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Abstract

Collagen is the most important structural protein of the animal body. Its unique triple-helix structure and extremely high level of

crystallinity make it exceptionally efficient in generating the second harmonic of incident light, and we show here how this leads to a

novel mode of microscopy of immediate practical significance in medicine and biology. In particular, it provides sensitive and high-

resolution information on collagen distribution, discriminates between type I and type III collagen, and allows both a greater

understanding of and a sensitive test for cirrhosis of the liver. Future research applications could include wound healing and he-

reditary collagen diseases such as osteogenesis imperfecta.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Almost as soon as the first laser had been built,

Franken et al. (1961) demonstrated that shining pulses

of deep red ruby laser light through a quartz crystal

produced ultraviolet light, the second harmonic of the

original light. A recent paper by Gauderon et al. (2001)

summarises the process of second harmonic generation

(SHG). Briefly, as electromagnetic radiation propagates

through matter, the electric field (E) exerts forces on the
sample�s internal charge distribution. The consequent
redistribution of charge generates an additional field

component. The resultant dipole moment per unit vol-

ume is referred to as the electric polarization (P), and

can be expressed as a sum of linear and nonlinear terms.

The nonlinear components only become significant at

very high light intensities. The primary nonlinear effect

is a polarization of second order in the electric field and
is given by (Yariv, 1967)

P 2xi ¼ v2xijkE
x
j E

w
k ; ð1Þ

where subscripts denote cartesian components and su-

perscripts the relevant frequencies. v2xijk is a (3� 3� 3)
third-rank tensor, termed the second-order nonlinear

optical susceptibility, whose elements sum to zero for

material with inversion symmetry (Gauderon et al.,

2001). This means that the ability to generate second

harmonics is peculiar to molecules which are not centro-

symmetric. Second harmonic generation will also take

place at interfaces where there is a huge difference in

refractive index, such as metal surfaces.
Collagen has a highly crystalline triple-helix structure

which is not centro-symmetric, and several reports have

noted that it is a very effective ‘‘upconverter’’ of light by

second harmonic generation (Georgiou et al., 2000;

Roth and Freund, 1981). However to date, even though

scanning second harmonic microscopy was demon-

strated 23 years ago (Gannaway and Sheppard, 1978),

most second harmonic imaging of collagen has been
restricted to low-resolution images. In the biomedical

sciences, second harmonic generation has been used to

amplify the effect of potential-sensitive styryl dyes

(Bouevitch et al., 1993), which has recently been ex-

tended into the microscopic realm (Campagnola et al.,

2001), though the latter paper also includes an image at
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approximately 1-lm resolution of collagen in a fish
scale. This aspect was further pursued in a very recent

paper (Campagnola et al., 2002) which has examined

second harmonic imaging of a wide range of structural

proteins, specially collagen, at resolutions of around

1 lm.
Mertz and Moreau have explored membrane imaging

using dyes which produce both SHG and two-photon

fluorescent signals (Mertz and Moreaux, 2001; Moreaux
et al., 2001), and have shown that SHG microscopy has

the potential to offer very high resolution. Gauderon

and Sheppard (2000) have calculated the weak-object

transfer function for a scanning harmonic microscope

and showed that it in fact offered a degree of superres-

olution. The expected resolution, while not as good as

that of a microscope operating at the harmonic fre-

quency, can be superior to that of a similar microscope
operating at the fundamental frequency, and can be

improved further by using a confocal pinhole. These

findings encouraged us to believe that in fact collagen

could be imaged at the maximum resolution of an op-

tical microscope.

Using a microscope that we designed to be optimised

for second harmonic detection (Cox et al., 2002) we

found that we could detect the second harmonic signal
from collagen with much higher resolution and sensi-

tivity than had been reported in previous studies, typi-

cally using excitation levels lower than required for

exciting two-photon fluorescence. We present here evi-

dence that this novel approach can (a) discriminate be-

tween type I and type III collagen, hitherto only possible

by chemical analysis, and (b) identify collagen fibres in

situations where conventional staining techniques do
not reveal them. This is to the best of our knowledge

the first report of microscopic collagen imaging using

SHG which has demonstrated true diffraction-limited

resolution.

