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Abstract The isoquinoline quaternary alkaloid Berberine possesses a variety of pharmacological properties that suggests its 

promising application for an anticancer delivery system design utilizing its ability to intercalate DNA. 

In the current work we have investigated the effects of Berberine on the human T-cell leukemia cell line in vitro. Fluorescent 

microscopy of leukemic cells revealed Berberine nuclear localization. The results showed that Berberine inhibited leukemic 

cell growth in a time- and dose-dependent manner, that was associated with reactive oxygen species production intensification 

and caspase 3/7 activity increase with followed apoptosis induction. 

Berberine was used as a toxic and phototoxic agent for triple system synthesis along with DNA as a carrier and nanosilver as a 

plasmonic accelerator of Berberine electronic transitions and high energy emission absorbent centers. The proposed method 

allows to obtain the complex of DNA with Berberine molecules and silver nanopoarticles. The optical properties of free 

components as well as their various combinations, including the final triple system DNA-Nanosilver-Berberine, were 

investigated. Obtained results support the possibility to use the triple system DNA-Nanosilver-Berberine as an alternative 

therapeutic agent for cancer treatment. 
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Introduction 

The main steps of cancer chemotherapy include drug delivery to cancer cells, its intracellular accumulation and final 

implementation of drug toxicity against cancer cells due to the specific chemical reactions. The first generation of anticancer 

drugs for chemotherapy exploits the single toxic drug such as Doxorubicin (Tacar et al. 2013) and Cisplatin (Florea and 

Büsselberg 2011). The disadvantages of this approach include rather low selectivity and high general toxicity accompanied 

with damage of blood vessels transporting drug. The next generation of anticancer drugs develops multicomponent systems 

combining drug with a special carrier, thus, achieving an enhanced selectivity, stability and circulation time. Due to the high 

biocompatibility and structural programmability, deoxyribonucleic acid (DNA) functions as an effective carrier for anticancer 

drugs, increasing its size as well as improving biodistribution and diminishing side effects (Jiang et al. 2012, Kang et al. 2015, 

Linko et al. 2015). Several strategies of using DNA as a carrier for common anticancer drug Doxorubicin in form of polyplex 

(Kang et al. 2015), origami (Jiang et al. 2012), branched molecules in nanofilm (Cho et al. 2014) and nanogel linked by 

Cisplatin (Zhang and Tung 2017) were recently described. Doxorubicin was bound to the carrier via intercalation between 

DNA double helix base pairs. Such reversible and noncovalent binding of the toxic cargo and DNA carrier holds a big promise 

to exploit new alternative anticancer agents and to build DNA delivery nanosystem for application in cancer therapy. 

Herbal secondary metabolites exhibit multiple biological and pharmacological properties, representing a natural library of 

bioactive compounds providing defense against herbivores, bacteria, fungi and viruses (Keasling 2008, Ortiz et al. 2014). 

Alkaloids, being one of the most versatile class of herbal secondary metabolites, include heterocyclic, nitrogen containing, 

low-molecular-weight molecules, frequently with a high toxicity against other organisms (Keasling 2008, Xiao et al. 2012). 

The representatives of this class often exhibit pharmacological effects, leading to such tumortherapeutics as Vinblastine, 

Vincristine, Paclitaxel and Camptothecin (Mann 2002). The isoquinoline quaternary alkaloid Berberine (C20H19NO5, 2,3-

methylenedioxy- 9,10-dimethoxyprotoberberine chloride, molecular weight of 353.36) promises applications as a low cost 

therapeutic due to the antiinflammatory, antimicrobial and antiviral activities (Ortiz et al. 2014, Cai et al. 2014). In recent 

years, Berberine has been reported to inhibit cell proliferation and to be toxic in vitro for many human cancer cell lines from 

different tumors such as FaDu (head and neck squamous cell carcinoma) (Seo et al. 2015), KB (oral cancer) (Kuo et al. 2005), 

PANC-1 and MIA-PaCa2 (pancreatic cancer) (Park et al. 2015), KM12C, KM12SM and KM12L4A (colon cancer) (Zhang et 

al. 2013), HL60 (leukemia) (Wu et al. 1999, Xiao et al. 2012), MCF-7 (breast cancer) (Patil et al. 2010), Ca Ski (cervical 

cancer) (Lin et al. 2007), PC-3 (prostate cancer) (Meeran et al. 2008) and WM793 (melanoma) (Serafim et al. 2008).  

