussian beam waist radius (nm) 250 500 300
TPA 0.031 0.002
CARS/FWM 2.032 0.508
SHG 0.085 1.353

N

o

o
|

Laser power of 200 mW (400 mW for CARS/FWM).

electronic third-order nonlinear susceptibility® (Fig. 1b). The
FWM excitation can also be accompanied by TPA (Fig. 1a). In
the case of SHG (Fig. 1c), the conversion ef‘ciency is given by

Intensity (a.u.)

100

_ 2V
hSHG - n31(2)§

x@ 212 )

wherevg,is the frequency of the second harmomids the refrac- 600 650 700
tive index at the fundamental frequenay? is the second-order Wavelength (nm)
nonlinear susceptibility of the medium (collagen triple helix,

molecular weight of 400 kD¥)and d is the beam divergence b —— Monomeric collagen (TPA)
parameter, equal to the squared ratio of the Gaussian beam waist — Fibrillar collagen (SHG/TPA
W, to the beam radius at a distanBefrom the focal plane. The 1
divergence parameter accounts for the fact that SHG takes place

in the interior of the collagen layer, relatively far from the photosen- 200
sitizer @ ¥412mm, Fig. 2). In contrast, CARS/FWM occurs in close
vicinity to the photosensitizer, inside the cells. To compare the rela-
tive ef‘ciencies of CARS/FWM and SHG PDT with direct two-
photon PDT, we estimate the two-photon excitation ef‘ciéacy

100

Intensity (a.u.)

. (5)
27 2Ghv

wheres, is the direct (simultaneot® TPA cross-section of the
photosensitizer. Equations (1) and (5) are derived under the 0 “pisidtel e hamitonind s ‘ ‘
assumption of quasi-continuous-wave (c.w.) excitation and moder- 400 420 600 650 700
ate irradiances (200 mW average power) to exclude saturation Wavelength (nm)
effectd. The results are summarized in Table 1.
Here, we used the chlorin-e6 TPA cross-section, computed whtibure 3 | Contributions of CARS/FWM and SHG nonlinear optical
time-dependent density functional theory at the CAM-B3LY P/@onversions to chlorin 6 excitationab, Fluorescence signals from buffer
31G* level in DaltofPin the gas phase, with the geometry optimizesplution of chlorin e6 on top of a thin lipid layer, with excitation by 818 and
in vacuum at the HF/6-3fh G* level. This computed value is twicel,064 nm laser pulses with zero delay to achieve a resonance anti-Stoke
the experimental value reported at 800 nm (ref. 36). CARS/FWM signal at 665 nm (red curve) or with laser pulses delayed by
It should be noted that in the case of PDT induced by SHG, theps (black curve) @), and on top of a thin collagen gel layer that generates
second excited singlet statgoBchlorin e6 is populated, as opposea strong SHG signal at 409 nm (red spectrum) or over monomeric collagen
to S as in the case of CARS/FWM (Fig. 1). Because internal convlack spectrum), which generates only negligible levels of SHG and
sion (IC) of Sto S is in general fast (on the order of picosecondsproduces a "uorescence signal only by TPA excitation of buffer solution
this difference in initial excitation should not matter. In the case of{lack) (b).
tightly focused beam (waist radius of 250 nm), CARS/FWM gener-
ates a more ef“cient photoexcitation of the photosensitizer accolcaser pulses were synchronized in time, either with zero delay to
ing to our model. When the focal spot is enlarged (500 nm radiugkhieve the CARS/FWM/TPA mode, or with a 5 ps time delay to
SHG begins to dominate, although CARS/FWM is still pronouncedisable CARS/FWM interactions in the lipid layer, while retaining
In both cases, the contribution of situ generated light to the exci- the TPA contribution. The emitted "uorescence of chlorin e6 was
tation of chlorin e6 greatly prevails over the contribution of TPAdetected with a “bre-coupled spectrometer. For the laser pulses
with zero delay, the emitted "uorescence signal was higher than
Experimental veri“cation for the laser pulses with a 5 ps delay for the same incident beam
In the present experiment, the "uorescence intensity of chlorin @&ensity (Fig. 3a). The enhancement of chlorin e6 "uorescence
serves as an indicator of the excitation ef‘ciency of the photosensith zero-delay laser pulses originates from the ef‘cient single
tizer and, to a “rst approximation, the ef“ciency of the PDT. Chloriphoton absorption of the nonlinear CARS/FWM signal produced
e6 was diluted in the culture medium and its "uorescence intenslly the lipid layer at the anti-Stokes wavelength @65 nm,
was measured under different experimental settings. which corresponds to a maximum in the chlorin e6 absorption
In the “rst series of experiments, cell medium containing chloriband. In a similar manner, protein vibration resonance with
e6 was placed in a dish with the bottom covered with &0mm the CARS/FWM anti-Stokes wavelength at 657 nm could be
layer of lipids, and excited by focusing coinciding dual beamsagiplied to increase the chlorin e6 "uorescence and enhance the
1,064 nm (Stokes wave) and 818 nm (pump wave tuned to tABT ef‘ciency.
vibrational resonance of the lipids at 2,84 cmcorresponding In a second series of experiments, we studied the excitation of
to CH, symmetric stretching) on the lipid layer (see Methodsghlorin €6 by SHG in collagen with a laser beam at 818 nm.
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Figure 4 | Cellular phototoxicity in response to nonlinear optical PDT excitation b€ ARS/FWM/TPA and TPA modes for different numbers of laser
scans.a, Fluorescence images of calcein/PI staining and corresponding DIC panels of chlorin-e6-treated cells irradiaffj B9 and 90 scans.

