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Abstract: Cordycepin, extracted from the medicinal mushroom Cordyceps militaris, was shown to
induce cancer cell apoptosis. Yet its anticancer function was limitedly evaluated, and the mechanism
was not entirely elucidated. In this study, we demonstrated the effectiveness of cordycepin in
inducing apoptosis in HeLa cells and investigated its apoptosis-inducing mechanism through
label-free surface-enhanced Raman spectroscopy (SERS). SERS spectral changes revealed detailed
molecular changes in both early and late stages of apoptosis. Importantly, SERS characteristic
peaks at 805 and 1438 cm−1, which were assigned to RNA, continued to decrease significantly from
early to late apoptosis stages. It indicated that cordycepin induced HeLa cell apoptosis mainly
through interfering with RNA production, potentially by restraining the translation of RNA encoding
ribosomal proteins. Meanwhile, apoptotic cells and their apoptosis stage could be easily differentiated
by SERS-based principal component analysis (PCA). Furthermore, the morphological changes of early
and late-stage apoptotic cells were illustrated by differential interference contrast and fluorescence
microscopic imaging. Therefore, the natural ingredient, cordycepin, could serve as a promising
anticancer candidate. Our biological model of cell apoptosis in vitro, the non-invasive and rapid
SERS technique, combined with PCA analysis, could be a powerful tool in the investigation of cell
apoptosis mechanisms and anticancer drug screening.

Keywords: surface-enhanced Raman spectroscopy (SERS); cell apoptosis; cordycepin; principal
component analysis (PCA)

1. Introduction

Every year, approximately 527,600 women are newly diagnosed with cervical cancer, and
265,700 people die of cervical cancer [1]. Many efforts have been made to find or develop efficient
anticancer drugs to treat cervical cancer and promote the survival rate [2]. The anticancer effect and
mechanism of drugs were usually investigated through their performance in inducing cancer cell
apoptosis [3–5]. Therefore, cervical cancer cells, i.e., HeLa cells, were widely used in drug-induced
apoptosis studies to evaluate the anticancer effects and to investigate the anticancer mechanism of a
drug or compound [6–8]. Recently, extracting active anticancer compounds from natural substances
has attracted much attention due to their simple composition, strong stability, high safety, and low
irritation [9,10].

Cordycepin (3’ deoxyadenosine), extracted from the Chinese traditional medicinal mushroom,
Cordyceps militaris, is an adenosine analogue [11]. Cordycepin has been shown to interfere with
biochemical and molecular processes such as purine biosynthesis [11–13], DNA/RNA synthesis [14],
and mTOR (mammalian target of rapamycin) signaling transduction [15]. To date, the anticancer
function of cordycepin was reported in several types of cancers, including human colorectal cancer [16],
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breast cancer [17], human leukemia [18], thyroid carcinoma [19], glioma [20], and human ovarian
cancer [21]. Based on previous reports, cordycepin possibly induces apoptosis through regulating the
expression of various proteins, inhabiting mRNA polyadenylation and/or reducing mitochondrial
membrane potential [16–21]. However, the mechanism of cordycepin-induced cancer cell apoptosis is
still not completely clear and remains to be elucidated before using it clinically.

Apoptosis, or programmed cell death, is an active gene regulation process that plays a crucial role
in the growth and development of organisms and the removal of damaged cells [22]. Many anticancer
drugs play a therapeutic role by inducing tumor cell apoptosis [23,24]. In general, cells undergo specific
characteristic changes during apoptosis. In the early stage, the cellular membrane shrinks, and the
organelles are more tightly packed; in the late stage, the bond of DNA breaks, chromatin condensation
and apoptotic bodies appear [25]. In correspondence, the contents of proteins and lipids as well as the
concentration of nucleic acids and RNA may also change during cell apoptosis. Accurate measurement
of these contents will provide insights in revealing the mechanisms in cell apoptosis.