The potential intracellular targets of Berberine are DNA topoisomerase I, POT1 (Xiao et al. 2012), DNA Damage-Inducible 

Gene (Lin et al. 2007), Wnt (Albring et al. 2013, Zhang et al. 2013), p53 (Patil et al. 2010, Wang et al. 2014), NF-kB (Liu et al. 

2010), cyclooxygenase-2 and Mcl-1 (Kuo et al. 2005), nucleophosmin/B23 (Wu et al. 1999), death-domain-associated protein 

(Zhang et al. 2010) as well as nucleic acids. Berberine has an ability to directly intercalate between DNA base pairs 

(Gumenyuk et al. 2011), leading to double-strand breaks (Wang et al. 2011, Li et al. 2013). Berberine was also shown to 
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interact with human telomeric DNA quadruplex with a binding affinity of 10

6
 M

-1
 (Arora et al. 2008) resulting in a significant 

stabilization through p–p interactions (Franceschin et al. 2006, Arora et al. 2008). Two Berberine molecules can herein be 

simultaneously stacked side-by-side onto the telomeric G-quadruplex (Bazzicalupi et al. 2013). The stabilization of 

intramolecular telomeric G-quadruplexes promotes selective downregulation of gene expression, DNA damage responses as 

well as telomerase inhibition (Neidle 2017). The resulting proliferation decrease suggests such a ligand-induced stabilization of 

the intramolecular telomeric G-quadruplexes as a new target for cancer therapy. Moreover, Berberine inhibits telomeric DNA 

binding with the POT1 protein (Xiao et al. 2012), an essential factor of the telomeres protection. Although, many results show 

that Berberine effectively binds DNA, suggesting its high nuclear affinity (Zhang et al. 2013), other data show Berberine 

mitochondrial localization (Pereira et al. 2007). Considerable attention focused on the mechanism of its anticancer 

cytotoxicity, showing mainly involvement of oxidative stress and mitochondrial dysfunction (Pereira et al. 2007, Meeran et al. 

2008, Park et al. 2015), leading to apoptosis and cell cycle arrest (Kuo et al. 2005, Zhang et al. 2010, Patil et al. 2010, Cai et al. 

2014).  

In our study we aimed to evaluate Berberine intracellular localization and its effects in human leukemic CCRF-CEM cells. For 

this purpose, we have estimated cell viability, reactive oxygen species (ROS) generation level and apoptosis induction in 

CCRF-CEM cells. We also proposed the system DNA-Nanosilver-Berberine that is the candidate to the novel generation of 

anticancer drugs due to the number of functional properties. DNA macromolecule plays the role of transporting carrier for 

Berberine molecules that can function as the main anticancer toxic agent. The system was designed considering the most recent 

study of Berberine photosensitizing activity (Andreazza et al. 2016). Surface plasmonic oscillation of fixed silver nanoparticles 

(AgNPs) (Basak et al. 2006, Muskens et al. 2007, Fang et al. 2008, Zhang et al. 2008, Yeshchenko et al. 2009, Ming et al. 

2012) can be used to enhance electronic transitions of the Berberine molecules, intercalated in the DNA double helix. Besides 

this, the presence of silver nanopraticles in the proposed triple system gives the possibility to use it in the cancer radiotherapy 

as well (Hainfeld et al. 2004, Zheng et al. 2008). The complexation of silver nanoparticles with the DNA molecule is achieved 

via formation of silver nanoclusters along the DNA molecule (Kasyanenko et al. 2016). Therefore, the main purpose of silver 

nanoparticles here is to strength electronic transitions in Berberine molecules due to plasmonic resonance that gives the 

possibility to enhance its photosensitizing activity. The optical properties of system components alone as well as their various 

combinations, including the DNA-Nanosilver-Berberine system, were studied. 

 

 

Methods 

 

Chemicals 

RPMI 1640 liquid medium, phosphate buffered saline (PBS), Fetal Bovine Serum (FBS), Penicillin/Streptomycin and L-
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gluthamine were obtained from Biochrom (Berlin, Germany). Berberine, Hoechst 33342 and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT), silver nitrate (AgNO3), sodium borohydride (NaBH4) and DNA from chicken 

erythrocytes were obtained from Sigma Aldrich (St. Louis, MO, USA). Dimethylsulfoxide (DMSO) was purchased from 

Neolab (Heidelberg, Germany). Trypan blue was from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). 