2. Materials and methods

Sample preparation. Human endometrium samples

came from a databank of specimens kept by the De-

partment of Obstetrics and Gynaecology at the Uni-

versity of Sydney (Manconi et al., 2001). Samples were

either 50-lm-thick cryostat sections of unfixed tissue

or 30- to 100-lm microtome sections of formalin-fixed

paraffin-embedded material examined without fur-

ther staining. Mouse skin samples were prepared
by conventional histological techniques, sectioned at

10-lm thickness, and stained with Masson�s Tri-

chrome stain (Bradbury, 1973; Locquin and Langeron,

1983).

Fresh frozen kangaroo-tail tendon (Milthorpe, 1994)

was extracted for 24 h with 50% v/v chloroform/metha-

nol, 3 h in methanol, and rehydrated in normal saline.

Samples were cross-linked in a 0.075% w/v citrate-buf-
fered glutaraldehyde solution for 7 days, washed 3� in

normal saline, and sterilised by 25KGy (2.5Mrad) c-
irradiation. After 7 days samples were dissected to give a

centrally located piece of KTT, surrounded by a small

region of reactive tissue and muscle, fixed in phosphate-

buffered formalin for 24 h, dehydrated, and embedded in

paraffin, and 5-lm-thick serial histologic sections were
then cut and stained with a picro-Sirius red tissue-
staining protocol. Some sections were also examined

unstained.

Ethanol-fixed 50- and 20-lm cryosections of the liver

explant from a patient diagnosed with primary scleros-

ing cholangitis Child-Pugh class C cirrhosis were im-

munostained with antibody F19 to fibroblast activation

protein, as described elsewhere (Levy et al., 1999) except

that the anti-mouse Ig was conjugated to Alexa 594
(Molecular Probes, Eugene, OR).

Microscopy. The microscope is a Leica DMIRBE

inverted stand equipped with a Leica TCS2MP con-

focal system and Coherent Mira tunable pulsed tita-

nium sapphire laser. Excitation wavelengths from 925

to 760 nm were used, with pulses in the 100–200 fs

range. Wavelengths were checked with a Rees spec-

trum analyser and pulsewidth with an APE autocor-
relator. The microscope is equipped with dual

photomultiplier transmitted light detectors, with di-

chroic mirrors dividing the detectable spectrum (380–

680 nm) at either 505 or 560 nm; further selection is

accomplished by barrier filters in either or both

channels. An identical dual detection unit is mounted

behind the objective lens to act as a nondescanned

TPF detector (Epi-NDD). Both detectors will receive
fluorescent signals but only the transmission detector

will receive the SHG signal. A 415/10-nm narrow

bandpass filter (with the laser tuned to 830 nm) was

used to exclude fluorescent signals in the transmission

detector. (For a few images a 416/30-nm bandpass

filter was used). SHG and TPF signals were collected

simultaneously.

Objectives used include 25� NA 0.75, 63� NA 1.4,
and 100� NA1.4 oil-immersion planapochromats, 63�
NA 1.2 water immersion planachromat, and 40� NA

0.75 dry plan fluorite. An oil-immersion NA1.4 con-

denser was used.

Confocal images of Alexa-stained material were col-

lected using excitation at 543 nm and spectrometric de-

tection in the range 590–620 nm. SHG and confocal

images were collected automatically as frame-by-frame
sequential series. Single sections and 3D stacks were

acquired; all measurements and volume rendering of 3D

datasets were carried out with the integrated software of

the Leica system.

Nonconfocal bright-field images were captured using

a Nikon E800 microscope fitted with a PCO Sensicam

cooled CCD camera.
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3. Results and discussion

Characterising the signal. Our initial experiments

were carried out as part of a long-term study of the

three-dimensional tissue architecture in human endo-

metrium (Manconi et al., 2001). Using titanium-sap-

phire laser excitation, with pulsewidths around 200 fs

FWHM, we were able to obtain excellent bright, high-

resolution images of collagen in both conventional his-
tological sections and cryostat sections. Fig. 1a shows

the collagen surrounding a mucus gland in human en-

dometrium, in a cryosection with no labeling and no

aldehyde fixation, so there is very little autofluorescence.

