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Abstract

Tocopherol-based lipids are widely used for nucleic acid delivery. Using tocopherol molecules, 

we designed and synthesized 5-HT functionalized lipids by tethering 5-hydroxytryptamine (5-

HT), a small molecule ligand as the head group to a natural amphiphilic molecule namely α-

tocopherol (Vitamin E). This is with the aim of delivering nucleic acids specifically into cells 

expressing the serotonin receptors (5-hydroxytryptamine[5-HT]) which are abundant in the 

central nervous system. In order to achieve target recognition, we adopted an approach wherein two 

structurally different lipid molecules having serotonin as the head group was conjugated to tocopherol via 

different linkers thus generating lipids with either free -NH2 or -OH moiety. The corresponding lipids 

designated as Lipid A (Tocopheryl carbonate serotonin-NH2 ) and Lipid B (Tocopheryl 2-

hydroxy propyl ammonium serotonin-OH), were formulated with co-lipids 1,2-dioleoyl-sn-

glycero-3-phosphatidyl-ethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-sn-3-

phosphatidylcholine (DOPC) and evaluated for their ability to deliver plasmid DNA through 

reporter gene expression assays in vitro. Furthermore, the physicochemical characteristics and 

cellular interactions of the formulations were examined using serotonin-receptor enriched cells 

in order to distinguish the structural and functional attributes of both lipids. Cell-based gene 

expression studies reveal that in comparison to Lipid A, a formulation of Lipid B prepared 

with DOPE as the co-lipid, contributes to efficient uptake leading to significant enhancement 

in transfection. Specific interactions explored by molecular docking studies suggests the role 

of the hydroxyl moiety and the enantiospecific significance of serotonin- conjugated tocopherol 

lipids in recognizing these receptors thus signifying a promising lipid-based approach to target 

the serotonin receptors in the central nervous system. 

Keywords: Serotonin, Tocopherol, Gene Delivery, 5-Hydroxytryptamine receptors (5-HT), 

Targeted Delivery
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Introduction

In the context of gene therapy, non-viral nucleic acid delivery is a viable alternative for the 

intervention of various human diseases [1-3]. The approach mainly utilizes cationic lipid 

formulations, engineered nanoparticles or peptides and their derivatives for delivering DNA in 

vitro and in vivo [4-7]. Among these, cationic lipid-based vectors have contributed to the 

diversity and repertoire of gene delivery vehicles and have been widely used for nucleic acid 

therapy and clinical applications [8-11]. Essentially, these approaches facilitate targeted 

delivery of plasmid DNA in a cell-specific and non-toxic manner while simultaneously increasing 

the therapeutic efficacy. Selective targeting of the liposome/pDNA (+/-) complexes may be 

achieved through the incorporation of cell specific ligands on the liposomal surface through 

direct formulation or by covalent coupling [10-12]. In order to fully realize the therapeutic 

potential, the delivery vehicle must protect the genetic material or nucleic acid against 

nucleases in serum-rich biological milieu to enable selective transport to the targeted tissues 

while fostering up take and consequential endosomal escape[13]. Although cationic vectors can 

mediate effective gene transfer, tissue specific delivery in vivo is still a major hurdle. Till date, 

tissue-specific targeting of cationic liposome/DNA (+/-) has been accomplished primarily by 

two different methods. The first approach involves transfection of selected tissues, such as nasal 

epithelium, neuronal, arterial endothelium, lung, or tumors following local delivery of lipid-

based complexes to distinct regions. This straight forward approach has led to its early success 

in the clinic[14] for the intervention of several diseases that include cystic fibrosis and cancer. 

The second approach entails target selectivity by coupling cell- binding ligands to enhance cell 

selectivity. Examples include, conjugation of serotonin targeting 5-HT receptor[15-17] 

transferrin [18] or carbohydrates [19] to liposomes for the purpose of complementing the 

intrinsic activities of lipids with ligands that can target a specific receptor.
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Figure.1. Chemical structures of serotonin-based cationic lipids

Receptors for serotonin (5-hydroxytryptamine [5-HT] as neuro transmitters are abundant in 

neural as well as non-neural tissues. Serotonin is an important member of the GPCR (G-protein 

coupled receptors) superfamily acts as a neuro transmitter and is involved in the etiology of 

large number of neuro degenerative diseases. Dizeyi et al has confirmed the over expression of 

5-HT receptors in prostate cancer tissues through ligand binding assays [20, 21]. Recent studies 

have shown the involvement of serotonin in the peripheral tissues. These non-pharmacological 

functions have been linked to its chemical properties through receptor-independent mechanisms 

[22] with potent antioxidant properties. Besides, the antioxidative properties of -tocopherol 

has been demonstrated [23-25] and the molecule has been used in treating ROS (reactive 

oxygen species) related diseases[26].