 

Cell Culture 

The human T-cell leukemia cell line CCRF-CEM (ACC 240) was purchased from the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures. Cells were maintained in RPMI 1640 medium supplemented with 10% FBS, 

1% Penicillin/Streptomycin and 2mM L-gluthamine, using 25cm
2
 flasks at a 37

0
C with 5% CO2 in humidified incubator 

Binder (Tuttlingen, Germany). The number of viable cells was counted upon 0.1% trypan blue staining using Roche Cedex XS 

Analyzer (Basel, Switzerland).  

 

Berberine Accumulation in Leukemic Cells 

CCRF-CEM cells were seeded at 2×10
5
 cells/ml in 6-well plate Sarstedt (Nümbrecht, Germany) incubated for 24h. Then cells 

were treated with 50µM Berberine for 4h, washed with PBS and stained with 10µM Hoechst 33342 for 1h. Live imaging of 

CCRF-CEM cells was performed with a Fluorescence Microscope Keyence BZ-9000 BIOREVO (Osaka, Japan) equipped with 

blue (λ excitation = 377nm, λ emission = 447nm) and green1 (λ excitation = 435nm, λ emission > 515nm) filters with the 

acquisition software Keyence BZ-II Viewer (Osaka, Japan). The merged images and single cell fluorescence intensity profiles 

were processed with the Keyence BZ-II Analyzer software (Osaka, Japan). 

 

Cell Viability 

For cell viability assay, CCRF-CEM cells were cultured in 96-well cell culture plates Sarstedt (Nümbrecht, Germany) at 

10
4
icells/well for 24h. The cell culture medium was replaced by Berberine-contained medium. Cells were incubated in the 

presence of 0, 1, 3, 6, 12, 25, 50, 75, 100 and 150µM Berberine for 24, 48 and 72h. Cell viability was determined with a MTT 

reduction assay (Carmichael et al. 1987), during which 10μl of MTT solution (5μg/ml in PBS) was added to each well and 

incubated for 2h at 37
0
C degrees. The culture medium was replaced with 100μl DMSO and after 15min Diformazan formation 

was determined by measuring absorption at 570nm with a microplate reader Tecan Infinite M200 Pro (Männedorf, 

Switzerland). Cell viability assay was accompanied with the phase contrast microscopy analysis of untreated and 25µM 

Berberine treated CCRF-CEM cells with the Keyence BZ-9000 BIOREVO (Osaka, Japan). Curve fitting and calculation of the 

IC50 values were done using specialized software GraphPad Prism 7 (GraphPad Software Inc., USA). Briefly, individual 

concentration-effect curves were generated by fitting the logarithm of the tested compound concentration versus corresponding 

normalized percent of cell viability values using nonlinear regression. 



5 

 
 

Intracellular Reactive Oxygen Species Generation  

Intracellular oxidative stress was quantified using fluorescent probe 2,7-dichlorofluorescin diacetate (DCFH-DA, Sigma-

Aldrich Co., St-Louis, USA). CCRF-CEM cells were seeded into 96-well plates at 10
4
 cells/well and incubated for 24h. Cells 

were exposed to 0, 6, 12 and 25µM Berberine-contained RPMI for 5h, when 5µM DCFH-DA was added and incubated for 

40min and fluorescence (λ excitation = 488nm, λ emission = 520nm) was detected with the microplate reader Tecan Infinite 

M200 Pro (Männedorf, Switzerland). At 50min CCRF-CEM cells were observed using the Fluorescence Microscope Keyence 

BZ-9000 BIOREVO (Osaka, Japan) equipped with green2 filter (λ excitation = 472nm, λ emission = 520nm).  

 

Caspase 3/7 Activity  

CCRF-CEM cells were seeded into 96-well plates at 10
4
 cells/well and incubated for 24h. The cell culture medium was 

replaced with fresh medium containing 25µM Berberine. After 0-8 hours the enzymatic activity of caspase 3/7 was determined 

of using the Promega Caspase-Glo® 3/7 Activity assay kit (Madison, USA) according to the manufacturer’s instructions. 