(Collagen is reported to show native autofluorescence at

390 nm, but this was not apparent at the range of exci-

tation wavelengths we used.) The signal could be excited

Fig. 1. Projections of 3D SHG datasets of human endometrium (a) Unfixed, 50-lm cryosection, showing the pattern of collagen fibrils around a

mucus gland (g). Excitation at 800 nm. 15� projection angle. A false-colour palette has been applied. (b) Fixed, 30-lm paraffin section. Red channel—

SHG image of collagen acquired in transmission using 416-nm bandpass filter (832 nm excitation). Green channel—autofluorescence image (400–

545 nm) collected using the confocal detector with an open pinhole, showing the overall structure of the tissue. 30� projection angle.

Fig. 4. Mouse dermis—10-lm paraffin section stained with Masson�s Trichrome. (a) Single optical section, excitation at 800 nm. Green channel—
transmission SHG image of collagen, detected without a bandpass filter (range passed 400–550nm). Red channel—TPF 560–700nm from the stain,

epi detector. Blue channel—TPF 500-560nm in epi detector (probably mostly aldehyde-induced autofluorescence). A layer of collagen (c) is seen at

the base of the dermis but some fibrils (arrowed) also pass up and around the hair follicles (f). (b) The region seen in (a) in transmitted white light

wide-field illumination.
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between 760 and 925 nm; at shorter wavelengths the
SHG signal was blocked by the barrier filters at the

detectors; the longer wavelength is close to the practical

tuning limit of our laser. Unlike fluorescence signals, the

signal showed no signs of bleaching during acquisition

of repeated images from a given area, showing that no

damage to the collagen structure was occurring. This is

to be expected since second harmonic generation is a

coherent process, unlike fluorescence, and no energy is
lost. Illumination levels were typically lower than those

required for two-photon excitation of fluorescent labels

in the same sections. The clarity of the image and the

extent of 3D penetration are very apparent in this re-

construction. The predominantly circumferential orien-

tation of the collagen around the gland is clearly seen—a

view that is virtually impossible to obtain by other

means.
In Fig. 1b a fixed sample shows the structure of the

surrounding tissue by aldehyde-induced autofluores-

cence; a bandpass filter was used to separate the two

signals. The clear distinction between signals is evident.

The way in which the collagen skeleton relates to the

surrounding tissue is very clearly revealed in this re-

construction. Collagen, in its several different forms, is a

critical molecule in endometrium, centrally involved in
the unique processes of embryo implantation and men-

struation. Use of SHG may be invaluable in elucidating

important but subtle changes in endometrial collagen

during the menstrual cycle.

The SHG signal was propagated almost exclusively in

the forward direction and therefore was picked up very

largely in the transmitted detector. To quantify this we

captured SHG images of a cryosection in both detectors,
taking images sequentially with the ‘‘SHG’’ (415/10)

filter block in each detector. Nothing is changed in the

image-forming beam path between scans so the se-

quential images are perfectly in register. Both trans-

mission and back-propagated detectors are nominally

identical, and the PMT voltage was set to 600V in each

case. Fig. 2 shows the images obtained—the epi detector

gave an image which could barely be seen and to make it
visible in Fig. 2 a nonlinear gamma has been applied to

both images. Unmodified images were used for mea-

surements. On each pair of matched images several

different areas of collagen were selected and the mean

intensity was measured in each area. Background in-

tensities were measured on a blank area of each image.

The ratio

id � bd=ie � be;

where i and b are measured and background intensities

per square micrometer and subscripts d and e indicate
dia (transmitted) and epi (back-propagated) directions,

respectively, was calculated for each region. The mean

value was 16.18 (n ¼ 24, SD 3.64) implying, prima facie,

that �6% of the SH signal is propagated back through

the objective. As an alternative measurement line pro-

files were taken across collagen fibres and the maximum

intensity was recorded in each direction and corrected

for background in the same way. This gave a mean ratio
of 20.75 (n ¼ 10, SD 3.95). The difference is not signif-

icant.