Cell apoptosis is often investigated using flow cytometry [26], fluorescence microscopy [27], electron
microscopy [28], DNA electrophoresis [29], MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) [30], and TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) [31], etc. These
approaches are effective, yet they usually include invasive procedures (e.g., cellular fluorescent labeling
or cell fixation), which greatly limit the applications in live cells and longitudinal measurements [32].
Furthermore, many approaches only display structural appearance or identify the degradation of a single
product and are not able to provide detailed changes in various contents in the cells at the same time.
Raman spectroscopy, on the other hand, is a rapid, non-invasive technique that provides fingerprint
information about the molecular structures of various contents by measuring the vibrational mode of
molecules at once [33]. Raman spectroscopy has the characteristics of high-accuracy, high-sensitivity,
non-invasiveness and real-time operation. It maintains the integrity and function of cells and simplifies
the experimental procedure [34,35]. Conventional Raman spectroscopy suffers from weak signals,
especially in the complex biological environment. Yet, the emergence of surface-enhanced Raman
spectroscopy (SERS) has provided a solution to this problem [36]. SERS has become a powerful spectral
analytical method since Raman signals can be enhanced up to 1014~1015 times when light, molecules,
and metal nanoparticles interact, and even enable single cell detection [37]. SERS was used to study the
structure of RNA bases adsorbed on the surface of silver nanowires [38]. Researchers also investigated
the structural changes of different proteins based on the nanostructure SERS substrate [39]. Various
SERS-active nanomaterials were synthesized for nucleic acids sensing applications [40]. Therefore, SERS
is very promising in revealing the molecular mechanism involved in drug-induced cancer cell apoptosis.

In this study, we demonstrated the effectiveness of cordycepin in inducing apoptosis in HeLa
cells and investigated its apoptosis-inducing mechanism through SERS. Experimental groups treated
with cordycepin for 12 h and 48 h were used to study morphological and biomechanical changes in
the early apoptosis stage and late apoptosis stage respectively. Our results showed that cordycepin
potentially induced HeLa cell apoptosis through restraining the translation of RNA encoding ribosomal
proteins. Furthermore, control cells, early-stage apoptotic cells, and late-stage apoptotic cells were
easily differentiated through the SERS-based principal component analysis method. To our knowledge,
there has been no report on the effect of cordycepin-induced HeLa cell apoptosis from the point of
view of spectroscopy.

2. Materials and Methods

2.1. Cell Culture and Drug Treatment

HeLa cells were obtained from Nanjing Keygen Biotech Co., Ltd. (Nanjing, Jiangsu, China), and
maintained in culture medium containing minimum essential medium (MEM, Nanjing Keygen Biotech
Co., Ltd., Nanjing, Jiangsu, China), 10% fetal bovine serum (Hangzhou Sijiqing Biological Engineering
Materials Co., Ltd., Hangzhou, Zhejiang, China), and 1% anti-double (penicillin and streptomycin,



Appl. Sci. 2019, 9, 3990 3 of 12

Holly Corp, Russia) in the cell incubator under 37 °C and 5% CO2. Cells were initially seeded at a
density of 0.3 × 106 cells/mL and then allowed to grow for three days to a density of 5 × 106 cells/mL.
Then 50 µL of cordycepin (1.0 mg/L, Beijing Century Aoke Biotech Co., Ltd., Beijing, China) was added
to the HeLa cell medium (approximately 2 mL) to induce cell apoptosis. Three experimental groups
were formed. Hela cells cultured with cordycepin for 12 h were used to study the early apoptosis stage
of cordycepin treatment and were referred to as “cordycepin-12 h group”. HeLa cells cultured with
cordycepin for 48 h were used to study the late apoptosis stage of cordycepin treatment and were
referred to as “cordycepin-48 h group”. For comparison, HeLa cells cultured without drug treatment
were used as the control group.