Briefly, an equal volume of Caspase-Glo 3/7 reagent was added and gently mixed at 300rpm for 1min. The plate was then 

incubated at room temperature (RT) for 2h. The luminescence signal, proportional to the amount of caspase activity present in 

the sample, was measured with the microplate reader Tecan Infinite M200 Pro (Männedorf, Switzerland). The caspase 3/7 

activity of Berberine-treated cells was calculated as caspase activity relative to that in untreated cells. 

 

Flow Cytometry Analysis  

CCRF-CEM cells were seeded onto 6-well plates at a cell density of 2×10
5
cells/well in 2 ml of culture medium and after 24h 

were treated with 6, 12 and 25µM Berberine. Following a 24h incubation period, the cells were analyzed with flow cytometry 

consequently to the double staining with an Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis 

detection kit (eBioscience™, San Diego, USA) according to the manufacturer’s instructions. Briefly, cells were harvested, 

pelleted by centrifugation, washed in PBS and Binding buffer and resuspended in Binding buffer. FITC-conjugated Annexin V 

was added to the cells, incubated for 15min at RT preventing light exposure. Cells were washed in Binding buffer and then 

propidium iodide was added to the cells. After 10min cell suspension was analyzed with flow cytometry (BD FACSJazz™, 

Singapore). Viable cells were not stained (Annexin-FITC and PI negative), whereas dead cells exhibited Annexin-FITC 

negative and PI positive fluorescence. Annexin V-FITC positive, PI negative cells were considered in the early stage of 

apoptosis, both Annexin V- and PI-positive – in the late stage of apoptosis. A minimum of 20,000 cells per sample were 

acquired and analyzed with the BD FACS™ software (Singapore). 

 

Preparation of Double DNA-Nanosilver and Triple DNA-Nanosilver-Berberine Preparation 



6 

 
AgNPs were synthesized in situ in aqueous solution DNA by reduction of precursor – silver nitrate (AgNO3).  

Double nanosystem synthesis: 2ml of a 0.1M AgNO3 aqueous solution was added to 5ml of aqueous DNA solution (C = 10
-3

 

g/cm
3
) and stirred for 20min. Then, 2 ml of 0.1M aqueous solution of reductant sodium borohydride (NaBH4) was added. The 

final aqueous solution was stirred for 20min. It turned reddish brown, thus, the formation of AgNPs was indicated.  

Triple nanosystem sysnthesis: 0.1M AgNO3 aqueous solution was added to 5ml of aqueous DNA solution (C = 10
-3

 g/cm
3
) and 

stirred during 20min. Then, 0.1M aqueous solution of reductant NaBH4 was added. The final aqueous solution was stirred for 

20min. Finally, the Berberine sulphate solution was injected to the prepared silver nanoparticle solution synthesized in DNA 

matrix and mixture was stirred additionally for 20min. Added amount of 0.1М AgNO3 for triple nanosystem preparation was 

varied from 0.08 to 0.8ml, amount of Berberine sulphate – from 0.5 to 1.5ml. 

 

Optical Absorption Spectra 

For spectral measurements of free component as well as nanoparticle-containing systems a spectrofluorimeter Cary Eclipse 

(Varian, Austria) and Specord UV VIS (Jena, Germany) were used. 

 

Statistical Analysis 

The data were represented as the mean ± standard deviation from a minimum of four independent experiments. The two-tailed 

Student’s t-test was used to analyze differences between controls and treated samples. Differences values p < 0.05 were 

considered to be significant. Data processing and plotting were performed using specialized application GraphPad Prism 7 

(GraphPad Software Inc., USA). 