b, Percentage of necrotic (Pl-positive) cells at various scan numbers for CARS/FWM/TPA and TPA nonlinear optadés, averaged over four series
of experiments.

Chlorin-e6-buffered solution was placed on top of either polymeof calcein "uorescence in response to irradiation by up to 200
ized collagen gels known to produce strong SHG on their quaseéquential laser scans (Supplementary Fig. 2), thereby demonstrat-
ordered structure or on top of monomeric collagen layers thatg the low cytotoxicity from the NIR and upconverted radiation,
produce only negligible SHG (Fig. 3b). The SHG wavelengthinfagreement with previous repctt€%37” We therefore concluded
409 nm falls into the strongest Soret absorption band of chlorihat the incident NIR radiation and generatedsitu CARS/FWM
e6 and contributes to excitation of the "uorophore (red "uorescenead SHG light did not cause noticeable photo- and thermally
peak in Fig. 3b). In the absence of SHG, a "uorescence offseiniuced cytotoxicity in the absence of photosensitizer. However,
Fig. 3b (black curve) is produced by direct TPA of chlorin €6 in tredme cytotoxicity in the presence of the photosensitizer due
buffered solution of the monomeric collagen sample. Thus, diar a small increase in temperature (thermally enhanced PDT)
results conrm that nonlinear optical interactions (CARS/FWMs possibl&.
and SHG) between the intense laser radiation and the naturalTo evaluate the contributions of CARS/FWM and SHG processes
biological medium enable photoexcitation of the photosensitizerto the PDT effecin vitro we performed the following studies. Cells
This concept was experimentally validated by modelling the P@fown on the glass window of the dishes were treated with chlorin
treatment in live HeLa cells growing in90% con”uent monolayer e6 and irradiated by a series of scans of dual-beam laser pulses. The
cultures. The experimental nonlinear optical set-up (Supplementaymp wave was tuned to 818 nm, corresponding to the vibration
Fig. 1) was used for regulated irradiation of cell culture samples fesonance of lipids at 2,840 ¢ Samples were scanned either
PDT and for cell imaging. with pump and Stokes laser pulses with zero delay to effect
To assess any cytotoxicity caused by the laser radiation itS@ARS/FWM/TPA or with a delay to trigger only TPA. The exper-
cultured cells were scanned with the focused pump and Stokesntal data regarding the cytotoxic responses of the treated cells
laser beams with zero pulse delay, and photodamage was evaluategresented in Fig. 4. The "uorescence images of calcein and PI
by calcein AM and propidium iodide (PI) cellular viability assagellular staining, together with differential interference contrast
(Supplementary Materials). In the absence of the photosensitiZBiC) transmission light images for different irradiation doses
there were no signs of cytotoxicity caused by picosecond ligetan numbers), illustrate the PDT effect. Both nonlinear optical
pulses. The cells, grown either on glass or on a collagen layer,adidversion mechanisms induced PDT in the irradiated area.
not incorporate Pl and showed no visible changes in the intens@gllular phototoxicity increased with radiation dose. The increase
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Figure 5 | Cellular phototoxicity in response to nonlinear optical PDT excitatn by SHG/TPA and TPA modes for different numbers of laser scang, Cells
grown either on monomeric collagen or polymerized collagen gel were irradiated for different scan numbersolrght: transmission light imagesf cells
before PDT initiation, as well as DIC and calcein/PI "uorescence imagésradiated cells, as indicatedh, Percentage of necrotic (Pl-positive) and detached
cells at various scan numbers for SHG/TPA and TPA nonlinear optical modes, averaged over four series of experiments.

