
Quantification of nanoscale nuclear
refractive index changes during the cell
cycle

Rajan K. Bista
Shikhar Uttam
Pin Wang
Kevin Staton
Serah Choi
Christopher J. Bakkenist
Douglas J. Hartman
Randall E. Brand
Yang Liu



JBO Letters

Quantification of
nanoscale nuclear
refractive index changes
during the cell cycle

Rajan K. Bista,a Shikhar Uttam,a Pin Wang,a Kevin
Staton,a Serah Choi,b Christopher J. Bakkenist,b

Douglas J. Hartman,c Randall E. Brand,a and Yang Liua,d
aUniversity of Pittsburgh, Department of Medicine, Division of
Gastroenterology, Hepatology and Nutrition, Pittsburgh,
Pennsylvania 15232
bUniversity of Pittsburgh School of Medicine, Department of
Radiation Oncology, Pittsburgh, Pennsylvania 15232
cUniversity of Pittsburgh School of Medicine, Department of
Pathology, Pittsburgh, Pennsylvania 15213
dUniversity of Pittsburgh, Department of Bioengineering, Pittsburgh,
Pennsylvania 15219

Abstract. Intrigued by our recent finding that the nuclear
refractive index is significantly increased in malignant cells
and histologically normal cells in clinical histology speci-
mens derived from cancer patients, we sought to identify
potential biological mechanisms underlying the observed
phenomena. The cell cycle is an ordered series of events
that describes the intervals of cell growth, DNA replication,
and mitosis that precede cell division. Since abnormal cell
cycles and increased proliferation are characteristic of many
human cancer cells, we hypothesized that the observed in-
crease in nuclear refractive index could be related to an
abundance or accumulation of cells derived from cancer
patients at a specific point or phase(s) of the cell cycle.
Here we show that changes in nuclear refractive index of
fixed cells are seen as synchronized populations of cells that
proceed through the cell cycle, and that increased nuclear
refractive index is strongly correlated with increased DNA
content. We therefore propose that an abundance of cells
undergoing DNA replication and mitosis may explain the
increase in nuclear refractive index observed in both malig-
nant and histologically normal cells from cancer patients.
Our findings suggest that nuclear refractive index may be
a novel physical parameter for early cancer detection and
risk stratification. C©2011 Society of Photo-Optical Instrumentation Engi-
neers (SPIE). [DOI: 10.1117/1.3597723]
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The cell cycle is an ordered series of events that describes
the intervals of cell growth, DNA replication, and mitosis that
precede cell division. Abnormal cell cycles and increased pro-
liferation are common features of many human cancer cells and
quantitative analysis of cell cycle profiles is an important tool for
cancer diagnosis.1, 2 Dividing eukaryotic cells progress through
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the cell cycles that describe four distinct phases during each
cell division: G1, S, G2, and M phases. DNA content is often
experimentally used to distinguish cells in different phases of
the cell cycle. In G1-phase, normal human diploid cells [2N (or
46 chromosomes)] containing 7.14 pg of DNA grow as they
accumulate the nutrients required for DNA replication and mi-
tosis. During the synthesis phase (S-phase), chromosomes are
replicated and cells double their DNA content from 7.14 (2N) to
14.28 pg [4N (92 chromosomes)].3 In the G2-phase, DNA repair
is completed as cells prepare for mitosis (M phase). In mitosis,
the chromosomes are equally partitioned into two daughter cells
as the parental cell divides.

In this letter, we examine the nuclear refractive index, a re-
cently described optical property of cell nucleus, as synchro-
nized cells increase their DNA content and progress through the
cell cycle. The refractive index is often used to identify a sub-
stance, or quantify the concentration and density of particular
macromolecules in cells. This parameter provides fundamental
biophysical information about the composition and organiza-
tional structure of cells. Cell refractive index has been explored
in living cells using interference microscopy, quantitative phase
microscopy, and confocal light absorption and scattering spec-
troscopic microscopy.4–11