 

 

Results and Discussion 

 

Biological Activity of Berberine in vitro 

 

Berberine Accumulation in Leukemic Cells 

 

To determine intracellular localization of Berberine it is important to explain its anticancer activity since the location could 

give insights about drug’s impact on cell metabolism. Berberine absorbs blue and emits green light (Bashmakova et al. 2009), 

suggesting fluorescent microscopy. Exposure of CCRF-CEM cells to 50µM Berberine for 4h resulted in intracellular green 

fluorescence (Fig. 1A), suggesting its effective intracellular accumulation. Simultaneously cells were subjected to the live-

staining with the blue-fluorescent DNA-binding dye Hoechst 33342. The single cell fluorescence intensity profiles were 
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estimated for 150 pixels along yellow lines, pointed on the image “Merged” of CCRF-CEM, treated with 50µM Berberine. The 

obtained fluorescence intensity profiles showed that the green fluorescence signal from Berberine entirely mimicked Hoechst 

33342 blue signal distribution (Fig. 1B), demonstrating that Berberine was concentrated in the cell nucleus. Obtained data 

suggest that 50µM Berberine binds DNA of CCRF-CEM upon in vitro conditions, what could be linked with its anticancer 

activity (Franceschin et al. 2006, Arora et al. 2008, Wang et al. 2011, Li et al. 2013, Ortiz et al. 2014). Previously, it was 

shown that Berberine is transferred into the nucleus via passive diffusion (Zhang et al. 2013), but in the concentrations less 

than 50µM is selectively accumulated by mitochondria (Pereira et al. 2007, Serafim et al. 2008), pointing out on the 

multiphase model of Berberine accumulation.  

 

Fig. 1 Berberine intracellular localization: A – bright field and fluorescence (blue – λ excitation = 377nm, λ emission = 447nm, 

green1 – λ excitation = 435nm, λ emission > 515nm) images of CCRF-CEM cells, incubated for 4h with 50µM Berberine, 

scale bar 20 µm, B – Single cell fluorescent profile along yellow lines 1, 2 and 3, pointed on the “Merged” fluorescence image 

 

Cell Viability 

 

A considerable attention has been paid to identify Berberine inhibiting potential on cancer cell viability (Kuo et al. 2005, Lin et 

al. 2007, Meeran et al. 2008, Patil et al. 2010, Zhang et al. 2010, Xiao et al. 2012, Zhang et al. 2013, Park et al. 2015, Seo et al. 

2015). The viability of CCRF-CEM cells, exposed to Berberine at concentration ranging from 0 to 150µM, was monitored 
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within 72h of incubation. Cell viability was estimated with MTT assay and expressed as % of untreated control cells (Fig. 2A). 

Berberine has shown a dose- and time-dependent toxicity against CCRF-CEM cells. Berberine concentration of 3, 6, 12, 25 

and 50µM induced cytotoxicity, directly proportional to the incubation time. CCRF-CEM cells under action of 25µM 

Berberine showed the viability in 42%, 19% and 11% of untreated control cells at 24, 48 and 72 hours respectively. The 

highest tested Berberine concentrations (100 and 150µM) had an acute cytotoxic effect at all time-points with no detectable 

cell viability. As shown on Figure 2B, half-maximal inhibitory concentration (IC50) of Berberine was estimated to be 22 ± 5, 9 

± 1 and 5 ± 1 µM at 24, 48 and 72h, respectively. Visual changes in cell quantity and morphology were also observed with the 

phase-contrast microscopy. As shown on Figure 2C, 25µM Berberine-treated cells demonstrated a decrease of viable cells 

along an incubation time from 0 to 72h. Our results demonstrate that Berberine exhibits significant cytotoxic effects against 

human leukemic cells. 

 

Fig. 2 Berberine action on cells: A – viability of CCRF-CEM cells, treated with 1-150µM Berberine during 24-72h, B – half 

maximal inhibitory concentration (IC50) of Berberine after 24h, 48h and 72h exposure to CCRF-CEM cells, C – 

morphological characterization under phase contrast microscopy of CCRF-CEM cells, treated with 25µM Berberine for 0-72h 

 

Intracellular Reactive Oxygen Species Generation 

  

A high generation of reactive oxygen species promotes severe cellular damage causing cell death. Oxidative stress induction 

presents a promising anticancer strategy due to the high sensitivity of cancer cells to ROS level increase (Gorrini et al. 2013). 

The intracellular level of generated ROS in CCRF-CEM cells after 5h exposure to 0-25µM Berberine was estimated by an 

oxidative-sensitive fluorescence dye DCFH-DA (Myhre et al. 2003, Eruslanov and Kusmartsev 2010). DCFH-DA is able to 
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penetrate into the cell, where it is deacyleted to the non-fluorescent form DCFH by intracellular esterases. Upon interaction of 

DCFH with intracellular ROS DCFH is oxidized to DCF, which is characterized by high green fluorescence. Consequently, the 

redox state of the sample can be monitored by detecting the fluorescence intensity (Eruslanov and Kusmartsev 2010). 

