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Second-harmonic generation as a DNA malignancy
indicator of prostate glandular epithelial cells*
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This paper first demonstrates second-harmonic generation (SHG) in the intact cell nucleus, which acts as an optical

indicator of DNA malignancy in prostate glandular epithelial cells. Within a scanning region of 2.7 yumXx2.7 pm in cell

nuclei, SHG signals produced from benign prostatic hyperplasia (BPH) and prostate carcinoma (PC) tissues (mouse

model C57BL/6) have been investigated. Statistical analyses (¢ test) of a total of 405 measurements (204 nuclei from
BPH and 201 nuclei from PC) show that SHG signals from BPH and PC have a distinct difference (p < 0.05), suggesting
a potential optical method of revealing very early malignancy in prostate glandular epithelial cells based upon induced

biochemical and/or biophysical modifications in DNA.
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1. Introduction

Second-harmonic generation (SHG) has attracted
wide applications in a variety of biological studies!! 6
as well as in cancer research[”=9 due to its unique
properties of no energy loss and coherent preservation
of laser light.[10-11]

SHG is an optical phenomenon resulting from the

nonlinear polarization of the material:!*?l
P=xVeE+YPQEQE+YPQEQEQE+.. ., (1)

where P is the induced polarisation vector, F is the
electric field vector, x(9 is the i*"-order nonlinear sus-
ceptibility tensor and ® represents a combined ten-
sor product and integral over frequencies. SHG is the
27d_order process related to second nonlinear suscep-
tibility x(®, which is introduced by molecular hyper-
polarizability 8

X(Q) = Ns<ﬂ>7 (2)

where N, is the density of molecules and the brack-
ets denote an orientational average, which indicates
the need for a non-centrosymmetrical environment re-
quirement of SHG.

More importantly, SHG signals are noted to be
tied up with the second-order nonlinear optical suscep-
tibility x(?, and the latter physical property is deter-
mined by the biochemical and/or biophysical features
of the specimen such as its electronic configuration,
molecular symmetry, local morphological orientation,
molecular alignments and ultrastructures, etc.['3 Fur-
thermore, the biochemical and/or biophysical features
in the specimen vary with the progress of the organism
and the malignancy.['*15] The established relationship
between SHG signals and biochemical and/or biophys-
ical features in the specimen suggests that SHG sig-
nals may be used as an optical indicator for specimen
characterization.

The formation of prostate cancer is the growth
of malignant glandular epithelial cells in a prostate
gland. So far, the prostate-specific antigen test (PSA
test) is the most effective tool for prostate disease
screening. If PSA is higher than normal levels, which
indicates that there are prostate diseases like the in-
fection, benign prostatic hyperplasia (BPH), or ma-
lignant changes, cancer. However, it fails to distin-

guish malignancy from benignancy.['6 A more deter-
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minant diagnosis of prostate cancer is prostate biopsy,
according to the morphological changes of the histo-
logical stained cells by experienced pathologists. In-
dicators which are prospectively capable of revealing
the early modifications by malignancy are to be fur-
ther explored.

DNA is the earliest biomolecular system that con-
tains the genetic instructions used for the development
and functioning of all known living organisms; it has
been proven to be an SHG specimen, and this is pos-
sibly due to the pseudo-phasematching resulting from
its special extended double-helix structure. SHG im-
ages of herring sperm DNA in dispersed distilled water
under an excitation wavelength of 800 nm have been
obtained by C. J. R. Sheppard et al.ll7]

This suggests that an SHG signal may be used
as an optical indicator of understanding biochemical
and/or biophysical characteristics occurring in DNA.
In this paper, we first demonstrate SHG images of
DNA from intact cell nuclei rather than from the dis-
persed DNA in water. The capability of SHG signals
to reveal malignancy changes in DNA is also investi-
gated. Accordingly, two types of cell nuclei are chosen
for a comparison, from BPH and prostate carcinoma
(PC) tissues in a mouse model C57BL/6, respectively.

2. Experimental setup

The imaging and spectrum system applied in
this paper (Fig. 1) employs a mode-locked femtosec-
ond Ti:sapphire laser (Coherent Company) as a laser
source (110-fs pulse width, 76-MHz repetition rate and
700-980 nm wavelength-tunable range). An acousto-
optic modulator (AOM) is used to control the laser
intensity attenuation. The laser is coupled to a confo-
cal scanning microscope (LSM510, Zeiss) and an oil-
immersion objective with a numerical aperture (NA)
of 1.4 (Plan-Apochromat 63, Zeiss) is used for micro-
scopic imaging. The near-infrared excitation light is
reflected by the main dichroic beam splitter (MDBS)
and focused onto the specimen by the objective. The
emitted SHG and the fluorescence signals from the
specimen are collected by the same objective and go
back through the MDBS. The META detector (32
blocks of photomultiplier tube (PMT) are included
which cover a total spectral range from 376 nm to
714 nm) is used for imaging as well as the correspond-
ing spectra formation. In front of the META detector,
a low pass filter of KP650 (Zeiss) is used to block the
excitation light.
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Fig. 1. Laser (Tiisapphire laser, Coherent Mira 900-
F); AOM (acousto-optic modulator); M (mirror); MDBS
(main dichroic beam splitter); L1 (oil immersion objec-
tive, Plan-Apochromat, 63x, NA=1.4, Zeiss); L2 (lens);
F (filter, IR beam block filter, KP650, Zeiss).