However, everyday use of these detectors had shown

us that the epi detectors typically gave a lower signal in

fluorescence and this is not unexpected since an objec-

tive contains much more glass than a condenser. Also, in

this experiment we were using an NA 1.25 objective and

an NA 1.4 condenser so the objective had a slightly
smaller collection angle. To correct for this we imaged

cultures of HeLa cell monolayers stained with DAPI

using the same optical setup. These samples are suffi-

ciently thin that propagation will not be attenuated in

either direction. DAPI was chosen because its emission

(Emax ¼ 460 nm) was reasonably close to the 415 nm of

the SH signal. Fluorescence was detected between 400

and 505 nm—again the same filter block was used in
each detector. A circular measurement area was mat-

ched to each nucleus and the measurements were made

exactly as for the collagen. To correct for fluorochrome

fading the first measurement (dia) was repeated after the

second (epi) and the mean taken. In fact, no fading was

seen. The intensity seen in the epi detector was 0.51

(51%) of that seen in the dia detector (mean of all

measurements). To check the linearity of the detector,

Fig. 2. Human endometrium, unfixed, 50-lm cryosection. Single op-

tical section, comparison between transmitted and back-propagated

detectors. The same filter block (415/10) was used for both images,

both PMTs are nominally identical and were biased at 600V. To make

the weak image in b visible a gamma correction of 1.8 has been applied

to both images. (a) Image collected in transmission detector (b) Image

collected in back-propagated detector.

56 G. Cox et al. / Journal of Structural Biology 141 (2003) 53–62



measurements were made at both 600V PMT bias (0.50)
and (using lower laser power) at 800V PMT bias (0.52).

Hence we can say that the corrected proportion of the

SHG signal propagated in the epi direction is some-

where between 10 (maximum measurement) and 12%

(mean measurement). However, no SHG signal at all

was detected in the spectroscopic confocal detector, even

with the pinhole open. This implies that the signal seen

in the epi-NDD is the result of scattering within the
sample and that there is very little primary signal gen-

eration in this direction. While these conclusions match

those of earlier work, they do raise some interesting

questions about SHG signal generation in collagen. It is

clear that in a bulk material SHG—both in theory and

practice—will be propagated in a forward direction.

Mertz and Moreaux (2001) and Moreaux et al. (2001)

have shown that the Gouy phase shift at the centre of a
tightly focused beam (Born and Wolf, 1993) may mean

that the outer part of the cone of forward-propagated

light carries most of the SH signal. That thinking un-

derlies our use of a very high NA condenser, equaling

the NA of our highest resolution objective, in SHG

microscopy. It may also make the signal more suscep-

tible to scattering within the sample, but it does not

affect which detector will receive it.
The question of radiation patterns from nonbulk

specimens has been elegantly dealt with by Cheng et al.

(2002) for the analogous case of CARS (coherent anti-

Stokes Raman scattering) microscopy. Like the CARS

signal, the SHG signal is ‘‘a consequence of coherent

addition from each induced dipole inside a sample’’

(Cheng et al., 2002) and will therefore propagate simi-

larly. A single molecular dipole will radiate a field in
both forward and backward directions, with substantial

angular divergence. A single collagen molecule (diame-

ter 1.5 nm) would be expected to behave in this way.

Collagen fibrils are typically 30–50 nm in diameter,

containing therefore 500 or so tightly packed molecular

dipoles. Since this size is still small in relation to the

wavelength of light one might still expect bipolar emis-

sion from it. Only the largest collagen fibrils (�200 nm,
according to Lodish et al., 2000), at k=2 for the har-
monic, would approach bulk properties and propagate

predominantly forward. However this approach neglects

the actual structure of collagenous tissue. A planar array

of dipoles, normal to the incident beam, will give a much

narrower scattering angle but still with equal propaga-

tion forward and backward, whereas multiple dipoles in

the direction of the incident beam will give a strong
signal in the forward direction through constructive in-

terference while in the reverse direction destructive in-

terference will strongly reduce the signal (Cheng et al.,

2002).

Collagen fibrils in tissue are typically not closely

packed but spaced in a loose array with 100 nm or so

between fibrils. Even so, there will be many fibrils within

the point spread function (PSF) of the exciting beam.

Fig. 3 shows a scale diagram of the PSF (at full-width
half-maximum, FWHM) and collagen fibre size and

spacing (based on an electron micrograph from Sand-

born, 1970). It will be clear that the shape of the PSF,

strongly elongated in the axial direction, ensures that

whatever the particular disposition of the collagen fi-

bres, if many are present there will always be a strong

predominance of excited dipoles in the axial direction.

Preliminary calculations (P. Xu, personal communica-
tion) confirm a strongly forward propagation from this

geometry. In real life, also, collagen fibrils will not only

be oriented normal to the beam but will be oblique or

run in the direction of the beam. Fibrils oriented along

the optic axis will only generate signals in the forward

direction. Hence the forward propagation of the signal is

essentially a consequence of the shape of the optical probe.