Increasing concentrations of Berberine administered to the cells provoked an increase in intracellular ROS generation – up to 

more than 100% (Fig. 3A). In parallel an increase of the green fluorescence, proportionally to Berberine concentration, was 

observed with fluorescent microscopy (Fig. 3A1). Thus, we have shown that Berberine promotes oxidative stress in human 

leukemic cells by increasing intracellular ROS generation level, which is in accordance with previous findings (Pereira et al. 

2007, Meeran et al. 2008, Park et al. 2015).  

 

Fig. 3 Berberine proapoptotic effects: A – intracellular reactive oxygen species generation level of CCRF-CEM cells, 

exposured to 0, 6, 12 and 25µM Berberine for 5h: 1 – Fluorescence intensity of CCRF-CEM cells after 40min incubation with 

DCFH-DA, 2 – Fluorescence microscopy of CCRF-CEM cells after 50min incubation with DCFH-DA (green2 - λ excitation = 

472nm, λ emission = 520nm), scale bar 20µm, B – Caspase 3/7 activity of CCRF-CEM cells, treated with 25µM Berberine for 

0-8h 

 

Apoptosis Induction 

 

Reactive oxygen species are increasingly recognized as important initiators and mediators of apoptosis suggesting that 

Berberine could finally activate the caspase cascade. Therefore, we determined whether Berberine-induced cell-death is 
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mediated through caspase-3/7. Treatment with 25µM Berberine resulted in a time-dependent increase of the enzymes activity 

up to 210% (Fig 3B), suggesting apoptotic death type mechanisms. 

To investigate further the possible proapoptotic effect of Berberine, CCRF-CEM cells were subjected to double staining with 

Annexin V-FITC and propidium iodide. Protein Annexin V binds to phosphatidylserine which serves as an “eat me” signal on 

the cell-surface during apoptosis execution facilitating the phagocytic recognition and destruction of apoptotic cells (Suzuki et 

al. 2013). Flow cytometry analysis of double Annexin V-FITC/PI stained cells distinguish cells into four populations: viable 

(annexin V-FITC negative, PI negative), early apoptotic (annexin V-FITC positive, PI negative), late apoptotic (annexin V-

FITC positive, PI positive) and dead (annexin V-FITC negative, PI positive) cells (Fig. 4A). A statistics summary report is 

illustrated in Figure 4B. Untreated control cells showed high viability of 95%. 24h incubation of CCRF-CEM cells with 6µM 

Berberine resulted in apoptotic cell population growth up to 16% compared to 4% of control cells. Further Berberine 

concentration increase caused escalated appearance of both apoptotic and dead cells. The percentage of apoptotic cells treated 

with 12 and 25µM Berberine were found to be 18% and 35%, and dead cells accounted 6 and 11% of the population, 

respectively. These finding support the suggested apoptotic cell death induction in leukemic cells under action of Berberine. 

 

Fig. 4 Detection of apoptotic CCRF-CEM cells, treated with 0-25µM Berberine, with Annexin V-FITC/PI double staining: A – 

in each panel the lower left quadrant shows negative cells for both PI and Annexin V-FITC – viable, upper left quadrant shows 

only Annexin V-FITC positive, PI negative cells – early apoptotic, and the upper right quadrant shows Annexin V-FITC and 

PI positive cells – late apoptotic cells, the lower right quadrant shows PI positive, Annexin V-FITC negative cells – dead, B –  

percentage of cell populations, differentiated with double Annexin-FITC/PI staining after treatment with Berberine 
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The System Components Spectral Characterization 

 

DNA 

 

The optical properties of DNA are mainly determined by individual properties of π-electron systems of DNA bases that are 

dominant light absorbing centers in DNA molecule and practically are independent of each other. It is proven with similar 

absorption spectra of DNA and equimolar mixtures of low molecular model compounds – dAMP, dTMP, dCMP, dGMP 