in the number of laser scans initially diminished the "uorescenteated with chlorin e6 are more easily detached in response to
intensity of the calcein signal, pointing to a decrease in cellulaser irradiation than treated cells growing directly on the uncoated
metabolic activities and/or to disturbance of the cellular menglass surface. Therefore, for a quantitative analysis of phototoxicity,
branes. Further increasing the irradiation dose led to the rapige counted both detached and PI-positive cells as photodamaged.
development of necrosis, as indicated by the increased number of
cells positively stained with PI (Fig. 4a). Discussion

We next addressed the SHG conversion mechanism. Its practibaljuantify the ef‘cacy of the PDT treatment induced by drug exci-
value is apparent, as the stroma of solid tumours frequently exhiliégon through non-resonant nonlinear optical interaction of incident
extensive deposits of collagen “bres, which are known to prodUdER laser radiation we used cell phototoxicity assays (Figs 4 and 5).
very strong SH&. SHG imaging has already been used broadly Figure 4b plots the percentage of Pl positive cells against the
for diagnosis, prognostic analysis and monitoring of therapies number of scans for the two studied nonlinear optical modes, aver-
solid tumouré’. To study PDT enhancement by SHG nonlineaaged over four series of experiments. The cytotoxicity threshold of
optical conversion in a collagen ordered structure, dishes we&&RS/FWM/TPA phototherapy was reached at irradiation doses
coated either with collagen “bre gels producing strong SHeceeding 4,500 J ém (50 laser scans in Fig. 4). At a radiation
signals (Fig. 3b), or with monomeric collagen, which generates négse of 6,300 J cm?, delivered to the cells in 70 scans, the
ligible SHG. Cells growing on both types of collagen substrate wefeiency of PDT induced by the CARS/FWM/TPA mechanism
incubated with chlorin e6 and irradiated with the 818 nm bearmurpasses twice the ef‘ciency of phototherapy activated by TPA
focused in the collagen layer (Fig. 2a). Excitation with a singllene. At this irradiation dose we observed a positive PI signal in
laser beam was used in this experiment to identify the input 40% of cells for the CARS/FWM/TPA excitation mode, and
SHG nonlinear optical conversion to PDT excitation, eliminatingbserved 20% necrotic cells when treated with the same number
other nonlinear optical mechanisms such as resonance CABfSscans in the TPA mode. Further increasing the irradiation dose
FWM and SHG from the 1,064 nm beam. As discussed above, thember of scans) leads to saturation of the treatment process,
SHG signal at 409 nm (falling within the intense Soret absorptiamd the difference in the number of damaged cells for the two exci-
band of chlorin e6) can trigger PDT by the generation of SHG tation modes decreases, although the higher ef‘ciency of
the collagen layer and its subsequent propagation and absorp@hRS/FWM/TPA is still notable for 90 scans (Fig. 4a,b). We thus
by the photosynthesizer inside cells. In addition, the photosensitizenclude a signi“cantly higher ef‘ciency and lower threshold for
was concurrently excited by direct TPA due to the dimensions of tR®T in the CARS/FWM/TPA mode when compared to the conven-
laser waist exceeding the thickness of the collagen layer. Also, a ttonal TPA approach.
tribution from weak collagen auto’uorescence with a broad spec- It should be noted that tuning the CARS excitation wavelengths
trum overlapping with chlorin e6 absorptiticould play a role in to match the speci“c resonance frequencies of proteins, lipids or
PDT excitation. nucleic acids provides an elegant mechanism for selective excitation

