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Infrared multiphoton microscopy: subcellular-resolved deep
tissue imaging
Volker Andresen1,2, Stephanie Alexander1, Wolfgang-Moritz Heupel1,
Markus Hirschberg1, Robert M Hoffman3 and Peter Friedl1,4

Multiphoton microscopy (MPM) is the method of choice for

investigating cells and cellular functions in deep tissue sections

and organs. Here we present the setup and applications of

infrared-(IR-)MPM using excitation wavelengths above

1080 nm. IR-MPM enables the use of red fluorophores and

fluorescent proteins, doubles imaging depth, improves second

harmonic generation of tissue structures, and strongly reduces

phototoxicity and photobleaching, compared with

conventional MPM. Furthermore, it still provides subcellular

resolution at depths of several hundred micrometers and thus

will enhance long-term live cell and deep tissue microscopy.
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Introduction
Multiphoton microscopy (MPM) has emerged as a signifi-

cant measurement method for intravital and live cell

studies in neuroscience, immunology, and cancer research.

The main advantage of MPM over other imaging

approaches is its ability to observe cell migration, cell–cell
interaction, and intracellular signallingdeeply inside dense

tissues and organs in live animals [1–3]. Compared with

confocal laser-scanning microscopy, MPM substantially

increases the maximum imaging depth from a few

10 mm up to nearly 1 mm in certain types of tissues, such

as brain [4]. Further advantages over confocal microscopy

are an inherent submicron spatial resolution that still allows

revelation of subcellular details and fine tissue structures;

reduced scattering and absorption due to longer excitation

wavelengths and significantly reduced phototoxicity and

photobleaching in out-of-focus regions [5]. In addition

MPM enables excitation of the characteristic UV absorp-

tion bands of endogenous fluorophores and second harmo-

nic generation (SHG) of anisotropic biological structures

like collagen and skeletal muscle fibers that possess large

hyperpolarizabilities [6–8]. All other currently available

optical imaging techniques either lack the capability to

image deeply in scattering tissue or lack submicron spatial

resolution.

Despite these advantages multiphoton excitation also

comprises significant limitations: the still insufficient

penetration depth in optically dense samples including

connective tissue and cell-rich tissues such as skin [9],

lymph node [10], muscle [11], kidney [12], and tumors

[13]; the decrease in spatial resolution with increasing

depth in tissues caused by light scattering and distortion

of the beam profile [14�]; the light-induced toxicity

toward sensitive cell functions; and the inefficient exci-

tation of red and near-infrared (NIR) fluorophores. The

latter is of particular importance as many red-shifted

fluorophores have become standard sensors for transcu-

taneous detection of deep tissue lesions in live animals,

including whole-body imaging [15]. A common approach

to compensate for inefficient fluorophore excitation is to

increase the laser power above the non-toxic level. How-

ever, once a certain power level is crossed the nonlinear

photodamage rises faster with increasing laser power than

the number of excited molecules [16��] and, therefore,
strongly increases phototoxic damage to sensitive cell and

tissue functions, such as cell migration and signalling [17].

To overcome some of the present drawbacks of NIR-

MPM, particularly limited tissue penetration, light-

induced cell damage, and poor excitation of red fluoro-

phores, we describe here the setup and life science

applications of IR-MPM with reference to live cell and

deep tissue imaging in skin, lymph nodes, and cancer

lesions.

Infrared-excited MPM: system design
By using an optical parametric oscillator (OPO) as infrared

multiphoton light source we extend multiphoton and

second harmonic generation (SHG) microscopy toward

red wavelengths. A high-repetition short-pulsed Ti:Sa
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laser (Chemeleon XR, Coherent) that generates radiation

from 710 to 980 nm is, on one hand, used for direct

excitation. On the other hand, it serves as synchronous

pump-source for an OPO (PP Automatic, APE) that is

based on non-critical phase-matched interaction within a

periodically poled crystal (Figure 1a). Optical parametric

oscillation is a nonlinear process that converts a short

wavelength pump beam into two tuneable beams (signal

and idler) of longer wavelengths [18]. For a pump wave-

length of 775 or 830 nm, the OPO signal beam spectrum

ranges from 1060 to 1450 nm.

Both beams pass independent beam-shaping devices

that are used to control their diameters, collimations,

pulse lengths, and powers and afterward enter a scan-

head (TriM Scope, LaVision BioTec) optimized for

simultaneous use of Ti:Sa and OPO radiation. By

means of a dichromatic mirror the beams are uniaxially

combined and afterward jointly reflected by a pair of

galvanometric scanners. The objective lens (20� IR,

NA 0.95; Olympus) features a long working distance of

2 mm for deep tissue penetration, and it is coated and

corrected for a wide wavelength range from 430 to

1450 nm.