(Yashchuk et al. 2007). Namely, these unique properties give the possibility to build the system of singlet and triplet electronic 

levels of DNA deliberately using the spectra of optical absorption, fluorescence and phosphorescence of the model 

compounds. It is appeared that the singlet levels of C acid and C base are the lowest ones among all. Therefore, due to energy 

transfer between nucleic bases in the DNA macromolecule the fluorescence of DNA is determined by emission from C- and G- 

bases of DNA. As it was shown by Yashchuk et al. (2007), in fluorescent emission of DNA molecule the main contribution 

belongs to these species. Our measurements (Fig. 7A) of DNA optical absorption spectra at RT, fluorescence and 

phosphorescence spectra at 77K were found to be almost the same to obtained in other works (Yashchuk et al. 2007, Yashchuk 

and Kudrya 2017). The long-way band of DNA absorption located in the range 230-300nm with the maximum 260nm in wide 

temperature diapason including room temperature. At room temperature the DNA fluorescence intensity was weak with the 

quantum yield ~10
-5

. 

 

DNA-Berberine System 

 

Optical absorption spectra 

The absorption spectrum of Berberine lies in the spectral range of λ < 500 nm, consisting four bands with the maxima at 420, 

346, 263 and 227 nm. In the spectra of the mixture solutions of Berberine with DNA a substantial hypochromism up to 30% 

and the shift of maxima toward long waves were observed for 346 and 420 nm bands (Fig. 5A). The dipole moment of 

Berberine is oriented in the molecular plane (Danilov et al. 2006). If the dipole moments of molecules are oriented inparallel 

(“sandwich” structure), the spectra demonstrate hypochromism caused by the interaction between the π-systems of molecules 

that testifies to the intercalation or external stacking as probable binding mechanisms.  

Fluorescence spectra 

The fluorescence spectrum of Berberine possesses one band with a maximum at about 550nm. The fluorescence quantum yield 

of Berberine is very low (0.046) at room temperature (Maiti and Kumar 2007). The DNA addition to the Berberine solution 

increased its fluorescence intensity up to a factor of 200 (depending on the excitation λ, the concentration and the specimen 

type) and a maxima shift toward short waves in comparison with a free Berberine (Fig. 5B). The changes in the fluorescence 
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spectra are caused by the fixation of Berberine molecules on the DNA matrix because of the probability of the radiationless 

excitation relaxation diminishes due to binding to DNA. Accordingly, the fluorescence quantum yield grows (Chalikian et al. 

1994).  

These spectral changes testified the binding of Berberine with DNA which is well consistent with the literature data (Maiti and 

Kumar 2007, Li et al. 2012). In our previous study (Gumenyuk et al. 2011) we determined the binding parameters of Berberine 

to DNA: association constant K = (5,2±0,2) 10
4
 M

-1
, the number of binding sites occupied by one Berberine molecule n = 1,85 

± 0,1, the parameter of cooperativity ω = 1,3±0,2.  

 

Fig. 5 DNA-Berberine system spectral characterization: A – absorption spectra of Berberine and Berberine+DNA aqueous 

solutions, Concentrations: C(DNA)=22,28×10
-3

 mg/ml, C(Berberine)=8,92×10
-3

 mg/ml, B – fluorescence spectra of Berberine 

and Berberine+DNA aqueous solutions. Concentrations: C(DNA)=22,28×10
-3

 mg/ml, C(Berberine)=8,92×10
-3

 mg/ml 
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DNA-Nanosilver system 

 

Optical absorption spectra 

Absorption spectra of DNA-silver nanoparticle system in the spectral range of λ < 700nm manifested itself by a broad band 

with maximum about 450nm (Fig. 6A). According to Yeshchenko et al. (2015), this absorption is connected with surface 

plasmonic oscillation in silver nanoparticles. The shoulder at 260nm in absorption spectra, to our opinion, belongs to DNA 

absorption contribution. 