2.2. Differential Interference Contrast (DIC) and Fluorescence Microscopic Imaging

Differential interference contrast (DIC) and fluorescence microscopic imaging were used in
the study for observing the morphology and evaluating the viability of the cells with and without
cordycepin treatment. First, three experimental groups of HeLa cells were acquired and washed with
phosphate buffered saline solution (PBS) three times to remove the cell culture medium. Propidium
iodide (PI, Beyotime Institute of Biotechnology, Haimen, Jiangsu, China), a red-fluorescent nuclear
staining dye, was used to stain to HeLa cells under 37 °C for 15 min. The samples were then observed
and imaged under a spinning disk confocal microscopy system (Dragonfly200, Andor Technology Ltd.,
Belfast, Ireland). Both DIC images and fluorescence images were acquired using this system.

2.3. SERS Measurement and Analysis

The SERS substrate used in this study was silver colloid, which was prepared based on a
classical sodium citrate reduction method [41]. First, 100 mL of 10−3 mol/L silver nitrate solution
(Carbon Twelve Regent, Shenzhen, China) and 2.5 mL sodium citrate solution (Macklin Regent,
Shanghai, China) with a mass fraction of 1% were prepared. Then, the silver nitrate solution was
heated and stirred continuously until boiling. The sodium citrate solution was added, and the solution
was boiled for 1 h. The colloidal solution was kept away from light at room temperature. The UV–vis
spectrum and a transmission electron microscope (TEM, FEI, Hillsboro, OR, U.S.) image of the silver
colloid is displayed in Figure 1. More TEM images and the size distribution measurement of the
silver colloid are reported in the Supplementary Materials (Figures S1 and S2). The averaged silver
nanoparticle size was measured to be 64 nm.
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Figure 1. (a) The UV–vis absorption spectrum of the surface-enhanced Raman spectroscopy (SERS)
substrate, (b) the TEM image of silver nanoparticles.

Throughout the study, SERS spectra of individual cells were collected with a confocal Raman
spectrometer (LabRAM Xplora Plus, HORIBA, France) equipped with a 50× objective, a charge-coupled
device (CCD) camera, and a 638 nm laser with around 10 mW power at sample. The measuring range
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of the spectrometer was 400–1700 cm−1 with a spectral resolution of 1 cm−1. The integration time
for acquiring each SERS spectrum was 5 s. Before collecting the SERS spectra of cells, 2 µL silver
colloid was dropped into the culture dishes and the cells were re-incubated for 3 h in culture medium
containing the silver colloid. Then, the cells were washed in PBS three times and 20 independent
cells from each of the groups (control group, cordycepin-12 h group and cordycepin-48 h group) were
measured with the SERS respectively. Therefore, a total of 60 spectra were obtained.

Necessary postprocessing steps were applied to optimize and analyze the acquired SERS spectra.
First, the narrow cosmic rays were removed, and the baseline of the individual spectrum was corrected
with a fifth-order polynomial fitting program to correct the fluorescence background. Both operations
were performed in LabSpec 6 software (HORIBA Scientific, Paris, France, 2017). Next, all SERS spectra
were smoothed by the nine-point Savitzky–Golay method and normalized based on the highest peaks.
The 20 spectra from each of the experimental groups (cordycepin-12 h group and cordycepin-48 h group)
were averaged to acquire a single averaged spectrum, which was then used to perform subtractions
with the averaged spectrum of the control group. To further elucidate apoptosis-induced changes over
time, intensity ratios between the apoptotic groups (cordycepin-12 h group, cordycepin-48 h group) and
the control group were calculated at several important characteristic peaks. The results were displayed
in a bar chart. Furthermore, principal component analysis (PCA) was performed on all 60 acquired
spectra. The spectra were normalized. No smoothing was applied. PCA is a multivariate statistical
analysis method that converts multidimensional variables in high-dimensional space into a small
number of comprehensive new variables, so as to realize signal feature extraction and analysis [42].
In this study, PCA was used to differentiate the cordycepin-12 h group, the cordycepin-48 h group,
and the control group.