It also follows that the ‘‘fibres’’ seen in the image will
most often be in fact multiples of collagen fibres, but this

applies to all optical microscopy of subresolution ob-

jects—microtubules and actin filaments are other such

samples typically studied by the cell biologist.

SHG and collagen stains. The most common histo-

logical staining technique for identification of collagen is

Masson�s Trichrome stain (Bradbury, 1973) which uses
Light Green SF in a complex staining sequence involv-
ing hematoxylin, phosphomolybdic acid, and sometimes

other dyes, many variants of which are current (Locquin

and Langeron, 1983). While this is useful in general

histology it is inadequate to reveal small groups of col-

Fig. 3. Axial profile of the PSF (at 830 nm) with typical size and

spacing of microtubules in collagenous tissue. The PSF is drawn at

FWHM, 209nm radially and 920nm axially. The collagen fibrils are

shown at 40 nm diameter, their spacing based on plate VII (4) of

Sandborn (1970). The arrow represents the propagation direction of

the incident light.
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lagen fibrils. Since the light green component is not
fluorescent it cannot be used to investigate three-di-

mensional structure via CLSM or TPF. However it does

not interfere with SHG and Fig. 4a shows that, as well

as the extensive collagen layer at the base of the dermis,

fine collagen fibres around hair follicles in skin are

clearly visible by SHG, while not at all noticeable in

bright field (Fig. 4b). No bandpass filter was used—the

transmission detector collected all signal from 400 to
560 nm, but the SHG signal was so much stronger than

fluorescence in this region that at the gain setting used

(600V PMT bias) fluorescence did not interfere with the

SHG signal. Weak fluorescence in the green region was
detected in the epi detector (at maximum bias voltage,

1000V); there was quite strong fluorescence in the red.

With no bandpass filter required to isolate the SHG

signal we were able to tune the laser to a range of

wavelengths—the SHG image was unchanged down to

925 nm excitation at which wavelength the red compo-

nent of the TPF was enhanced and the green much re-

duced (not illustrated).
Gauderon and Sheppard (2000) calculated the imag-

ing properties of a weak object in scanned SHG mi-

croscopy. They showed that SHG microscopy should

Fig. 5. High-magnification image of collagen fibrils in mouse dermis (as Fig. 4). Oil-immersion objective, NA 1.4; 830-nm excitation, BP 415/10

detection. (a) SHG image of a group of fibrils (b) Intensity profile along the line shown in (a). FWHM of about 255 nm is seen across one of the fibres.
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exhibit a degree of ‘‘superresolution’’—the resolution,
while worse than in a conventional microscope at the

harmonic wavelength, should be superior to a conven-

tional microscope at the excitation wavelength. We have

already shown that in practice high-resolution images of

collagen can be obtained in SHG microscopy (Cox et al.,

2002). The skin sections provided a suitable sample to

investigate this further. Using a 100� NA 1.4 objective

the resolution for a point object will be given by
Rayleigh

r ¼ 0:61kp
2 � g � sin h

¼ 256nm

FWHM

f ¼ 0:5kp
2 � g � sin h

¼ 210nm;

where g is the refractive index, h the half-angle of ac-

ceptance (g � sin h is the NA, 1.4 in this case), and the
wavelength k is 830 nm. Since the imaging is partially

coherent a line object such as a collagen fibril could be

expected to show a slightly worse resolution. Fig. 5

shows a line trace across a group of collagen fibres,

demonstrating an FWHM of around 255 nm. In this

case the 415/10 bandpass filter was used to eliminate any

trace of fluorescence. We are thus able, in practice, to

image collagen at close to the optical resolution limit.
Sirius red—an azo dye (Locquin and Langeron,

1983)—is commonly used as both a coloured dye and a

fluorescent probe for collagen, and provides a sensitive

and efficient tool for visualising the three-dimensional

architecture of collagen in tissue. It is a linear, polar

molecule and has the additional property of strongly

enhancing the birefringence of collagen fibrils (Dziedzic-

Goclawska et al., 1982; Schr€aapler et al., 1991). This,
however, does not affect the nonlinear optical properties

and collagen stained with Sirius red gives a SHG signal

(Figs. 6a and b) identical to that from sections of the

same sample which are unstained (Fig. 6d). However,

collagen exists in many different forms, characterised by

different segments interrupting the basic triple helix, and

these affect the final conformation and therefore have

different functions in the living organism. Four types (I,
II, III, and V) form fibrils, while type IV forms sheets in

basal laminae, and types VI and IX act as links, binding

fibrillar collagen to other cell components (Lodish et al.,

2000).