 

Fig. 6 DNA-Nanosilver system spectral characterization: A – absorption spectra of DNA-AgNp system in aqueous solutions at 

room temperature, C(DNA) = 0.011×10
-3

 M, B – DNA-Ag nanoparticle fluorescence spectra at T=300K in aqueous solutions, 

C(DNA) = 0.011×10
-3

 M 
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Fluorescence spectra 

Fluorescence spectra of aqueous solutions of DNA-AgNp systems possessed two spectral bands: longwave with maximum 

about 525nm and short wave – with maximum about 350nm (Fig. 6B). The centres responsible for emission band with 

maximum 525 nm could be connected with silver nanoclasters that were residues of Ag-nanoparticles synthesis (Xu and 

Suslick 2010, Dıez et al. 2012). Band with maximum 350nm may be connected according to Yeshchenko et al. (2015) with 

radiative interband transitions strengthening by surface plasmonic oscillation. On the other hand, we do not exclude that this 

band belongs to DNA fluorescence, strengthening by silver nanoparticles. It is known that DNA practically exhibits no 

fluorescense at room temperature (Yashchuk and Kudrya 2017). 

 

 

DNA-Nanosilver-Berberine System Spectral Characterization 

 

Optical absorption spectra 

As it shown in Figure 7A, all three components of DNA-Ag nanoparticle-Berberine molecule system contributes in the total 

absorption spectrum. On the other hand, the dramatic changes in absorption of triple system comparing with absorption of each 

component took place: we noticed the decreasing of DNA and Berberine long wave bands and domination of plasmonic band 

of Ag nanoparticles. This is the evidence of strong interaction between of components of the triple system. 

Fluorescence Spectra 

In the spectral range more than 400nm the system DNA-Nanosilver-Berberine manifested one band with maximum 540nm 

(Fig. 7B). The comparing of the fluorescence spectra of the triple nanosystem DNA-Ag nanoparticles-Berberine with 

fluorescence spectra of DNA-Berberine and DNA-Ag nanoperticles systems gives the possibility to conclude that, namely, 

emission of Berberine molecules dominate in the total spectra. The short-wave fluorescent band with maximum 330-350nm, to 

our opinion, belongs to radiative interband transitions in silver nanoparticles strengthening by surface plasmonic oscilation or 

DNA fluorescence accelerating by Ag nanoparticles. 
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Fig. 7 DNA-Nanosilver-Berberine system spectral characterization: A – absorption spectra of DNA, DNA-Berberine and 

DNA-Nanosilver-Berberine system, Concentrations: C(DNA) = 0.067mg/ml = 0.1×10
-3

M, C(Berberine) = (0.0535mg/ml = 

1.6×10
-4

 M) / 6 = 0.0089 mg/ml = 0.27×10
-4

 M, C(Berberine) = (0.0535mg/ml = 1.6×10
-4

 M) / 30 = 0.054×10
-4

 M, B – DNA-

Nanosilver-Berberine, DNA-Berberine, and DNA-Nanosilver fluorescence spectra at T=300K 

 

 

Conclusion 

 

Plants have versatile biological and medicinal properties, and are characterized by high safety, availability, accessibility and 

low cost, thus representing an invaluable source of chemicals with potential high therapeutic effects. Possessing a wide range 

of pharmacological actions, herbal alkaloid Berberine has driven a huge interest in cancer research.  

In this context, the present study gives insights into the Berberine anticancer activity against human leukemic cells. Our 
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findings indicate that Berberine accumulates in cell nucleus exhibiting high toxic effect against CCRF-CEM cell line. Under 

treatment of CCRF-CEM cells with Berberine apoptotic death was induced by a mechanism, involving the reactive oxygen 

species production intensification and executive caspase 3/7 activation. Our findings highlight Berberine as an effective drug 

for leukemic cancer chemotherapy and as a promising candidate for the fast DNA-based delivery system synthesis via 

intercalation. 

The spectral studies have shown that components of triple DNA-Nanosilver-Berberine system interact with each other and that 

these components are bound. The technology peculiarities of fabricated triple system strongly support this suggestion. DNA 

was proven to be a carrier for the delivery of Berberine molecules as a toxic and possibly phototoxic agent (Hirakawa and 

Hirano 2008, Hirakawa et al. 2012). Simultaneously, with silver nanoparticles, that have to play the role of accelerators of 

electronic transitions in the main active molecule of triple system – Berberine, as well as high energy emission absorbent 

centers in the case of its application in the combination with penetrative light radiation for deeper localized tumors (Hainfeld et 

al. 2004, Zheng et al. 2008). The fluorescence spectrum of triple system manifests the domination of Berberine molecules 

emission in the total spectra of fluorescence that gives the ground to conclude that the designed system holds a promise for its 

application in cancer therapy. 
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