Serotonin possesses two reactive functional groups i.e. phenolic hydroxyl and primary amine. 

Through mutagenesis studies, Ho et al., established the involvement of hydroxyl and amine 

groups indirect receptor binding through interaction with serine, aspartate and threonine 

residues present in different transmembrane helices of the receptor. Importantly, mutational 
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and modeling studies reveal that serotonin receptor prefers ligands with a hydrogen bond accept 

or at a position corresponding to the hydroxyl group in serotonin. In this study, we explored 

the potential of the hybrid conjugate to enhance DNA delivery to 5-HT receptor-enriched cells. 

This is with the anticipation that serotonin upon conjugation to -tocopherol through the 

reactive groups will retain the combined properties and at the same time reduce the toxicity 

while increasing cell viability upon transfection. We covalently linked serotonin to α-

tocopherol through the reactive -NH2 and -OH groups and characterized the molecules by 

examining the structure-activity relationship (SAR) arising from subtle differences in lipid 

architecture. This is with the premise that the structure may influence transfection efficiency 

and which was examined through functional and computational studies. To the best of our 

knowledge, this is the first study reporting the synthesis and use of 5-HT-derived tocopherol 

lipid as a unique non-toxic conjugate for nucleic acid delivery specifically into cells that express 

the serotonin receptor.

Results &Discussion

Chemical characterization of serotonin conjugates

To examine structure-based activity and functionality of serotonin derived tocopherol lipids, 

two cationic Lipids A (-NH2) and Lipid B (-OH) (Schemes 1 & 2) were designed and 

synthesized. Design in Lipid A depicts the conjugation of α-tocopherol to serotonin, through a 

carbonate linker at –OH group of 5-HT ligand, while Lipid B was prepared by conjugating 5-

HT to tocopheryl glycidyl ether through a β-hydroxy linker at –NH group of 5-HT ligand. 

While Lipid A was synthesized by the coupling of tocopheryl chloroformate with Boc-

protected serotonin, followed by deprotection of the intermediate compound with trifluoro 

acetic acid (Scheme 1), Lipid B (Scheme 2) (α-tocopherylglycidyl ether) in triethylamine at -

10 to 0 C for ~12 h followed by quaternization using HCl in dry methanol. The structures of 
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all the intermediates (Scheme 1) were confirmed by both 1H NMR and mass spectral analysis. 

The purity of the final conjugates was confirmed by High Resolution Mass Spectrometry 

(HRMS) and analytical High Performance Liquid Chromatography (HPLC) methods. 1H NMR 

spectra of all the intermediates I-V (Scheme1), 1HNMR and HRMS-mass spectra of the final 

Lipid A and Lipid B and the HPLC chromatograms for the final conjugates Lipid A (-NH2) 

and Lipid B (-OH) in two different mobile phases (100% methanol and 95:5 methanol/water 

v/v) ,are depicted in Figures S1-S12 of the Supporting Information.

Scheme 1

Synthesis of Lipid A

                                                                                                       Carbonate linker          Serotonin receptor
                                                                                                                                               targeted segment 

Reagents: i) Dry DCM, Et3N, BOC2O, 12 h RT ii) Dry THF, Et3N, Diphosgene, 12 h RT iii) 

Boc serotonin, dry DCM, 12 h RT iv) dry DCM, CF3COOH, 12 h RT
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Scheme 2

Synthesis of Lipid B

Reagents: i) Epichlorohydrin, 50% KOH solution, tetra butyl ammonium hydrogen sulphate 

(Bu4N+HSO4) and 5 h RT ii) Serotonin, -10C, Et3N, 12 h RT iii) Dry MeOH in HCl, 12 h RT

Preparation of Liposomes

Cationic liposomes were prepared with Lipid A (-NH2) and Lipid B (-OH) by the dry lipid 

film hydration method as described[27] at varying molar ratios (0.5:1, 1:1 and 2:1) and 

formulated with co-lipids DOPC and DOPE. Following thin film preparation and drying, lipids 

were hydrated in sterile water (or buffer at pH 7.4) and subsequently sonicated at room 

temperature for ~6 min. All the formulations i.e. Lipid A: DOPE, Lipid A: DOPC, Lipid B: 

