
Recently, researchers have sought to better understand the
relationship between chromosomal structure and function.
Chromosomes, primarily composed of DNA and histone pro-
teins, must replicate prior to cell division. During replication,
errors can be introduced into the DNA via physical or chemi-
cal stressors, including heat, ultraviolet radiation, and other
forms of radiation, heavy metal ions, drugs and organic
reagents.1,2) However, it is also probable that chromosomal
alterations might be introduced outside of replication, such
as during the trypsinization or ethidium bromide (EB) stain-
ing processes3) commonly used in visualization of chromo-
somes by optical microscopy. Changes of chromosome ultra-
structure cannot be observed clearly under conventional opti-
cal microscopes due to technical difficulties such as diffrac-
tion limitations. However, the advent of atomic force mi-
croscopy (AFM)4) has allowed researchers to investigate
small alterations in chromosome structure and morphology.

Previous studies have examined changes in chromosome
structure caused by physicochemical treatments.5,6) Acetic
acid, which is frequently used to remove cellular contami-
nants, was applied to barley chromosomes at concentrations
of 15, 30 and 45%. AFM analysis revealed that the optimal
concentration was 30%; at lower levels sufficiently clean
chromosomes samples could not obtain and the chromosome
surface structures could not be observed, and at higher levels
the chromosome structures were significantly damaged, al-
though the cellular contaminants were effectively removed.7)

Similar studies identified chromosomal damages induced by
treatments with NaCl8) and heavy ion radiation.9)

EB, a heterocyclic organic compound, can insert between
base pairs,10) resulting in increasing DNA rigidity and length-
ening of DNA.11) Low doses of EB can induce DNA denatu-
ration and can lead to cancer formation.12) Thus, it is possible
that EB staining of chromosome preparations may induce
structural abnormalities13) not present in the actual organism.
Up to now, though there are some works about structural
changes of chromosomes caused by physicochemical treat-

ments,3,5,6,14—16) however, no previous work has used AFM to
examine the effects of time-course of trypsin or different
dose EB on chromosomal structures.

In this article, we used AFM in the tapping mode to exam-
ine chromosomal damage induced by EB treatment and
trypsin digestion in air. Our results showed that EB could
profoundly damage human chromosomes, leading to break-
ages and separations in a dose-dependent fashion. We also
found that trypsinization could obviously change the mor-
phological features of chromosomes with increased digestion
time; the optimal digestion time for AFM analysis appeared
to be 10—20 s under our experimental conditions, but not to
be over 40 s. In addition, our results indicate that AFM is a
powerful tool for studying chromosomal damage, perhaps in-
dicating that it will be applicable to further diagnostic appli-
cations. Together, our results indicate that common chromo-
somal preparative techniques, such as trypsinization and EB
staining, can damage chromosomes. Thus, it is possible that
some previous optical diagnoses of chromosome abnormali-
ties may have been artifacts from the preparation process it-
self.

Experimental
Chromosome Preparation Cell Culture: Blood cells were obtained

from women who were born without a womb or ovaries (provided by the
First Subsidiary Hospital of Jinan University). Cells were cultured at 37 °C
in RPMI-1640 containing bovine serum albumin (15%) and propagated
every 3—5 d; cells undergoing logarithmic growth were used in experi-
ments. Three samples were separated out for experimental purposes: sample
A was left untreated, sample B was treated with 0.1 ml EB (Sigma,
500 mg/ml), and sample C was treated with 0.05 ml EB. Cells were then in-
cubated with or without the EB for 2 h prior to analysis.