3. Materials and methods

The samples used in our study are harvested
from inbred strain mouse (C57BL/6). Ten male mice
(weighing 18-20 g) purchased from the Laboratory
Animal Center (Sun Yat-Sen University, Guangzhou,
China) are randomly divided into two groups (five in
each) respectively for BPH and PC modeling. Mice
manipulations are done in accordance with policies
of the Institutional Animal Care and Use Commit-
tee (IACUC, 2002). Mouse prostate cancer RM-
1 cells, purchased from the Cell Bank of the Chi-
nese Academy of Sciences, are used for PC mod-
eling. They are cultured in Roswell Park Memo-
rial Institute (RPMI-1640 (Gibco)) medium supple-
mented with fetal bovine serum (FBS) (10%), peni-
cillin (100 U/mL) as well as streptomycin (100 pg/ml),
and maintained in a humid chamber (5% COy and
95% O3) at 37 °C. Cells are then digested with 0.25%
pancreatin for subculture, and half of the culture me-
dia are refreshed every 3 days before the cell harvest.
This is followed by inoculation where rat microglia
(RM-1) cells in eugenic condition are washed with D-
Hank’s solution twice at 37 °C, digested by 0.25%
trypsin, centrifuged at 1500 rpm for 5 min and dis-
sociated with RPMI-1640 (containing FBS) into uni-
celluar suspension (1.3x107 cells/ml). BPH model
replication:'8) A dosage of testosterone propionate
(TP, 5 mg-kg~'-d~1!) dissolved in soy oil is injected
subcutaneously in the ventral skinfold chamber of
C57BL/6 mice, once a day for two weeks. The formed
prostate tissue blocks are then excised from the body
and cryopreserved in a —80 °C refrigerator for slicing.
PC model replication:! RM-1 unicelluar suspensions
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(0.2 ml) are implanted once into the dorsal skinfold
chamber of C57BL/6 mice. Once the tumors grow to
around 1-cm diameter, solid tumors are excised from
the body and preserved as in the above method. The
BPH and PC samples are then taken out from the
—80 °C refrigerator and set in a —25 °C refrigerator
for 6 h in preparation for slicing. Ten slices of 10-pum
thickness each are cut sequentially with a cryostat (Le-
ica, CM1850) from each tissue block and are mounted
on the slide, fixed in 95% alcohol for 5 min and stained
by the standard Van-Gieson (VG) method. The slices
are then washed with distilled water, air-dried and
overlaid with a cover slip for pathological diagnosis
and SHG detection.

4. Experimental results

Samples are confirmed by an experienced pathol-
ogist to be BHP and PC tissues, respectively, upon
their histological images (Fig. 2).
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Fig. 2. Characterized BPH and PC slices with VG
stain under light microscope (magnification x400). (a)
BPH section demonstrates nodular prostatic hyperplasia
in which the glandular lumen become larger than the
Glandular
cells present stratified or pseudostratified columnar ep-

healthy and pink-stained substance appears.

ithelium with round nuclei and visible nucleoli inside. (b)
PC section demonstrates clustered cells in which nuclei
become large and with obviously visible nucleoli.

Figures 3(a) and 3(b) show SHG images of single
cell nuclei from BPH and PC cells (scanning area of
10.7 pmx10.7 pm), respectively. Images are formed
by an emission spectral range of 409-420 nm under
an excitation wavelength of 830 nm and an excitation
power of 3 mW (the same conditions are applied in the
following experiments). Figure 3(c) demonstrates the
spectral range from 376-550 nm of nuclei of BPH and
PC within a scanning area of 2.7 umx2.7 pm (S). Two
sharp peaks of the spectra within the spectral region
of 400-425 which indicate SHG (verified in the next
section) are clearly seen in Fig. 3(c). It is also noticed

that the SHG signal produced from the nucleus of the
BPH cell is much stronger than that from the PC cell.

2 pm

£ 1000

=i

=}

5 800]

< 600 O\. /TPF

£ .

Z 400 / . e

£ ¢ 00080

S 200+ 8:9,}3 0-0 O\./g 1
0 T

400 450 500 550

Emission wavelength/nm

Fig. 3. SHG images and spectra of a single nucleus within
a scanning area of 10.7 pumx10.7 pm: (a) SHG image from
a nucleus of a BPH cell; (b) SHG image from a nucleus of
a PC cell; (c) spectra of nuclei from BPH and PC within
a scanning area (S) of 2.7 pumx2.7 pm with spectral range
demonstration from 376-550 nm.