System performance and simultaneous use of
Ti:Sa and OPO radiation
To achieve simultaneous Ti:Sa andOPO excitation of the

sample a beam splitter divides the Ti:Sa beam for pump-

ing the OPO and direct imaging (Figure 1a). The split

ratio is determined by the amount of light needed for

adequate excitation, which in turn, depends on the

characteristics of the sample (optical density, constitu-

ents, and fluorophore absorption cross-section) and the

aspired imaging depth. In practice, a 90/10 splitting is

useful for pumping the OPO and direct Ti:Sa imaging to
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Figure 1

Setup and spatial resolution of an intravital NIR and IR multiphoton microscope. (a) The beam of a mode-locked Ti:Sa laser (775 or 830 nm; 80 MHz;

120 fs) is split up (90/10%) to pump an optical parametric oscillator (OPO) and to directly excite the sample. The OPO allows automated, software-

controlled wavelength tuning as well as output power stabilization through the use of an integrated spectrometer in combination with motorized cavity

length tuning and a motorized cavity end mirror. Both NIR and IR beams pass independent beam-shaping devices that each consist of a pair of

crossed polarizers (P) for controlling the excitation power, a telescope (T) for adapting the beam diameter to the size of the objective lens back focal

plane, and a chirp compensation arrangement (C) that compensates for pulse broadening caused by the intermediate optics and the objective lens.

Using the latter pulse lengths are reduced from �380 to �120 fs (Ti:Sa) and from �270 fs to �180 fs (OPO) at the egression of the objective lens (V

Andresen, P Friedl, unpublished data). To achieve maximum efficiency all optical elements in the OPO pathway are coated and corrected for the

extended wavelength area. Both beams are uniaxially combined via a dichromatic mirror (DM; slope at 1020 nm) and jointly passed onto a pair of

galvanometric scanners. Emission signals are collected in forward direction by a special condenser with 1.4 NA and in backward direction through the

objective lens. Spectral separation is achieved by dichromatic mirrors and bandpass filters in front of each photomultiplier (PMT). In forward and

backward direction, the laser light is rejected by blocking filters. Abbreviations: SL, scan lens; TL, tube lens; M, mirror. (b) Lateral and axial point

spread function (PSF) for IR-MPM. An IR 20� objective lens with 0.95 NA and an excitation wavelength of 1100 nm was used to excite red fluorescent

polystyrene beads (Molecular Probes) with a diameter below the resolution limit (100 nm). The power in the focus was 15 mW and the pixel dwell-time

240 ms in order to collect enough signal. The dimensions of the PSF were calculated by applying one-dimensional Gaussian fits to the respective x, y,

and z intensity profiles and taking the full width half maximum values. The resultant PSF represents an average of 15 independent beads at different

positions within the field-of-view.
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generate powers above 100 mW in the excitation foci of

both beams at 830 nm and 1120 nm, respectively.

The optical resolution of the IR-MPM was quantified by

measuring the lateral and axial point spread function

(PSF) [19] using red fluorescent polystyrene beads (Mol-

ecular Probes). For a 20� IR objective lens with 0.95 NA

and an excitation wavelength of 1100 nm, and water as

immersion medium, the dimensions of the IR-MPM PSF

amounted to 564 nm in lateral and 2240 nm in axial

direction. These values are slightly above the expected

theoretical numbers that is most probably due to a non-

perfect correction of the objective lens at the long exci-

tation wavelengths and confirm previous data using exci-

tation at 1500 nm and 120 fs pulse width [20]. Thus, IR-

MPM is suited to provide near diffraction-limited images.