Harvesting for Metaphase Chromosomes: Two drops of colchicine
(Sigma, U.S.A., 20 mg/ml, for a final concentration of 0.05 mg/ml) were
added to the culture 3 h prior to experiments, mixed gently and incubated at
37 °C. Cultures were then centrifuged at 1500 rpm for 8 min, and super-
natants were discarded. Pellets were gently overlain with 6 ml of 0.075 M hy-
potonic KCl solution, incubated for 20 min at 37 °C, and centrifuged again at
1500 rpm for 8 min. The supernatant was discarded, the pellet was resus-
pended in 2 ml of freshly prepared fixative (3 : 1 methanol : acetic acid), and
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the sample was centrifuged at 1500 rpm for 8 min. This step was repeated
twice, with the second step using 5 ml of freshly prepared fixative. Pellets
were then resuspended in 0.5 ml of fixative and 3—4 drops of this cell sus-
pension were dropped to glass slides from a height of 30—50 cm (for even
spreading). Slides were air dried, baked in a drying oven for 2 h at 70 °C,
then immersed in Earl’s solution (pH�6.20, 87.5 °C, 0.25%). Four “A” sam-
ples were immersed in trypsin (0.1%; pH�7.0) for 10, 20, 30 and 40 s, re-
spectively. “B” and “C” sample were immersed in trypsin for 10 and 20 s.
All slides were then stained with Giemsa (10%) for 8 min and air-dried.

AFM Imaging The prepared samples were imaged at room temperature
using an AF microscope (CP-Research, U.S.A.) in tapping mode in air. The
curvature radius of the silicon nitride tip was about 10 nm, the force constant
was about 2.8 N/m, the scanning range was 100 mm, and all of the images
were flatted with the provided software to eliminate low-frequency back-
ground noise during scanning direction.

Results and Discussion
Chromosomes without Trypsin Treatment To investi-

gate the effect of trypsin treatment on chromosomal struc-
ture, a control experiment was performed (Fig. 1). The re-
sults indicate that trypsin treatment is indispensable during
chromosome preparation for removal of cellular contaminant
or debris, because those contaminant or debris could conceal

the chromosomal ultrastructures (Fig. 1, white particles,
black arrows).

Time-Course Observations of Trypsin Digestion of
Chromosomal Spreads Then, the effects of trypsin treat-
ment on chromosome surface structures were investigated 
by AFM. And AFM images of chromosomes digested by
trypsin for 10, 20, 30 and 40 s are shown in Figs. 2—5, re-
spectively. Spreads digested for 10 s contained chromosomes
that were shortened in both length and breadth. As the diges-
tion time increased, we observed trypsin-induced changes in
chromosome morphology and surface ultrastructure. Diges-
tion for 10 and 20 s induced very little damage (Figs. 2, 3).
After 30 s digestion, the morphological changes are more ap-
parent, chromosomal figure obscured (Figs. 4a, b), one arm
almost completely digested by trypsin (Fig. 4a; white arrow),
and chromosomal gap induced by trypsin digestion can be
observed (Fig. 4a; small black arrow). And when the diges-
tion duration increased and achieved 40 s, the morphological
structure of chromosome changed dramatically (Fig. 5). The
trypsin-based digestion effects became more severe as incu-
bations increased across a range from 10 to 40 s, then the av-
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Fig. 1. Chromosomal AFM Images without Trypsin Treatment

Chromosomal ultrastructures concealed by cellular contaminants and debris or protein particles (black arrows). Figure c is enlarged view according to broken square frame in
Fig. b. Scan ranges (a) 15 mm, (b) 5 mm, (c) 1 mm.

Fig. 2. AFM Images and Height Profile of Chromosomes Digested by Trypsin for 10 s

The height profile (c, d) were generated along the lines shown in Figs. a, b, and the average height (difference between the dark broken lines and the bottom in Fig. c) along the
lines is about 160 nm (a) and 270 nm (b), respectively. Scan ranges (a) 5.5 mm, (b) 6 mm.

Fig. 3. Morphological and Three-Dimensional Chromosomal Images Digested by Trypsin for 20 s

The height profile (d, e) were generated along the line shown in Figs. a, c, and the average height along the lines is about 120 nm (a) and 155 nm (c), respectively. Scan range:
(a, b) 8 mm.



erage height which is the difference between the dark broken
lines and the bottom in Height Profiles were analyzed. By
our statistical results according to large numbers of AFM im-
ages, the average height of chromosomes decreased from
about 180 nm (10 s), 136 nm (20 s), and 109 nm (30 s) to
about 50 nm (40 s). As all other conditions were held consis-
tent, our results suggest that these changes are in response to
trypsinization. This is logical, as trypsinization digests the
histones that largely define the morphology and volume of
the chromosome. As our results indicate that the damage in-
creases with trypsinization time, it is valuable to assess opti-
mal digestion times for AFM scanning. Our observations in-
dicated that 10 to 20 s trypsin digestion is optimal for AFM
scanning. At this time, the protein residue can be easily
wiped off the slide, but the chromosomal damage appears
minimal.