Fig. 6 shows a piece of kangaroo-tail tendon (lower

part of the picture) which has been allo-grafted into rat

muscle. The tendon had been modified for xenograft

implantation by glutaraldehyde-mediated cross-linking
of the collagen. This material is being investigated for its

potential for use as a resorbable tendon prosthesis which

acts as a stent for the regrowth of organised host tissues

(Milthorpe, 1994). The host reaction is characterised by

extensive tissue proliferation around the graft, and

through this new tissue a reticulum of type III collagen
is revealed by the Sirius red stain (upper part of the

micrograph). While Sirius red does not distinguish be-

tween the collagen types, the SH signal (blue) is only

seen in the type I collagen of the kangaroo tendon. Thus

the combination of these techniques enables different

collagen types to be distinguished, something which has

not been possible by microscopic techniques hitherto. In

unstained sections (Figs. 6c and d) the type III collagen
(arrowed) still gives little or no SHG signal, so it is not a

consequence of modification of the collagen by the stain.

Fig. 6b shows part of the kangaroo-tail tendon at

much higher magnification. It is clear that the Sirius red

and SHG signals are not exactly colocalised. The same is

true of the yellowish aldehyde-induced fluorescence

which is normally seen in all proteins and is invariably

present in aldehyde-fixed collagen. As Figs. 6c and d
show, this is much more diffuse than the SHG signal.

The most probable explanation is that both Sirius red

staining and aldehyde-induced fluorescence are also re-

vealing less-crystalline collagen (types III and V) which

are typically associated with type I in tendons and skin.

The SHG signal, on the other hand, is only generated

(or at least is very much stronger) in fully crystalline

type I collagen. This is in agreement with the finding of
Kim et al. (2000) that any degenerative changes in col-

lagen have a strong effect of the second harmonic signal.

A further implication of this is that the SHG signal may

be an effective indicator of genetic conditions such as

osteogenesis imperfecta which affect the extent of the

triple-helical domains and thus the strength of type I

collagen.

Cirrhosis of the liver. These results were sufficiently
encouraging that we applied SHG imaging to an existing

and on-going study of the cirrhotic liver (Levy et al.,

1999). Cirrhosis is characterised by the invasive prolif-

eration of collagen fibres through the liver, and as Fig.

7a shows these are easily and effectively revealed by their

second harmonic signal. Masson�s Trichrome, reticulin,
and van Giesen stains of collagen in liver biopsies are

used to clinically assess fibrosis. In Fig. 7a the SHG
signal shows both the extensive collagen septa and the

proliferation of fine collagen fibres through the paren-

chyma of cirrhotic nodules. Normal clinical techniques

can only reveal the substantial septa. Fig. 7b shows both

the SHG image of the collagen and hepatocytes revealed

by their typical strong autofluorescence. In this image

the distinction between the SHG signal and the auto-

fluorescence is made solely on direction of propagation,
illustrating that this is a practical and useful technique.

Fibrillar collagen is predominantly produced by ac-

tivated stellate cells and myofibroblasts in chronic liver

disease. Activated cells of this lineage also produce

collagenases, including fibroblast activation protein and

matrix metalloproteinases (Benyon and Arthur, 2001;

Levy et al., 1999). Fibroblast activation protein is a
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marker of activated hepatic stellate cells (Levy et al.,

1999). Figs. 7c and d show a section immunostained

with antibody F19 to fibroblast activation protein. The
SHG signal from the collagen (shown in green) was

collected using a narrow-band filter and the Alexa stain

was imaged with conventional (single-photon) confocal

microscopy. The high-resolution localisation of fine fi-

brils of collagen by SHG shows that these fibrils gen-

erally lie alongside activated stellate cells (Figs. 7c and

d). This observation is consistent with the notion that

activated stellate cells in chronic liver disease are a net
producer of fibrillar collagen. In all these images colla-

gen fibres were localised with significantly greater reso-

lution using SHG, even in frozen sections, than with

dye-based methods. Thus, SHG has potential as a novel,
rapid, high-resolution method of assessing fibrosis in

patient biopsies.