The significance and great potential of the nuclear refrac-
tive index in the diagnosis and treatment of human cancers has
not been well recognized. Recently, we quantified the nuclear
refractive index in histology tissue specimens derived from pa-
tients with various types of cancer using spatial-domain low-
coherence quantitative phase microscopy (SL-QPM), a new in-
strument that allows the quantification of subtle changes in the
optical path length with a sensitivity of 0.9 nm.12–14 We found
that the nuclear refractive index is significantly increased in
malignant cells derived from cancer patients in comparison to
those derived from apparently normal individuals or patients
with benign disease. Significantly, we also found that increased
nuclear refractive index can be detected in cells derived from
patients that were originally labeled as “normal” or “indeter-
minate” by expert pathologists but subsequently diagnosed as
cancer patients, suggesting that SL-QPM is a superior diag-
nostic tool.12, 13 Since SL-QPM can be directly applied on the
clinical histology and cytology specimens, it has the potential
for clinical translation. We propose that the nuclear refractive
index may represent a novel and innovative approach for early
cancer detection as well as improved diagnostic accuracy and
risk stratification.

Here, we sought to identify potential biological mechanisms
underlying our recent observation that the refractive index of
the cell nucleus is significantly increased in not only malignant
cells, but also histologically normal cells in clinical histology
specimens derived from cancer patients. Since abnormalities
in the cell cycle are considered to be one of the hallmarks of
cancer, we determined the nuclear refractive index of fixed cells
from synchronized populations of the well-characterized human
cervical cancer HeLa cell line as they progressed through the
cell cycle.

We quantified the nuclear refractive index of fixed cells
in synchronized G1/S-phase and G2/M-phase populations of
cells. We synchronized HeLa cells in the G1/S-phase using a
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double thymidine (an inhibitor of DNA synthesis) block and
in the G2/M-phase using nocodazole (a mitotic inhibitor).15

Specifically, HeLa cells were grown in Dulbecco’s modified
eagle medium supplemented with 10% fetal bovine serum
(Mediatech, Inc.) and 1% penicillin-streptomycin in a 70%
humidified incubator at 37 ◦C, 5% CO2. Cells were treated with
2 mM thymidine (Sigma) for 17 h, released from thymidine for 8
h, and then treated with 2 mM thymidine for an additional 15 h.
This double thymidine block generated a synchronized pop-
ulation of G1/S-phase arrested cells. To generate G2/M-phase
arrested cells, cells were released from a double thymidine
block and then treated with 100 ng/ml nocodazole for 11 h.

To determine the efficiency of the cell synchronization we
used flow cytometry. HeLa cells were synchronized using the
aforementioned protocols and then trypsinized and fixed in 70%
ethanol. Cells were washed in phosphate buffered saline (PBS),
permeabilized with 0.25% Triton X-100 in PBS, and stained
with 6% propidium iodide (PI) for 15 min in the presence of
RNase (100 μg/mL) in a sodium citrate buffer (40 mM) contain-
ing 0.1% Trition X-100 in PBS. Stained cells were then passed
through the CyAN flow cytometer (Beckman Coulter Inc.).
Since PI is a DNA intercalating dye, the fluorescence intensity
is directly proportional to the DNA content in the nucleus.

To mimic the conditions of clinical histology specimens, we
made cell blocks from populations of synchronized cells. Briefly,
cells were trypsinized and resuspended in Cytolyt R© solution
(Cytec) prior to centrifugation to generate cell pellets. HistoGel
(Thermo Scientific) was added to each cell pellet and once
the histogel embedded cell pellet solidified, 10% formalin was
added to remove the cell block (gel button with specimen cells)
from the container. Individual slides from each cell block were
prepared following the standard tissue histology processing pro-
tocol with paraffin-embedding, sectioning at 4-μm thickness,
mounting on a glass slide, paraffin removal, and hematoxylin
and eosin staining. The stained specimen was covered with
a coverslip. We acquired the data for approximately 150 to
160 cells from each sample using the SL-QPM system and
extracted the nuclear refractive index using Fourier analysis, as
described in detail in our previous publications.12, 13

The nuclear refractive index distribution resembles the his-
togram of fluorescence intensity from the flow cytometric anal-
ysis. Figure 1 shows the comparison of the nuclear refractive
index and flow cytometry of cells synchronized at G1/S and
G2/M phases. Flow cytometry is shown in Figs. 1(a) and 1(b)
and nuclear refractive index is shown in Figs. 1(c) and 1(d).
Cells arrested at the G1/S phase have a 2N DNA content due
to an inhibition of DNA synthesis while cells arrested at the
G2/M phase have a 4N DNA content. HeLa cells arrested at the
G2/M phase with 4N DNA content exhibit a significantly higher
nuclear refractive index, as further confirmed by the statistical
analysis (P < 1E-30) shown in Fig. 1(e).