In addition, the spectrum of cordycepin was measured using SERS (Supplementary Figure S3).
It served as the proof that signal changes in different cell groups were not from the enhanced signals of
cordycepin. Experiments were conducted to verify that the SERS substrate, i.e., silver nanoparticles,
did not induce HeLa cell apoptosis. The methods, results, and figures (Supplementary Figures S4 and
S5) of this experiment are presented in supplementary materials.

3. Results and Discussion

3.1. Morphological Changes of Cells Undergoing Apoptosis

Figure 2 presents the DIC microscopic images and fluorescence images of three groups of cells.
DIC is one of the most widely used techniques in imaging the mostly transparent, unstained cells
because it is able to enhance contrast effectively. As shown in Figure 2a,d,g, it was observed that the
appearance of HeLa cells treated with cordycepin for 12 h or 48 h was significantly different from
the control cells. The control cells were full in shape with clear cell boundaries while cells from the
cordycepin treatment groups had irregular shapes and were almost flat. Cells with 48 h cordycepin
treatment exhibited even less distinct cell boundaries but more distinct nucleus boundaries, which were
not shown in the control group or the cordycepin-12 h group. This indicated that the cell membranes
further shrunk, the density of cytoplasm increased, and the nucleoplasm condensed. Fluorescence
images of PI stained cells provided a more direct proof of cordycepin-induced apoptosis. PI is a
fluorescence dye that binds to DNA in the cell nucleus, thus, it is widely used to evaluate cell viability in
the apoptosis process [43]. As shown in Figure 2b, PI was not present in the control cells, representing
that PI was not permeable to HeLa cells without cordycepin treatment and that the control cells were
viable. In contrast, PI staining was well observed in the cell groups treated with cordycepin for 12 h
or 48 h (Figure 2e,h). This indicated that PI dye molecules penetrated through the cell membranes
of cells from the cordycepin-12 h group and the cordycepin-48 h group. Fluorescence signals were
produced by the interaction of the dye with the nucleus of cells, it was therefore demonstrated that
HeLa cells treated with cordycepin no longer retained membrane integrity and could be interpreted as
undergoing apoptosis. Furthermore, the fluorescence intensities of the cordycepin-48 h group were
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lower than the intensities of the cordycepin-12 h group. It was possibly due to the fact that nucleic acid
content gradually decreased as the apoptosis progressed to a later stage, causing the stainability of
the nucleus to decrease. In summary, the combined DIC and fluorescence microscopy images served
as an effective evaluation for cordycepin-induced apoptosis and provided both morphological and
biochemical changes in the cells during apoptosis.
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Figure 2. Differential interference contrast (DIC) and fluorescence microscopic images of HeLa cells.
The DIC images of cells from: (a) the control group, (d) cordycepin-12 h group, (g) cordycepin-48 h
group; the fluorescence images of cells from: (b) the control group, (e) the cordycepin-12 h group,
(h) the cordycepin-48 h group; the merged DIC and fluorescence images are shown in (c), (f), and
(i), respectively.

3.2. Analysis of SERS Spectra

SERS spectral changes between the control group and the cordycepin-12 h group are shown
in Figure 3. Trace (a) represents the average SERS spectra of the control group and trace (b) is the
average SERS spectra of the cordycepin-12 h group. The corresponding spectral difference between the
cordycepin-12 h group and the control group is shown as trace (c). The SERS spectral changes between
these two groups represent content changes in the early stage of apoptosis. From Figure 3 trace (c),
obvious differences between the cordycepin-12 h group and the control group at SERS characteristic
peaks 534, 640, 746, 805, 830, 998, 1145, 1438, and 1546 cm−1 can be clearly observed. The spectral peak
assignments are listed in Table 1. Compared to control cells, SERS peak intensities in apoptotic cells
showed increases at 534, 746, and 1145 cm−1, which could be assigned to A ring (adenine ring) breath,
T ring (thymine ring) breath, and deoxyribose phosphate, respectively. This indicated that nucleic acid
concentration had increased in the early stage of cordycepin-induced apoptosis. On the other hand,
peaks at 640, 805, 830, 998, 1438, and 1546 cm−1 exhibited decreases in intensities in apoptotic cells
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compared to control cells. A shoulder peak appeared at 830 cm−1, which was related to the stretching
vibration of O–P–O asymmetric bond, also decreased in the cordycepin-12 h group. The peak at
640 cm−1 was assigned to the C–C twist of tyrosine, the peak at 998 cm−1 could be assigned to the
symmetric ring breathing mode of phenylalanine, and the peak at 1546 cm−1 was assigned to Amide II.
The intensity decreases at these characteristic peaks revealed that the contents of proteins and lipids
had decreased in the early stage of cordycepin-induced apoptosis. At the same time, the peaks at 805
and 1438 cm−1, which were assigned to RNA, also decreased, indicating that the RNA concentration
began to decline in the early stage of apoptosis.