4. Conclusions

Since SHG, like two-photon excited fluorescence

(TPF), is a nonlinear process depending on the square of
the incident light intensity, it is depth selective without

Fig. 6. (a,b) Portion of kangaroo-tail tendon embedded in paravertebral muscle of a rat. Paraffin section stained with Sirius red and picric acid; single

optical sections. Excitation at 800 nm; red channel, Sirius red fluorescence; cyan channel, SHG. (a) Kangaroo tendon (ktt) in the lower part of picture

gives a strong SHG signal, but the extensive reticulum of host type III collagen (arrowed) in the upper part of the image is only revealed by the Sirius

red fluorescence. (b) Part of the section shown in (a) at higher magnification and in a different optical section. The Sirius red gives a general and

imprecise staining whereas individual fibrils are clearly visible in the SHG signal. The two are never exactly colocalised. (c,d) Matching section,

unstained. Single optical section, two detection channels. (c) Back-propagated nondescanned detection of aldehyde-induced autofluorescence in the

range 490–560nm. Arrow indicates extensive type III collagen. (d) Forward-propagated SHG signal at 415 nm.
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the requirement for confocal optics. In practical terms
SHG, TPF, and confocal microscopy can be regarded as

equivalent in terms of optical sectioning, since in each

case the depth discrimination depends upon the quad-

rature of the optical point-spread function. However

SHG is a coherent process whereas TPF and confocal

fluorescence are incoherent, so there will be some de-

tailed differences in imaging properties, particularly of

extended objects.
The second harmonic signal is propagated forward,

and hence can best be detected in a transmission de-

tector. This provides a simple way of distinguishing it
from single- and two-photon excited fluorescence. Its

very narrow spectral width means that it can also be

separated from fluorescence by a suitable narrow-band

filter. In principle lifetime measurements will also dis-

tinguish it from fluorescence, since second harmonic

generation is effectively instantaneous whereas fluores-

cence is generated over a timespan in nanoseconds, but

we have not investigated this experimentally. It can thus
be detected quite independently of the signals from

multiple fluorescent labels, and is therefore a very

Fig. 7. Ethanol-fixed, 50-lm cryosections of cirrhotic liver. (a) SHG signal (415 nm) from collagen fibres in the septum (s) and parenchyma (p) of

cirrhotic nodules, detected through 415/10 narrow-band filter. (b) SHG from thick fibres in the septum and around clusters of hepatocytes that are

strongly autofluorescent (arrow). Signals were collected in the same spectral range (390–560nm) by detectors above and beneath the sample. Green

channel—transmitted minus back propagated, thus just showing SHG. Red channel—back-propagated TPF signal. Excitation 800 nm. (c) FAP

immunostaining (red) of myofibroblasts in the septum (open arrow) and activated stellate cells in the parenchyma (solid arrow). Green channel—

SHG at 415 nm. Red channel—single photon confocal fluorescent signal. (d) FAP immunostaining (red) of activated stellate cells (arrows) in the

parenchyma of a cirrhotic nodule showing that fine fibrils of collagen (green) tended to lie adjacent to activated stellate cells. Imaging conditions as in

(c).
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powerful tool in multispectral imaging. The examples
presented here demonstrate not only the range of ap-

plications for this technique, but also the different ways

in which SHG and TPF signals can be separated. The

signal is generated over a very wide spectral range—with

our instrument we have excited it from 925 to 780 nm—

shorter wavelengths take the signal beyond the 380-nm

cutoff of our current detector. Georgiou et al. (2000)

detected SH signal from 760 nm (Ti-sapphire laser) up to
1064 nm (neodymium YAG laser). This means that the

wavelength can be chosen to meet the needs of TPF

without compromise to the SHG image.

Imaging of collagen has taken SHG microscopy from

a specialised technique with applications in surface sci-

ence and membrane chemistry to a tool which will have

widespread application in biological and medical re-

search. Two-photon microscopy is already a mainstream
technique in cell biology laboratories and the relatively

simple modification of adding a sensitive transmitted

light detector and appropriate filtration will equip a

two-photon microscope to carry out SHG imaging.

Resolution in the sub-300 nm range is achievable.
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