Two-photon excitation and emission spectra
of red dyes and fluorescent proteins
In MPM fluorescent molecules or proteins are excited by

simultaneous absorption of n � 2 photons that together

provide the energy needed for excitation. This predicts

optimum excitation wavelengths at roughly twice the

corresponding single-photon wavelength [21]. Therefore,
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Figure 2

NIR and IR 2-photon excitation and emission spectra. Excitation spectra were recorded by taking multiple images of a single sample plane at different

Ti:Sa laser and OPO wavelengths and corrected for power density and bleaching between the scans. To acquire emission spectra of red and

endogenous fluorophores and SHG the signals were collected by the objective lens, passed through a spectrograph and detected using a CCD

camera. (a) HT-1080 cells expressing cytoplasmic DsRed2 and Histone-2B-EGFP [15] before and after SDS-PAGE under native conditions. The

square boxes indicate the regions where the spectra were taken from. (b) 2-photon excitation spectra of EGFP, DsRed2, and Alexa Fluor 660. The

solid lines represent the isolated protein in SDS-PAGE or soluble Alexa Fluor 660 and the dashed lines living dual-color cells. The calculated efficiency

to excite DsRed2 at 1100 nm was 20-fold higher compared with excitation at 760 nm. (c) Simultaneous excitation of EGFP at 830 nm and DsRed2 at

1100 nm in live, non-fixed HT-1080 dual-color cells. Bars, 20 mm.
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excitation efficiency of red fluorophores was supposed to

significantly increase above 1100 nm.

The excitation and emission spectra of EGFP and

DsRed2 were obtained from living dual-color human

fibrosarcoma cells (HT-1080) [15] expressing both

nuclear EGFP/Histone-2B (H2B) and cytoplasmic

DsRed2 as well as the isolated proteins, extracted from

the cells and eletrophoretically separated (Figure 2a).

The most efficient excitation of EGFP was at 930 nm,

as reported [21], but no excitation was observed between

1060 and 1350 nm. By contrast, DsRed2 showed a small

excitation peak at 760 nm and 20-fold higher efficiency

from 1090 to 1120 nm (Figure 2b). Alexa Fluor 660

showed strong excitation between 1070 and 1300 nmwith

a peak at 1180 nm (Figure 2b).

When using two laser beams with different wavelengths

for imaging, their focal volumesmust overlap precisely. In

lateral direction this is achieved by adjusting the tilt of

one beam with respect to the other while imaging a

reference structure that is excited by both beams simul-

taneously, such as SHG of criss-crossing collagen fibers.

To match the focal positions in axial direction the tele-

scope within the beam-shaping device of the OPO is used

(Figure 1a, ‘T’). While taking 3D-stacks of the transition

of a coverslip to a homogeneous dye solution that is

excited by both beams the telescope is adjusted until

the slopes superimpose. Misalignment leads to ghost

images that may, in addition, originate from different

sample planes. Using simultaneous excitation of EGFP

and DsRed2 in live dual-color HT-1080 cells, small

ruffles and intranuclear structures were detected with

excellent spatial resolution (Figure 2c), confirming the

applicability of IR-MPM for high-resolution live cell

imaging in tissue.

To simultaneously excite fluorescence and other specific

signals like SHG emitted from tissue structures, optimal

laser wavelengths for combined excitation were deter-

mined. Because SHG is a non-centrosymmetric process,

the forward signal is four to eight times stronger compared

with that generated in backward direction [6]; therefore,

registration of fluorescence and SHG signals is achieved

in backward and forward direction via the objective lens

and a condenser, respectively. Fibrillar collagen exhibited

narrow SHG bands from a broad input wavelength range

with maxima at 1100 and 1180 nm (Figure 3a). Compared

with NIR-generated SHG at fibrillar dermal collagen, the

emission was 5–30-fold more intense using 1100 nm

excitation (V Andresen, WM Heupel, P Friedl, unpub-

lished data). The ratio of SHG to autofluorescent signals

was approximately 500:1 (Figure 3b) that exceeds typical

ratios obtained with Ti:Sa excitation. Thus, 1100 nm is a

suitable OPO wavelength for simultaneous excitation of

DsRed2, Alexa Fluor 660, and SHG of collagen-rich

tissue.

Photobleaching, photodamage, and tissue
penetration
For live cell microscopy, repeated exposure to laser light

leads to photobleaching of fluorophores associated with de
novo formation of reactive oxygen intermediates and heat,

ultimately compromising imaging sensitivity as well as

cell viability and function [22�].