Interestingly, our AFM examinations revealed some
unique chromosomal morphology. In particular, we observed
what appeared to be three chromosomal strands in some
frames (Fig. 4c, with emphasis provided in 4d). As triploidy
is a lethal chromosomal aberration, the most likely explana-
tion for this observation is that these are ‘ghost strands,’
which are the remains mainly composed of DNA and the
DNA/histone complex after trypsinization. This hypothesis is
supported by the results of the longer (40 s) digestion (Fig.
5), wherein the two chromosome arms darkened and de-
creased very dramatically. The ghost strands (indicated by
black arrows in Figs. 5b, c) are likely to be the remains com-
posed of DNA and its enwinding conjugation with histone.
In addition, double-centromere chromosomes, which neces-
sarily related with chromosomal aberrations, were also ob-
served (Figs. 4a, b, big black arrows).
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Fig. 4. Morphological and Three-Dimensional Chromosomal Images Digested by Trypsin for 30 s

The height profile (e, f) were generated along the line shown in Figs. a, b, and the average height along the lines is about 120 nm (a) and 115 nm (b), respectively. Figure d is out-
line drawing of Fig. c showing the ‘ghost strands.’ Scan ranges (a) 3 mm, (b) 4 mm, (c) 15 mm.

Fig. 5. Morphological (a, b) and Three-Dimensional (c) Chromosomal Images Digested by Trypsin for 40 s

The height profile (d, e) were generated along the line shown in Figs. b, c, and the average height along the lines is about 25 nm (b) and 50 nm (c), respectively. And the “ghost
strands” are shown in the Figs. b, c (small black arrows), remains of chromosome indicated by big black arrow in Fig. c. Scan ranges (a) 20 mm, (b) 4.5 mm, (c) 7 mm.



And finally, from the discussion above, we can conclude
that (1) trypsin can change the chromosomal surface struc-
ture with the digestion duration increased, however, chromo-
somal cleavage and breakage did not happen during this con-
trol experiment; (2) 10 to 20 s trypsin digestion is optimal for
AFM scanning.

Effects of Different Dose EB on Chromosomes To ex-
amine the effects of EB staining on chromosome ultrastruc-
ture, we used AFM to examine chromosomes treated with
various volumes (0.05, 0.1 ml) of EB for 2 h and then di-
gested with trypsin for 20 s. The observed chromosomal
damage caused by 0.05 ml EB (Fig. 6) was less severe than
that caused by 0.1 ml (Fig. 7), indicating that the chromoso-
mal damage induced by EB is dose-dependent under our ex-
perimental conditions, and 0.1 ml EB treatment could induce
the chromosomal cleavage from centromere (Figs. 7a—c, big
black arrowheads) and rupture of chromosomal arms (Fig. 7,
small black arrows).

In addition, we observed morphological differences be-
tween chromosomes in groups “A”, “B” and “C”, which cor-
responded to different action. “A” was just digested by
trypsin (control experiment), and “B” and “C” acted with EB
and then digested by trypsin. During cell differentiation,

chromosomes undergo cyclic changes such as condensation
and extension. Condensation is highest during metaphase; it
is during this time that the topographical structures of the
chromosomes can be clearly visualized by AFM. However,
many of the EB treated chromosomes (actual chromatins)
were unable to achieve metaphase, but were still observable
by AFM (Fig. 7d), and its average width and mean height
were about 660 and 115 nm respectively by measuring. This
indicates that prophase chromosomes can be analyzed by
AFM, suggesting a new application of this technique to mo-
lecular biology.