The results of the phototoxicity study are shown in Fig. 5. It &f a photosensitizer associated with different structural elements of
worth noting that the cells growing on the collagen substrates atie treated tissue. In particular, using lipid CARS resonance can be
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very useful for PDT of the many types of tumorigenic lesions knovixalymerization of the collagen gel was performed according to the manufactureres
to accumulate |ipid’§'2‘} instructions and air-dried. Excitation of chlorin e6 by CARS was tested in dishes

; ; Wy ith their bottoms covered with an 104vm-thick lipid layer, prepared by drop-
In the sample_wnh cells growing on the Iayers .Of brl”.ar _CO”ageﬁ/AS ing from a stock solution of the lipids (bovine heart extraction, Avanti) in
after 50 scans with an 818 nm laser (corresponding radiation dosgiioform (50 mg nf 3).

3,000 J ) we observed a substantial decrease of calcein signato verify the ef‘ciency of the different nonlinear optical conversion mechanisms
intensity. We also documented positive Pl staining and detachmé&nitPDT excitation, cell cultured samples were used in different layouts, permitting
from the substrate in 20% of the cells, on average. In contrast gweseparation of different nonlinear processes. The nonlinear excitation layout

) . ) a

- 0 . ram is shown in Fig. 2a. All experiments were made in Petri dishes with optical-
monomeric collagen demonstrated less than 5% of necrotic gtass bottom windows (MatTek). When cells were grown directly on the optical glass

detached cells at the same irradiation dose (Fig. 5a,b). This sig@irmiow, the pump and Stokes waves were synchronized by a delay line to zero delay
cant difference in phototoxicity between the two experimental co#nd the beams were focused into the cells, and CARS/FWM signals were generated
ditions con“‘rms the high ef‘ciency of SHG nonlinear opticabn the natural intracellular biomolecules of proteins or lipids. In this case,
conversion for chlorin €6 PDT action. When the irradiation dos RS/FWM conversion was also supplemented by the TPA process, directly in the

. . 2 photosensitizer, and a combination of CARS/FWM/TPA for drug excitation was
was increased to 75 scans (corresponding 40500 J crh ), we studied (Fig. 2a, left). The introduction of a pulse delay®ps between pump and

found that 35% of cells growing at the monomeric collagestokes waves disabled CARS/FWM, and PDT excitation was produced by TPA
either detached or displayed PI staining, showing a still lower leg&d. 2a, middle).

of photodamage compared to th&0% of detached and PI-positive An additional experimental layout was used where cells were grown on top of an
cells growing on the “brillar collagen substrates. We therefore Ccm];On'm layer of polymerized collagen gels (ordered collagen structures). In this

. . . case, the Stokes laser beam was shut down while the pump beam (818 nm) was
clude that SHG by collagen “brils contributes ef“ciently to the excj pump ( )

. - . ) ocused in the collagen substrate, where nonlinear interactions occurred, producing
tation of chlorin e6 for phototherapy. It is worth noting that NosHG (Fig. 2a, right; inverted microscope con“guration). The SHG radiation
chlorin e6 was found associated with the collagen “brils, as showenerated in the collagen forward-propagated towards the cells treated with

by the absence of its "uorescence signal. Therefore, all cytotdkigiosensitizer to induce PDT (Fig. 2a, right).

i The dose of laser radiation delivered to the sample was estimated to be
effects were caused by the photosensitizer taken up by Cel&%’J cri?at 812.6 nm or 818.8 nm and30 J cri 2 atpl.064 nm, per scan. Thus,