DOPE and Lipid B: DOPC were observed to form stable uniform liposomal suspensions at 

2:1 molar ratio. No precipitation was observed for 8 weeks following storage at 4°C.
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DNA binding ability of Lipid A and Lipid 

To evaluate the extent of DNA binding, Lipid A and Lipid B formulated with co-lipids DOPE 

and DOPC were complexed with plasmid DNA and evaluated through agarose gel 

electrophoresis and heparin binding assays. Following electrophoresis, binding was observed at 

very low charge ratio of 1:1 in the case Lipid A: DOPE, Lipid B: DOPE, Lipid A: DOPC and 

Lipid B: DOPC. It was also observed that ~ >90% of plasmid DNA was bound at 2:1 and 4:1 

N/P charge ratios. Complete binding of DNA was achieved at 8:1 N/P charge ratio (Figure 2A) 

as seen by the retention of the lipoplexes in the well, indicating net neutrality of lipoplexes at the 

higher charge ratio. This was further supported by surface potential measurement of lipoplexes, 

Figure 2B, which indicates neutralization of negatively charged DNA upon the addition of 

cationic liposomal conjugates. Lipid A: DOPE, Lipid B: DOPE, Lipid A: DOPC and Lipid B: 

DOPC were positive at low charge ratio of 1:1 (5-9 mV). Further increase was observed at 8:1 

charge ratio (28-30 mV) (Figure 2B). To further elucidate the strength of binding and stability, 

lipoplexes were treated with heparin, an anionic mucopolysaccharide, which competes with 

negatively charged DNA (Figure 2B). As observed, binding efficiency of all the formulations 

were found to be similar (Figure 2B) even in the presence of heparin, indicating strong liposome-

DNA interactions that are unaffected in the presence of heparin. The stability of the lipoplexes 

may also be attributed to the favorable hydrogen-bonding interactions between DNA and 

quaternary amine and hydroxyl functionalities present in the polar head group region of Lipid A 

and Lipid B respectively. Together these studies reveal that the formulations possess suitable 

attributes at 2:1 lipid/DNA charge ratios and hence considered optimal for in vitro DNA delivery 

applications.
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Figure 2. Interaction of Lipid A and Lipid B formulations with DNA: Electrophoretic 

migration pattern of Lipid A and Lipid B formulated with co-lipid DOPC (left panel) and 

DOPE (right panel) in the absence (top panel) and presence of heparin (bottom panel) at the 

indicated charge ratios. Details of the experiment are as described in the text.

Characterization of lipoplexes

As gene delivery is governed by parameters such as surface charge and size, we analyzed these 

aspects by measuring the zeta potential and hydrodynamic diameter through dynamic light 

scattering (DLS). Lipoplexes prepared with Lipid A and Lipid B formulated with DOPE or 

DOPC were in the size range of 180-190 nm. In comparison, formulations prepared with DOPC 

were 850-950 nm. These results suggest that the co-lipid may have an effect on the liposome 

dimension (Figure 3A). Lipoplexes with DOPE as the co-lipid were 400-800 nm in dimension 

at all charge ratios of (1:1-8:1). In contrast, formulations with DOPC were larger, measuring 

between 450-1250 nm. It was observed that this kinetic increase in lipoplex size at increasing 

lipid concentration may be due to polyanion induced aggregation [28-30]. The resultant 

increase at higher charge ratios may also possibly be due to the dilution of lipoplexes in 

bicarbonate ion enriched media during incubation [31, 32]. Moreover, formulations of both 

Lipid A and Lipid B, at 2:1 charge ratios were < 500 nm, a dimension that may enhance uptake. 

Interestingly, at 2:1 charge ratio, both lipids formulated with DOPE were <300 nm. Surface 

charge of lipoplexes prepared with Lipid A and Lipid B (N/P) also measured, Figure 3A. Free 

cationic liposomes have a surface potential of  <40 mV and all the lipoplexes at the charge 



  

10

ratios tested (1:1 to 4:1) have a positive surface potential below 32 mV. At 8:1 charge ratios, 

all four lipoplexes displayed a surface potential of >35 mV, which suggests increase in the rate 

of condensation of DNA and positive surface charge upon lipid binding and as a function of 

charge ratio. Interestingly, the surface potential at 2:1 charge ratio measured < 9mV.