To avoid possible effects from the size variation of
the nuclei, either from different types of cells or even
in the same type of cells, data are all from a fixed small
scanning area (S) of 2.7 pmx2.7 pm within the nuclei
(shown in Fig. 3). Figure 4 presents the experimental
data of the peak intensities of SHG signals based on
405 measurements (204 nuclei from BPH and 201 nu-
clei from PC, respectively). The corresponding statis-
tical analyses (two independent sample ¢ tests, Statis-
tical Package for the Social Science (SPSS 10.0, SPSS
Inc)) show that the SHG peak intensities in the nuclei
of BPH cells are on average about 2 times stronger
than those from PC cells (p < 0.05) (Table 1).
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Fig. 4. SHG peak intensities within a scanning area (S)
of 2.7 pmx2.7 pm from BPH (204) and PC nuclei (201).
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Table 1. Statistical analysis of SHG peak intensities in 405 nuclei within a scanning area (S) of 2.7 umx2.7 ym

from BPH (204 nuclei) and PC (201 nuclei), respectively.

sample number of nuclei mean (a.u.) Se. of mean t value 2-tail sig.
BPH 204 1344.326 19.963
30.294 p < 0.05
PC 201 645.768 130.008

5. Discussion and conclusions

To verify that the image-based signals and the narrow spectra with sharp peaks (409-420 nm) are SHG,
two experiments have been done accordingly. Figure 5(a) demonstrates the tunable peak position of the SHG
signals (normalized by their own peak value) as the excitation wavelengths of 790, 800, 820 and 850 nm, respec-
tively. Emission signals are found to be always at half fundamental wavelengths and tunable with excitation
wavelengths. Figure 5(b) shows a log—log plot of the SHG peak intensity as the excitation power. The slope of
the log—log plot is about 1.9, confirming that SHG satisfies the quadratic dependence on excitation power.
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Fig. 5. (a) The SHG peak position along excitation wavelengths of 790, 800, 820 and 850 nm, respectively; (b)
log—log plot of SHG peak intensity as a function of the excitation power at an excitation wavelength of 830 nm.

To demonstrate that the origin of the SHG signal
is from the native cell nuclei rather than an artifact of
the staining procedure, additional experiments deal-
ing with a group of cultured cells instead of cells in
tissue have been done. HeLa cancer cells are cultured
and used. They keep cultured in Phosphate Balanced
Solution (PBS) media in the culture dish. Before scan-
ning, the culture media will be removed, which results
in breakage of the membrane of the cells while the cell
nuclei are exposed and kept intact. Cells are then ex-
cited by an illumination light of 830 nm as for the
sliced tissue samples. Images from one single cell are
shown in Fig. 6. Figure 6(a) shows the image formed
by emission signals between 405 nm to 425 nm. Figure
6(b) shows the transmission image of the cell. By a
comparison of these two images, we know for sure that
the image in Fig. 6(a) represents the cell nucleus. The
corresponding spectrum of this image region (shown
in Fig. 6(c)) shows a strong SHG signal peak, which
further validates that the cell nucleus is the origin of
the contributor of the SHG signal.
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Fig. 6. Images and spectra of a single HeLa cancer cell
(with broken cell membrane because PBS culture media
has been removed from the cell before scanning): (a) SHG
image (405 nm—425 nm) from a single HeLa cancer cell;
(b) transmission image of a single HeLa cancer cell; (c)
spectra of a single HeLa cancer cell (376-550 nm).
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Van Gieson’s (VG) staining is adopted here for
two reasons. One is the location requirement of tar-
get nuclei under the microscope, and the second is be-
cause VG staining is a common histological staining
method to distinguish cell nuclei from surrounding ex-
tracellular fibres. The nuclear counter-stain is chosen
to be Weigert haematoxylin (WH) in our VG stain-
ing. The stain haematoxylin is not a dye, but develops
colouring properties on oxidation to haematin. This
substance haematin has little or no affinity for tissue
elements and requires an inorganic ion (here it is iron)
to act as a mordant. Facing outward and holding the
negative charge, we find that the phosphoric group in
the two bonds of the DNA double helix specially com-
bines with WH that carries a positive charge by iron
bonds,[2°! making the nuclei identifiably blue. Appar-
ently, the staining process does not interfere with the
basic double helix structure in DNA as the prereq-
uisite of producing SHG as demonstrated by the ex-
perimental results. Our experimental results of gener-

ated fluorescence by haematoxylin on DNA are weak,
which is consistent with the previous semiquantita-
tive evaluation of fluorescence intensity in chromatin
stained with iron haematoxylin under green exciting
light (545 nm) in paraffin sections of rat embryos (18
days old).[!]

In conclusion, in this paper, we first demonstrate
that SHG from DNA in cell nuclei is a powerful optical
indicator of malignancy in prostate glandular epithe-
lial cells, offering a possible optical method for bio-
chemical and/or biophysical feature-based early ma-
lignancy detection. Our experiments also provide

clues for further malignancy mechanism exploration.
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