Considering the signi“cant SHG nonlinear optical conversiofe total dose per scan wa®0 J ¢ 2 for CARS/FWM and 60 J cmi 2 for SHG.
demonstrated here, it is important to note that many reports Orhese doses of incident NIR radiation in the absence of photosensitizer did not
conventional TPA-induced PO%!utilizing pico- or femtosecond cause any signi‘cant thermally induced cytotoxicity, as shown by our control
Ti:sapphire lasers at excitation wavelengths in the range 75@Reriment (Supplementary Fig. 2).
850 nm could also have contributions from the SHG signal gt . ) )
400 nm generated by “brillar collagens in malignant tissues. ﬁe&?'\(‘ez 28II_\/|ay 2013; accepted 31 March 2014;
In conclusion, we have presented theoretical justi“cation amgPIshed oniine 11 May 2014
experimental demonstration of novel nonlinear optical UpPCONVeRatarences
sion mechanisms for PDT utilizing CARS, FWM and SHG pror. Henderson, B. W. & Dougherty, TRhotodynamic Therapy: Basic Principles
cesses in intra- or extracellular native biomolecules. Consistentind Clinical ApplicationgMarcel Dekker, 1992).
with the theoretical modelling (Table 1), we “nd that the input o. Prasad, P. Nntroduction to Biophotonio@Viley-Interscience, 2003).
SHG, when compared to the other types of nonlinear optical CO?]- Prasaq, P. Nhtroquctlon to Nanome(_jlcme and Nanobloenglnecém@y, 2012).
version, appears to be more signi‘cant for PDT excitation. THe Pptf;‘r’;';’ca' %r?"‘.’o’ M. Artand science of photodynamic the@jpy. Exp.
. . © . Physi®3, 551...556 (2006).
experimental results show that the threshold for irreversible phot9- ypta, Aet al Multifunctional nanoplatforms for "uorescence imaging and
damage under SHG/TPA excitation id.5 times lower than that  photodynamic therapy developed by post-loading photosensitizer and
for CARS/FWM/TPA excitation. With the same irradiation dose “uorophore to polyacrylamide nanoparticlééanomed. Nanotechnol. Biol.
(4,500 Cﬁ]z)’ CARS/IFWMITPA excitation was on the threSho% I\éﬁﬁlfhg:iky)?s'lq %?]éf)brganically modi“ed silica nanopatrticles with
level of phO_tOtOXICIty, b_Ut in the SHG/TPA m_Ode' n_early 70% f covalently incdrporated photosensitizer for photodynamic therapy of cancer.
cells were either necrotic or detached, indicating a higher ef‘ciencynano Lett7, 2835...2842 (2007).
for the nonlinear SHG/TPA approach in comparison t@. Huang, Y.-Yet al In vitro photodynamic therapy and quantitative structure...
CARS/FWM/TPA, let alone TPA. These approaches can be use%lcri\t/ity reriTtianhriptSMdiei‘Witrg T\;at()jle é%ntnf]ﬁe;icll gigr-izfég;egz-ggg?rbing
; _ ; acteriochlorin photosensitizets.Med. Chen®3, .
3’26\?52nmtpl)eemg?ttst?rgr%n\glntlll%?lalilntev;? Fc))l’p])(tjltcoa:ll fn[ghgﬁfsu&u'i%g DeR_osa_l, M. C. & Crutchley, R. J. Photosensitized singlet oxygen and its
. . h . -0 applicationsCoord. Chem. Re233,351...371 (2002).
combination of such newly proposed nonlinear optical excitatian Brown, S. Photodynamic therapy,two photons are better than dteure
techniques with the already well-developed two-photon PDT Photon.2, 394...395 (2008).
technology W|" enable hlghly selective' high_resolution' mo:lc@ Bhawalkar, J. D., He, G. S. & Prasad, P. N. Nonlinear multiphoton processes in

: : organic and polymeric materiaRep. Prog. Phys9, 1041...1070 (1996).
deeply penetrating enhanced PDT treatment with a IOWﬂ. Bgawalkar S)Dy Kumar, N. D. thao gF fPrasad P. N. T(wo-prZoton

radiation threshold. photodynamic therapyl. Clin. Laser Med. Surip, 201...204 (1997).
12. Fisher, W. G., Partridge, W. P. Jr, Dees, C. & Wachter, E. A. Simultaneous
Methods two-photon activation of type-I photodynamic therapy ageRtsotochem.

Photosensitizer excitationThe optical parametric oscillator frequency was tunedto Photobiol 66, 141...155 (1997).