Table 1. Raman peak frequencies and their assignments.

Raman shift (cm−1) Assignment

534 Adenine ring breath
640 C–C twist of tyrosine
746 Thymine ring breath
805 RNA
830 O–P–O asymmetric stretch, tyrosine ring breath
998 Phenylalanine symmetric ring breath
1145 Deoxyribose phosphate
1438 RNA
1546 Amide II
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Figure 4 shows SERS spectral changes between the control group and the cordycepin-48 h group.
The averaged SERS spectra of the control group are shown in trace (a), the cordycepin-48 h group is
shown in trace (b), and the spectral differences between them is in trace (c). This figure exhibits the
content changes in the late stage of cordycepin-induced apoptosis. Spectral differences at characteristic
peaks 534, 746, and 1145 cm−1 revealed intensity decreases for nucleic acid while spectral changes
at peaks 640, 830, 998, and 1546 cm−1 revealed intensity increases for proteins and lipids due to
cordycepin-induced apoptosis at 48 h. Meanwhile, it was observed that peaks at 805 and 1438 cm−1,
which were assigned to RNA, encountered significant decreases in spectral intensity in the late stage of
apoptosis. Figure S6 in the Supplementary Materials shows the averaged spectra and the difference
spectra of all three groups in one graph.



Appl. Sci. 2019, 9, 3990 7 of 12
Appl. Sci. 2019, 9, x FOR PEER REVIEW 7 of 12 

 

Figure 4. SERS spectral changes of HeLa cells treated with cordycepin in the late stage of apoptosis. 
(a) The average SERS spectrum of the control group; (b) the average SERS spectrum of the cordycepin-
48 h group; (c): spectral difference between (b) and (a). The x-axis is the Raman shift and y-axis is the 
intensities in arbitrary unit (a.u.). 

A more detailed comparison among cells from the control group, the cordycepin-12 h group, 
and the cordycepin-48 h group at important characteristic SERS peaks is shown in Figure 5. It was 
clear that prominent peak intensity changes at 534, 640, 746, 830, 998, 1145, and 1546 cm−1 in the late 
stage of apoptosis were different from those of the early stage of apoptosis. Peaks at 805 and 1438 
cm−1 were shown to encounter continued decreases from the early stage of apoptosis to the late stage 
of apoptosis, indicating a progressing loss of the RNA content.  

 

Figure 4. SERS spectral changes of HeLa cells treated with cordycepin in the late stage of apoptosis.
(a) The average SERS spectrum of the control group; (b) the average SERS spectrum of the cordycepin-48
h group; (c): spectral difference between (b) and (a). The x-axis is the Raman shift and y-axis is the
intensities in arbitrary unit (a.u.).