Photobleaching of DsRed2 in live cells at 1100 nm was 4

and 10 times lower compared with excitation at 880 and

760 nm, respectively (Figure 4a). At a high laser power of

117 mW, respective aggregation of EGFP and DsRed2 in

live cells was reached after 500 and 1700 consecutive

scans corresponding to 3 and 10 min continuous illumina-

tion time at 760 nm and 880 nm (Figure 4b). By contrast,

no protein aggregation was detected after up to 104 scans

or 60 min of continuous exposure time using an excitation

wavelength of 1100 nm (Figure 4b). To exclude non-

structural, latent photodamage actin-driven cell migration

was tested owing to its immediate energy dependency
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Figure 3

IR 2-photon generated second harmonic signal. (a) SHG spectra (right)

from collagen-rich regions of native human dermis (left). Box, region of

measurement. (b) Emission spectra at 1100 nm from human skin. The

boxes indicate the regions in stratum corneum, epidermis, and dermis

where the spectra were taken from. The SHG peak for fibrillar collagen is

at half of the excitation wavelength.
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Figure 4

Photobleaching, phototoxicity, and tissue penetration of IR-MPM. (a) Photobleaching of DsRed2 measured as decrease in emission during

consecutive scanning at 760, 880, and 1100 nm excitation wavelengths and a power of 75 mW. The samples were subjected to 250 consecutive scans

and the emission intensity was quantified as average pixel intensity of the entire scanning field and normalized to the intensity of the first frame. The

dashed lines indicate the bleaching efficiency normalized to the end-point of the decay of emission intensity at 1100 nm. (b) Protein condensation due

to continuous excitation. Continuous imaging of dual-color HT-1080 cells at a high excitation power (110 mW) and a frame rate of 2.8 fps. Arrowheads

and asterisks indicate aggregates of condensed protein. (c) Undiminished emigration of HT-1080 cells from a multicellular spheroid on a dermis slice

during continuous excitation at 1100 nm and 117 mW power in the focus. The numbers indicate the elapsed time (min). The population velocity

obtained by cell tracking was compared to cells monitored by conventional bright-field microscopy. The near-completely overlapping regression

curves of migration speed are shown. Penetration depth measurements for SHG (d) of 4 mm thick native human dermis slice and for fluorescence (e)

of dual-color HT-1080 cell spheroid of 1 mm in diameter. For both, 3D dermis or multicellular spheroid, excitation of 880 and 1100 nm was used at an

intensity of 75 mW and the respective SHG or fluorescence emission was collected at identical PMT sensitivity. Dashed lines in (d) and (e) indicate 50%

emission signal intensity measured as normalized mean pixel intensity of the entire scanning field. Bar (c), 150 mm.
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and sensitivity to physical or chemical assault. No signs of

compromised migration or laser-induced toxicity in-

cluding cell rounding, protein condensation, or loss of

fluorescence were detected despite continuous sample

exposure to 1100 nm radiation over 14 h (Figure 4c).

Thus, IR-MPM shows very low levels of photobleaching

and photodamage.

IR-MPM for deep tissue microscopy
Whereas NIR radiation is in comparison to visible light

poorly absorbed by water, the water absorption

increases for excitation wavelengths above 900 nm

[23], thus posing a potential limitation of IR-MPM

for biomedical applications in live, hydrated tissues.

Taking this into account, the maximum imaging depth

for fibrillar collagen in native human dermis was

increased twofold for SHG excitation at 1100 nm com-

pared with 880 nm excitation (Figure 4d). Likewise,

DsRed2 fluorescent cells in aqueous medium could be

detected in two times deeper layers within a solid

multicellular spheroid (Figure 4c). Thus, IR-MPM is

suited to image more deeply in biological tissues, as

predicted [24].

Consequently, in thick xenografts of dual-color HT1080

cells, eight days after implantation into the mouse dermis

[25], the detection of DsRed2 signal at 1100 nm was

increased twofold reaching up to 500 mm tissue penetra-

tion, compared with excitation at 880 nm (Figure 5a–c).
CMTMR-labeled dendritic cells in the lymph node were

detected down to a depth of 700 mm from the upper

cortex using 1100 nm excitation (Figure 6a–c).

Another severe limitation for deep tissue multiphoton

microscopy is the decrease in spatial resolution with

increasing imaging depth. In lymph nodes using NIR

excitation at a depth of 50 mm the axial resolution is

already 2 to 5 times lower compared with the image

quality obtained at the surface [14�]. Figure 5d shows

that despite sufficient signal coming out of deep tissue

regions, the resolution of cell borders and subcellular

detail is strongly affected in scattering tumor tissue.
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Figure 5

Deep IR 2-photon tissue microscopy of DsRed2-expressing tumor xenograft in vivo. 3D data stack of human dual-color xenograft of HT1080

fibrosarcoma cells implanted into the mouse dermis [25] using (a) 880 and (b) 1100 nm excitation at a power of 75 mW in the sample. Step-size in z-

direction was 5 mm. V indicates a region with a large blood vessel (negative contrast). (c) Normalized fluorescence intensity for DsRed2 as a function of

penetration depth. The initial slope of the intensity profile corresponds to the position of the lesion 10 to 50 mm below the dermis interface. (d)

Decrease in spatial resolution with increasing penetration depth using 1100 nm excitation in the z-planes indicated by the dashed lines in (b). The

insets show magnified details from the overview images. Bars indicate 100 mm ((a) and (b)), 50 mm (d), and 20 mm ((d), insets).
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However, our measurements indicate that this degra-

dation is significantly reduced for IR-MPM compared

with NIR-MPM (V Andresen, P Friedl, unpublished

data). Thus, for a certain depth window IR-MPM delivers

images of unrivaled quality.