To further confirm the relationship between the nuclear re-
fractive index and DNA content, we monitored the progression
of nuclear refractive index as cells progressed through the cell
cycle. Cells were arrested using a double thymidine block proto-
col and then released. Parallel cultures of cells were trypsinized
and resuspended in Cytolyt R© solution at different time points (4,
8, 10, and 15 h) following the second release from thymidine for
cell block processing. We quantified the nuclear refractive index
and DNA content at 4, 8 10, and 15 h following release from the

Fig. 1 (a) and (b) Flow cytometry and (c) and (d) the corresponding
nuclear refractive index histogram of HeLa cells arrested at the G1/S
and G2/M phases. (e) Statistical analysis of the refractive index from
the cell nuclei. The nuclear refractive index from cells arrested at the
G2/M phase (4N DNA content) shows a significant increase compared
to those at the G1/S phase (2N DNA content) (P = 2.1E-31). Approxi-
mately 150 to 160 cells were analyzed for nuclear refractive index at
each phase.

second thymidine treatment (G1/S-phase arrest), as shown in
Figs. 2 and 3. Again, there is a clear correlation between the nu-
clear refractive index and DNA content at different phases of the
cell cycle. At four hours following the G1/S transition, approxi-
mately 50% cells have progressed into the S-phase, as indicated
by the peak at 4N DNA content. This change is clearly reflected
in the elevated average nuclear refractive index compared to that
at G1/S (P = 0.001). At eight hours, only ∼25% cells have a 2N
DNA content (G1/S-phase) and the majority of cells have a 4N
DNA content (S-phase). The corresponding nuclear refractive
index showed a further increase (P = 0.0001). At 10 h, more cells
(∼44%) have a 2N DNA content as they complete the cell cycle
and re-enter G1-phase. The corresponding nuclear refractive
index showed a slight increase (P = 0.0003). At 15 h, when most
cells (∼80%) have completed the mitosis, a more prominent
peak at 2N DNA content and a further reduced nuclear refrac-
tive index was seen (P = 0.000005). At 15 h, the percentage

Fig. 2 Flow cytometry of HeLa cells at 4, 8, 10, and 15 h following
release from a double thymidine block (G1/S-phase arrest) to monitor
progression through the cell cycle.
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Fig. 3 Statistical averages of (a) fluorescence intensity from PI and (b)
nuclear refractive index at different time points during the cell cycle.

of cells with 2N DNA content was similar to that of the cells
originally arrested in the G1/S-phase, as is the nuclear refractive
index (P = 0.4). These results confirm that the alteration in
the average nuclear refractive index is correlated with DNA
content.

Our results suggest a strong correlation between the nuclear
refractive index and alterations in DNA contents through the
cell cycle. The changes in refractive index alteration have been
shown to be proportional to macromolecular concentration or
mass density based on a well-established linear dependence:
n = n0 + αC , where C represents the mass density and the
proportionality coefficient α (specific refraction increment)
can be approximated as 0.185 ml/grams for most biological
molecules, such as nucleic acid and protein.4, 5 Therefore, the
nuclear refractive index may be a sensitive measure of nuclear
mass density or concentration caused by the alterations in DNA
content during the cell cycle. For example, when the DNA
content doubles from the G1/S to G2/M phase, the average
refractive index of the cell nucleus increases by 0.0014, corre-
sponding to a nuclear mass density change of approximately
7.6 femtograms/μm3. Since cancer is characterized as un-
controlled cell growth that is often associated with higher
DNA content, the increased DNA content may be one of the
mechanisms responsible for the increased nuclear refractive
index observed in both malignant cells and histologically
normal cells derived from cancer patients.

In conclusion, we show that the nuclear refractive index of
fixed cells correlates with DNA content through the cell cycle.
Thus, the characterization of the nuclear refractive index could
be developed as a novel methodology to determine the cell cy-
cle distribution in a population of cells. However, the nuclear
refractive index should not be considered to be a DNA spe-
cific biomarker. It could, in principle, detect cumulative nuclear
density changes arising from any macromolecules (e.g., DNA,

RNA, protein). Most significantly, our findings further suggest
that the nuclear refractive index may be a novel physical param-
eter for early cancer detection as well as improving diagnostic
accuracy and risk stratification.
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