A more detailed comparison among cells from the control group, the cordycepin-12 h group, and
the cordycepin-48 h group at important characteristic SERS peaks is shown in Figure 5. It was clear
that prominent peak intensity changes at 534, 640, 746, 830, 998, 1145, and 1546 cm−1 in the late stage
of apoptosis were different from those of the early stage of apoptosis. Peaks at 805 and 1438 cm−1 were
shown to encounter continued decreases from the early stage of apoptosis to the late stage of apoptosis,
indicating a progressing loss of the RNA content.
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3.3. Principal Component Analysis of SERS Spectra

Furthermore, principal component analysis (PCA) was employed to distinguish cells from different
experimental groups. Figure 6 shows the scores of two principal components (PCs), PC1 and PC2,
calculated from SERS spectra of 20 cells with no drug treatment, 20 cells treated with cordycepin
for 12 h, and 20 cells treated with cordycepin for 48 h. It was observed that three clusters were
easily separated by PC1 and PC2, which possessed the contribution accounts of 73.9% and 16.7%,
respectively. The variance of PC1 and PC2 were 1.71 and 0.28, respectively. The main discriminant
was the PC1 score, where the control group had the highest scores while the cordycepin-48 h had
the lowest scores. The PCA distribution area of the cordycepin-12 h group and the cordycepin-48 h
group were larger than that of the control group. It indicated that the individual differences in the
cordycepin-12 h group and the cordycepin-48 h group were more obvious, and the uniformity across
cellular molecules was slightly worse than that of the control group. The results demonstrated that the
control group, the cordycepin-12 h group, and the cordycepin-48 h group could be easily distinguished
by SERS-based PCA.
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3.4. Discussion

Our study demonstrated that cordycepin was able to induce apoptosis in HeLa cells, and
morphological and biochemical changes were presented for early and late-stage cordycepin-induced
apoptosis. In the early stage, the concentration of nucleic acids was increased, and proteins and lipid
contents were decreased (Figure 5). These results were consistent with previously reported changes in
general cell apoptosis mechanisms [44]. For example, in the early stage of apoptosis, DNA transcription
started, explaining the increase of nucleic acids concentration [45]. Protein synthesis was inhibited,
which, therefore, explained the decrease of protein contents [45,46] On the other hand, the decrease
of RNA concentration was not a commonly reported phenomenon, instead, it was more specifically
involved in the mechanisms of certain apoptosis inducers [45]. The decreased RNA potentially resulted
from inhibited synthesis of completed ribosomal and ribosomal precursor RNA through restraining the
translation of RNA encoding ribosomal proteins in the early stage of apoptosis [47,48]. In the late stage
of apoptosis, the nucleic acid concentration was decreased, while protein and lipid concentrations were
increased (Figure 5). These changes could be explained by highly fragmented cellular nucleus and
apoptotic body formation [49]. Furthermore, RNA continued to decrease, explained by the widespread
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RNA decay due to the shutdown of translation of RNA encoding ribosomal proteins in the late stage
of apoptosis [48,50]. Therefore, SERS results supported that cordycepin induced HeLa cell apoptosis
through inhibiting RNA synthesis.

4. Conclusions

This study presented structural and biochemical changes in cordycepin-induced HeLa cell
apoptosis and investigated its apoptosis-inducing mechanism. DIC and fluorescence microscopic
imaging was used to demonstrate the effectiveness of cordycepin in inducing HeLa cell apoptosis,
and to illustrate the morphological changes of cells undergoing apoptosis. SERS was used to reveal
the detailed biochemical changes, such as nucleic acid, proteins, lipids, RNA, etc. Specifically, SERS
characteristic peaks at 805 and 1438 cm−1, which were assigned to RNA, continued to decrease
significantly from normal to the early apoptosis stage, and then to the late apoptosis stage. Therefore,
cordycepin induced HeLa cell apoptosis through interfering with RNA production, potentially by
restraining the translation of RNA encoding ribosomal proteins. Moreover, apoptotic cells and their
apoptosis stage could be easily differentiated by PCA.

The natural ingredient cordycepin was a promising candidate in the treatment of cervical cancer.
Our biological model of cell apoptosis in vitro also provided a reference for clinical treatment of cancer
and anticancer drug development. In addition, the non-invasive, rapid SERS technique, combined with
PCA analysis, was a powerful tool in the investigation of cell apoptosis mechanisms and anticancer
drug screening.
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