Figure 3. Hydrodynamic diameter (A) & Zeta Potential (ξ, mV) (B) of Lipid A and Lipid B 

formulated with DOPE or DOPC. Lipoplexes were prepared in DMEM (without serum) at the 

indicated charge ratios. Data represents mean ±SD n=3). Statistical analysis was performed by 

Two-way ANOVA. 

Transient transfection: Target specificity of serotonin conjugates
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We investigated the cell specificity and transfection potential of serotonin-α-tocopherol hybrid 

conjugate formulations through reporter gene expression assays using HEK-293T, Neuro-2a, 

and HepG2 cells (Figure 4A). Cells were treated with lipoplexes that were prepared using 

Lipid A and Lipid B formulated with DOPE and DOPC using plasmid pCMV-gal DNA at 

charge ratios of 2:1 and 4:1, with Lipofectamine as the benchmark standard. Enhanced activity 

was observed at charge ratio 2:1 than at 4:1 with both formulations with DOPE as the co-lipid, 

(Figure 4A). Lipids formulated with DOPE were observed to be far more efficient than their 

DOPC counterparts. This may be due to smaller size of lipoplexes prepared with DOPE than 

DOPC. Moreover, when compared to Lipid A, Lipid B showed greater activity in all cells 

except HEK293T. Comparing the structures of Lipid A and B, the longer linker plus the 

exposed hydroxyl moiety of Lipid B may evoke synergistic interactions as well as 

enantiospecific interactions with the DNA and cell membrane receptor for providing higher 

transfection rates. It was also observed that among HEK293T, HepG2 and Neuro2a, the 

transfection efficiency mediated by both lipids in HEK293T cells was maximal when lipids 

were formulated with DOPE. Moreover, compared to Lipofectamine 3000, both formulations 

showed higher transfection efficiency in HEK293T at 2:1 charge ratio. To further gain insight 

into the target specificity to 5-HT receptor, transfection assays were performed using T-CHO 

cells which express the serotonin receptors (5-HT1AR) [33]. For comparison and as control, 

CHO cells were identically transfected in parallel. It was observed that both the lipids showed 

higher transfection efficiency when formulated with DOPE than with DOPC (Figure 4B) as 

seen from enhanced reporter gene expression, which reiterates the role of auxiliary lipid DOPE 

in influencing the morphology and size of lipoplexes and subsequent internalization of nucleic 

acids. It was earlier observed that formulations that included serotonin lipid-conjugates 

mediated selective uptake of plasmid DNA in TCHO cells stably expressing serotonin receptors 

than CHO [34, 35]. Subsequent experiments (Figure 4A) further confirmed the target ability 
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of Lipid A and Lipid B which delineates that formulations of both the lipids demonstrate 

greater activity in T-CHO compared to CHO, due to higher (~14 times) greater receptor density 

in T-CHO cell lines [35], Moreover, transfection mediated by lipoplexes prepared with Lipid 

B: DOPE exhibited ~2- 2.5-fold higher activity in T-CHO and lipoplexes prepared with Lipid 

A:DOPE showed 1.5-2 fold higher efficacy compared to control (Figure 4A). Specific and 

efficient uptake of lipoplexes into CHO-5-HT1AR cells, were also conclusively demonstrated 

by flow cytometry studies (Figure7). Collectively, our results suggest the increased uptake of 

lipoplexes may have led to  enhanced reporter gene expression specifically in TCHO cells, 

hence following the overall rank order Lipid B: DOPE > Lipid A: DOPE > Lipid B: DOPC 

> Lipid A: DOPC in mediating target-selectivity. The differential transfection potential of 

Lipid A and B indicate that the chemical structure of serotonin conjugate head group and linker 

length plays an important role in determining. The higher activity of Lipid B possibly denotes 

better hydrogen bonding of the exposed hydroxyl terminal of Lipid B in contrast to the N-H 

amide bonds of Lipid A and this promotes favorable head group conformation at specific 

binding sites on serotonin receptor to invoke higher vesicle internalization as well as 

transfection in serotonin receptor-enriched cells.
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Figure 4. Transient transfection in vitro: TCHO, HepG2, CHO, Neuro-2a and HEK-293T cells 

were treated with Lipid A and Lipid B formulated with DOPE/DOPC using pCMVβ-Gal in 

the absence of serum. Statistical analysis was performed by Two-way ANOVA (*P<0.05, 