812.6 nm or 818.0 nm to align the laser excitation to match the vibration resonai@ Konig, K., Riemann, ., Fischer, P. & Halbhuber, K.-J. Intracellular nanosurgery
of proteins (2,930 cAT) or lipids (2,840 cri’)?. In these conditions the anti- with near infrared femtosecond laser pulssil. Mol. Biol45,195...201 (1999).
Stokes emission frequeneyg¥a2v,,.. v corresponds to wavelengths of 657 nm orl4. Collins, H. Aet al Blood-vessel closure using photosensitizers engineered for
665.4 nm, which overlap with the absorption band of photosensitizer chlorin €6 in two-photon excitationNature Photon2, 420...424 (2008).

the visible range of the spectrum (maximum &65 nm for a solution in 15. Dichtel, W. Ret al Singlet oxygen generation via two-photon excited FRET.
dimethylsulphoxide). As a rule, the resonance signal of CARS from molecules of J. Am. Chem. Sot26,5380...5381 (2004).

proteins or lipids is also accompanied by a non-resonance FWM signal at the sd®eOar, M. Aet al Photosensitization of singlet oxygen via two-photon-excited
vasfrequencies. The incident excitation radiatiopat 812.6 nm and 818.0 nm "uorescence resonance energy transfer in a water-soluble dend@heen.

closely matches the corresponding wavelengths of the direct TPA band of Mater.17,2267...2275 (2005).

photosensitizer chlorin e6. Therefore, appropriate TPA, together with CARS/FWM, Oar, M. Aet al Light-harvesting chromophores with metalated porphyrin cores
will supply further PDT enhancement. Finally, the second-harmonic signal efthe  for tuned photosensitization of singlet oxygen via two-photon excited FRET.
wave lies in the short wavelength range of the spectrum around 400 nm, and Chem. Mater18, 3682...3692 (2006).

coincides well with the most intense Soret absorption peak of chlorin e6 and col8l Kim, S., Ohulchanskyy, T. Y., Pudavar, H. E., Pandey, R. K. & Prasad, P. N.

also be used for more ef‘cient excitation of PDT. Organically modi“ed silica nanoparticles co-encapsulating photosensitizing drug
The SHG-induced excitation of chlorin e6 was tested in dishes covered with anand aggregation-enhanced two-photon absorbing "uorescent dye aggregates for
10mm layer of either polymerized (“brillar) or monomeric (Gibco) collagen. two-photon photodynamic therapy. Am. Chem. Sat29,2669...2675 (2007).

6 | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics



NATURE PHOTONICSo0: 10.1038/NPHOTON.2014.90 ART| C LES

19. Idris, N. M.et al In vivo photodynamic therapy using upconversion 35. Dalton (2011). Release Dalton 2011. Available from http://daltonprogram.org/.
nanoparticles as remote-controlled nanotransdudéasure Med.18, 36. Chen, Petal. Two-photon excitation of chloringC,5 monomethyl ester for
1580...1585 (2012). photodynamic therapyProc. SPIE630,209...217 (2005).

20. Jodele, S., Blavier, L., Yoon, J. M. & DeClerck, Y. A. Modifying the soil to af8gctFu, Y., Wang, H., Shi, R. Y. & Cheng, J.-X. Characterization of photodamage
the seed: role of stromal-derived matrix metalloproteinases in cancer in coherent anti-Stokes Raman scattering microsdopy. Expres$4,
progressionCancer Metastas. R&5, 35...43 (2006). 3942...3951 (2006).

21. Shoulders, M. D. & Raines, R. T. Collagen structure and staility. Rev. 38. Juzeniene, A., Juzenas, P., Bronshtein, I., Vorobey, A. & Moan, J. The in"uence of
Biochem78,929...958 (2009). temperature on photodynamic cell killing vitro with 5-aminolevulinic acid.

22. Volkmer, A. Vibrational imaging and microspectroscopies based on coherent J. Photochem. Photobiol88, 161...166 (2006).
anti-Stokes Raman scattering microscapyPhys. 38, R59...R81 (2005). 39. Kalluri, R. & Zeisberg, M. Fibroblasts in canblature Rev. Cancé,
23. Le, T. T, Huff, T. B. & Cheng, J.-X. Coherent anti-Stokes Raman scattering 392...401 (2006).

imaging of lipids in cancer metastad$/C Cance8, 42 (2009). 40. Brown, Eet al Dynamic imaging of collagen and its modulation in tumiors
24. Bozza, P. T. & Viola, J. P. B. Lipid droplets in in"ammation and caRoestag. vivo using second-harmonic generatidtature Med9, 796...800 (2003).
Leukotr. Ess. Fatty Aci82, 243...250 (2010). 41. Zoumi, A., Yeh, A. & Tromberg, B. J. Imaging cells and extracellular rimatrix

25. Pliss, A., Kuzmin, A. N., Kachynski, A. V. & Prasad, P. N. Biophotonic probing vivoby using second-harmonic generation and two-photon excited "uorescence.
of macromolecular transformations during apoptoBimc. Natl Acad. Sci. USA Proc. Natl Acad. Sci. U®9®,11014...11019 (2002).
107,12771...12776 (2010).