Conclusions
These findings establish infrared two-photon and second

harmonic generation microscopy for non-toxic time-

resolved investigation of cell behavior with particular

benefit for deep tissue imaging. As being advantageous

compared with other pulsed femtosecond IR laser sys-

tems, including Ch:forsterite (1230 nm) and Fianium

fiber (1064 nm) lasers, the wavelength generated by

the OPO is tuneable and thus suited to excite red and

NIR fluorophores in a flexible manner at their excitation

peaks. Without a major compromise in resolution, the

wavelength range of 1100 to 1300 nm is well suited for

two-photon excitation of red and NIR fluorophores, as

well as genetically encoded red-shifted fluorescent

proteins (DsRed2, mCherry, TurboFP) and broad-band

SHG, yet it spares restrictive water absorption enabling

approximately doubled penetration of interstitial tissues

and cell-rich compartments compared with NIR exci-

tation.

Future developments to enhance IR-MPM will include

the creation of further red-shifted genetically encoded

fluorescent proteins; IR-excited fluorescence lifetime

imaging (FLIM) studies for discriminating multiple fluor-

ophores with similar emission spectra [26]; the combi-

nation with optical coherence tomography in order to pre-

select regions of interest [27]; and the implementation of

adaptive optics [28��]. The latter is of particular import-

ance for deep imaging in tissue as local changes in the

refractive index caused by cell membranes, fat deposits,

and the like degrade the excitation wavefront and thus

the PSF significantly [29]. In two-photon microscopy this,

in turn, does not only lead to a reduction in image quality

but also to a considerable loss of fluorescence as signal

depends on the square of the laser power. Using adaptive

optics and a single correction shape for a given depth
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Figure 6

3D reconstruction of dendritic cells (DC) within a fixed lymph node. Syngeneic immature CMTR-positive DC were injected into the footpad of Balb/C

mice 24 h before explantation of the draining popliteal lymph node, as described [10]. (a) Reconstruction at an excitation wavelength of 880 nm and (b)

normalized red fluorescence as a function of penetration depth (measured as z-profile in the dashed regions). (c) Reconstruction at an excitation

wavelength of 1100 nm. (d) Individual xy-sections in the deep T cell zone at depths of 400–700 mm. Excitation power was 110 mW (1100 nm) and

180 mW (880 nm). Bar, 100 mm.
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should enable to compensate for 80% of the sample-

induced aberrations [30].

IR-multiphotonmicroscopy will be useful for imaging cell

and tissue structures in native state, using third harmonic

generation (THG) and OPO-excited CARS. Third har-

monic generation (THG) is a nonlinear optical micro-

scopic technique that, similar to SHG, is caused by third-

order nonlinear processes [20]. As it depends nonlinearly

on the excitation power THG features inherent optical

sectioning. Its nonresonant nature in combination with

NIR excitation wavelengths (1–2 mm) renders this tech-

nique very interesting for imaging biological and non-

biological specimens [31].

Using a Nd:vanadate or Ti:Sa laser in combination with a

synchronously pumped OPOwill further allow CARS as a

powerful tool for imaging cells and tissues in native state

[32]. Thereby, the Ti:Sa radiation acts as pump beam and

the OPO radiation as Stokes beam for the CARS non-

linear process, suited for studies of lipid metabolism or

organelle transport in live cells.

Simultaneous multiphoton measurements of green and

red fluorophores will benefit from recent advances in

Ti:Sa and OPO development. The latest Ti:Sa laser

generation features output powers above 4 W enabling

the use of several 100 mW for both excitation beams.

Lastly, a new generation of OPO crystals will allow tuning

of the pump beam wavelength over a broad area and thus

support simultaneous excitation of green and red fluor-

ophores at their respective excitation peaks. In con-

clusion, the common insight ‘redder is better’ holds

true for deep tissue two-photon microscopy with implica-

tions for a broad range of applications in biomedical

research.
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