**P<0.01,***P<0.001).

Transfection was also evaluated using pEGFP plasmid as the reporter gene encoding green 

fluorescence protein in HEK-293T and HepG2 cells using four formulations. (Figure 5-6) 

Following an incubation period of 48 h, cells were visualized by fluorescence microscopy and 

quantitated. Analysis of GFP expression revealed the superior efficiency of Lipid B: DOPE 

compared to Lipid A: DOPC or Lipid B: DOPC and Lipofectamine, which in line with our 

aforesaid observations (Figure 5 & 6).
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Figure 5. Transfection in HEK-293T cells. A) Images depict GFP fluorescence following 

transfection mediated by Lipid A and Lipid B formulations at charge ratios 2:1 and 

4:1.Lipoplexes were prepared and incubated with HEK-293T cell lines for 4 h in presence of 

10% serum subsequently replaced with complete medium and images acquired by fluorescence 

Microscopy48hposttransfectionB) Representative graph depicts the transfection efficiencies in 

terms of percentage GFP positive cells. Statistical analysis was performed by Two-way 

ANOVA (*P<0.005, **P<0.01, ***P<0.001)(Magnification/scale Bars = 100 μm.)
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Figure 6. Transient transfection in HepG2cells using plasmid DNA pEGFP :A) Representative 

fluorescence images depicting GFP expression DNA at charge ratios 2:1 and 4:1.Lipoplexes with either 

DOPE or DOPC (1:2) was prepared. Cells were treated and incubated for 4 h in presence of 10% serum 

later changed to complete media and incubated for 48 h. Images were acquired 48 h post transfection). 

Representative graph depicts the transfection efficiencies in terms of percentage GFP positive cells. 

Statistical analysis was performed by Two-way ANOVA (*P<0.05, **P<0.01, ***P<0.001). 

(Magnification/scale Bars = 100 μm)
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Cellular uptake study of Lipid A & Lipid B:

As transfection efficiencies are directly linked to the extent of internalization, we then 

monitored uptake behavior of lipoplexes prepared with Lipid A: DOPE, Lipid B: DOPE, 

Lipid A: DOPC and Lipid B: DOPC in both TCHO (CHO-5-HT1AR) and CHO cells. Cells 

were incubated with lipoplexes labeled with Rhodamine-PE and complexed with pCMV--gal 

plasmid at 2:1 charge ratio for 4 h. Following uptake, cells displaying fluorescence were 

analyzed and quantified. It was observed that fluorescence was maximal in

TCHO cells with Lipid B: DOPE (Figure 7), following the rank order: Lipid B: DOPE > 

LipidA: DOPE > LipidB: DOPC > LipidA: DOPC. We believe that particle sizes of 

lipoplexes may play a vital role in facilitating cell uptake. This is evident from data obtained 

with Lipid B: DOPE where the size at 2:1, being the lowest, may contribute to its high activity. 

The other reason for these observations is the presence of the β-hydroxyl linker functionality in 

its spacer region in Lipid B that may promote hydrogen bonding interactions with the serotonin 

receptor [36-40] leading to higher transfection
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Figure7. Quantitative uptake of rhodamine-labeled lipoplexes prepared with Lipid A and Lipid B formulated with 

DOPE and DOPC using pCMV--gal plasmid DNA at 2:1 charge ratio in TCHO & CHO cells. Cells were 

incubated for 4h following measurement of rhodamine uptake by flow cytometry. Statistical 

analysis was performed by Two-way ANOVA (P<0.005). The details of the experiments are as 

described in the text.

Effect of serum on transfection mediated by Lipid A and Lipid B

One of the major drawbacks of cationic lipids, being positively charged, is the lack of stability in 

serum which hinders its use in in-vivo. This is believed to be due to the fact that transfection 

activity of cationic lipids decreases drastically upon interaction of negatively charged serum 

proteins eventually hampering the efficient interaction with cell surface leading to reduced 

internalization of lipoplexes [41, 42]. Hence, there is a need to develop strategies that foster the 

stability of lipoplexes in serum. Unfortunately, the details of lipoplex-serum interactions are still 
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poorly understood. In order to investigate stability of the conjugates under study, Lipid A and 

Lipid B formulations, were evaluated in the presence of increasing amounts of serum in CHO, 

TCHO, HepG2 and Neuro- 2a cells. Reporter gene expression assays, in the presence of serum 

with lipids formulated with DOPE led to enhancement in transfection efficiency. In contrast, 

formulations with either Lipid A or Lipid B with DOPC, the activity was drastically reduced 

(Figure 8). We surmise that negatively charged serum proteins upon interaction within lipoplexes 

prepared with DOPE may alter the morphology favorably following aggregation of lipoplexes. 