26. Pliss, A., Kuzmin, A. N., Kachynski, A. V. & Prasad, P. N. Nonlinear optical
imaging and Raman microspectrometry of the cell nucleus throughout the aélcknowledgements

cycle.Biophys. 29, 3483...3491 (2010). This work was supported in part by a grant from the Air Force Of‘ce of Scienti“c Research
27. Allison, R. Ret al Photosensitizers in clinical PDFhotodiag. Photodyn. Ther. (grants no. 1096313-1-58130 and no. FA95500610398). J.Q. acknowledges support from
1,27...42 (2004). the National Natural Science Foundation of China (61378091) and the National Basic

28. Zenkevich, Eet al Photophysical and photochemical properties of potential Research Program of China (grant no. 2012CB825802).
porphyrin and chlorin photosensitizers for PDI.Photochem. Photobiol3B,
171...180 (1996). . .

29. Tolles, W. M., Nibler, J. W., McDonald, J. R. & Harvey, A. B. Review of the theAtithor contributions

and application of coherent anti-Stokes Raman-spectroscopy (CARS). A.V.K. provided technical and conceptual support and edited the manuscript. A.P.
Spectros@&1, 253...271 (1977). performed experiments, analysed data and wrote the manuscript. A.N.K. designed and
30. Gubskaya, A. V. & Kusalik, P. G. The multipole polarizabilities and performed experiments, analysed data and edited the manuscript. A.B. performed
hyperpolarizabilities of the water molecule in liquid stateafaimitio study.Mol.  theoretical modelling and wrote the theoretical analysis. T.Y.O. designed experiments,
Phys99,1107...1120 (2001). analysed the data and wrote the manuscript. J.Q. performed experiments and edited the

31. Ddvarre, D. & Beaurepaire, E. Quantitative characterization of biological liquigianuscript. P.N.P. supervised the analysis and edited the manuscript.
for third-harmonic generation microscopBiophys. B2, 603...612 (2007).

32. Deniset-Besseau,ét.al Measurement of the second-order hyperpolarizability . . .
of the collagen triple helix and determination of its physical origirRhys. Additional information

Chem. B113,13437...13445 (2009). Supplementary information is available in the online version of the pBeerints and
33. He, G. S., Zheng, Q., Baev, A. & Prasad, P. N. Saturation of multiphoton permissions information is available online at www.nature.com/reprints. Correspondence and
absorption upon strong and ultrafast infrared laser excitatioAppl. Phys. requests for materials should be addressed to J.Q. and P.N.P.

101,083108 (2007).

34. Baev, A., Gelemukhanov, F., Mad, Luo, Y. & Agren, H. General theory . o
for pulse propagation in two-photon active medlaChem. Phy&17, Competing “nancial interests
6214...6220 (2002). The authors declare no competing “nancial interests.

| ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 7



	Photodynamic therapy by in situ nonlinear photon conversion
	Theoretical consideration
	Experimental verification
	Discussion
	Methods
	Photosensitizer excitation

	Figure 1  Nonlinear optical mechanisms for PDT.
	Figure 2  Experimental design for nonlinear excitation of PDT.
	Figure 3  Contributions of CARS/FWM and SHG nonlinear optical conversions to chlorin e6 excitation.
	Figure 4  Cellular phototoxicity in response to nonlinear optical PDT excitation by CARS/FWM/TPA and TPA modes for different numbers of laser scans.
	Figure 5  Cellular phototoxicity in response to nonlinear optical PDT excitation by SHG/TPA and TPA modes for different numbers of laser scans.
	Table 1  Chlorin e6 excitation efficiency (10-8).
	References
	Acknowledgements
	Author contributions
	Additional information