Comparison of chromosome morphologies in samples
without (Figs. 2—5) and with (Figs. 6, 7) EB treatment re-
vealed that EB could interdict cell differentiation by interfer-
ing with chromosome condensation. And virtually, EB is a
cationic dye that can inhibit DNA synthesis by intercalat-
ing into the base pairs of DNA17—19) and change its physi-
cal properties such as rigidity, elasticity, space structure
etc.,10,11,20—22) and even result in DNA molecules broken (this
is approved by our other experiment about DNA damage in-
duced by EB), then chromosomal structure damnifyed. The
results indicate chromosome damage mainly locate at cen-
tromeric region (Fig. 7), which is likely correlated with the
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Fig. 6. Morphological and Three-Dimensional Chromosomal Images Treated with 0.05 ml EB and Then Digested by Trypsin for 20 s

Big white arrows indicate the centromeric region. Scan ranges (a) 7 mm, (b) 6 mm.

Fig. 7. Topographic and Three-Dimensional Chromosomal Images Treated with 0.1 ml EB and Digested by Trypsin for 20 s

The height profile (e—g) were generated along the line shown in Figs. a, b, c, respectively. Arrows indicate chromosomal damage, where the arms have been broken or divided
from the centromere (big black arrows). The EB treated chromatins were unable to achieve metaphase shown in Fig. d, the average width and height of chromatins were about
660 nm, 115 nm, respectively. Arrows in height profile indicate the damage location of chromosomal arms. Scan ranges (a, b) 4 mm, (c) 3 mm, (d) 25 mm.



higher density of DNA.23) The region contains higher density
of DNA molecules, which are intercalated by more EB mole-
cules, will be damnifyed severer than that containing lower
density of DNA.

Our results indicate AFM, a “nanodetector,” is an appro-
priate tool to study the damnification and structural denatura-
tion of gene materials such as chromosome and DNA, and
probably possess the potential application in gene disease di-
agnosing.

In samples pre-treated with EB and then digested by
trypsin, we observed increased chromosomal damage, an ef-
fect that is known as ‘double acting,’ which made the damage
more severe than one factor such as only trypsin or EB. It in-
dicated that less treatment process in chromosome prepara-
tion process is optimal for AFM imaging, such as Giemsa-
staining is unnecessary9) and it can conceal chromosomal ul-
trastructure.

Conclusions
In this paper, we used AFM to study the effects of

trypsinization on chromosome morphology and structure.
Our results revealed that the effects of digestion on the chro-
mosomes increased in a time-dependent fashion. For AFM
analysis, digestion with trypsin for 10 to 20 s was found to be
optimal, yielding clean, relatively undamaged chromosomes.
When the digestion duration increased and achieved 40 s (ac-
cording to large numbers of AFM images), the damage in-
creased to such a point that the chromosomes were no longer
suitable for AFM imaging.

We also studied chromosomal damage and abnormalities
in metaphase spreads induced by EB treatment, which is a
commonly used molecular biological technique that may
damage chromosomes and/or inhibit cell differentiation.
AFM analysis revealed that EB treatment could induce chro-
mosomal breakage and cleavage (Fig. 7), providing impor-
tant proof for the bio-toxicity of EB.24—26) The results indi-
cate chromosome damage mainly locate at centromeric re-
gion and centromeric region damnifyed severer than arms
(Fig. 7), which is likely correlated with the higher density of
DNA.19) The region contains higher density of DNA mole-
cules, which are intercalated by more EB molecules, will be
damnifyed severer than that containing lower density of
DNA.

Overall, our results revealed that AFM is capable of visu-
alizing various chromosomal damages that are not generally
discriminated by conventional optical microscopy. Combina-
tion of AFM analysis and appropriate chemical treatments
will likely provide important insights into the organization of
higher-order chromosomal structures and the aberrations in-
duced by chemical treatments.27) In this way, AFM examina-
tion of unstained chromosomal samples may provide us with
new understandings of the structure/function relationships in
chromosomes.28) Furthermore, AFM and other new technolo-

gies such as scanning near-field optical microscopy19,29,30)

may allow more in-depth examinations of karyotypes and/or
associations between chromosomal aberrations and disease
in the future.
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