Moreover, size-dependent uptake of lipoplexes and the increase in transfection efficiency in 

serum may arise due to the serum-induced switch from a clathrin- dependent to a caveolae-

mediated mechanism of lipoplex internalization [43].
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Figure 8.Transfection in the presence of serum. Lipoplexes prepared with Lipid A and Lipid 

B in the presence of increasing concentrations of serum in (A) CHO (B) and TCHO. In vitro 

transfection efficiencies of formulations prepared using pCMV-b- Gal at charge ratio of 2:1. 

The error bar indicates that the standard error. The difference in the data obtained is statistically 

significant in all charge ratios (P <0.003).

Intracellular trafficking

Poor intracellular trafficking is often associated with limitations such as size and hydrophilic 

nature of formulations that affect the transfection efficiency. Also, size of lipoplexes having a 

direct bearing on internalization and affects transfection by impeding movement across the 
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plasma. Friend and Labat-Moleur et al. established endocytosis as the major mechanism [44] 

for the cellular entry of non-viral vectors. Following endocytosis, internalized lipoplexes tend 

to be trapped in intracellular vesicles that eventually fuse with lysosomes and are degraded [44] 

(Ballyetal, 1999). To overcome these problems, strategies that circumvent clathrin-mediated 

endocytosis can be used to deliver DNA [43, 45] (Dokka and Rojanasakul, 2000). Our 

observations encouraged us to explore this aspect by evaluating their entry mechanisms using 

various inhibitors, Figure 9. Towards probing the internalization mechanism of lipoplexes 

prepared with Lipid A and Lipid B, cells were pre-treated with inhibitors namely 

chlorpromazine (Braeckmans K and Vercauteren D, 2010), a clathrin pathway inhibitor, filipin-

III, a caveolae pathway inhibitor and m-β-cyclodextrin, cholesterol depletion /clathrin and 

caveolae path way inhibitor prior to transfection with Lipid A and Lipid B formulations. Gene 

expression results clearly indicate uptake of lipoplexes occurs predominantly via clathrin path 

way (Figure 11).

Figure. 9. Transfection using pEGFP plasmid (0.8 μg/well) in HepG2 cell line in the presence 

of endocytosis inhibitors: Normalized % of GFP +ve cells were obtained from GFP fluorescent 
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quantification of three individual experiments 48 h of post transfection. Cells were pretreated 

with the inhibitors (control: sky blue), methyl-β-cyclodextrin (m-β-CD, 10 µg mL-1orange), 

Filipin-III (5µgmL-1 blue) and chlorpromazine (CPZ,10 µgmL-1green) for 1 h prior to lipoplex 

addition. Cells and incubated for further 4 h after treatment with lipoplexes. Statistical analysis 

was performed by Two-way ANOVA (**P<0.01,***P<0.001).

Evaluation of ROS levels:

Cancer cells constantly generate high levels of reactive oxygen species (ROS) leading to non- 

specific damage of protein and consequent cell death. Moreover, ROS level can induce lipid 

peroxidation and disrupt the membrane lipid bilayer structure that inactivate the membrane- 

bound receptors. In addition, cationic lipids are known to induce ROS levels [46, 47] that could 

trigger the necroptosis cascade. The diverse pharmacological properties of α-tocopherol and 

their anti- oxidant properties have been established. Along with, the indole amine derivatives, 

serotonin possesses strong antioxidant and radical scavenging activity. In combination with 

surface active phospholipids such as DOPC and DOPE may induce cooperative antioxidant 

potential through the regeneration of tocopheryloxyl radical [48]. To examine this property, we 

conducted a fluorescence-based assay using HEK- 293T cells and dichlorofluorescin diacetate 

(DCFDA) as the fluorescent probe and tested the ability of Lipid A and Lipid B in ROS 

quenching. N-acetyl cysteine (NAC), a powerful antioxidant was taken as a negative control. 

Piperlongumine, a ROS inducer and enhancer of ROS levels, was used as a positive control. 

Lipoplex formulations of Lipid B: DOPE induced maximum ROS quenching at 2:1 charge 

ratio when compared to Lipid B: DOPC, Lipid A: DOPE and Lipid A: DOPC complexes at 

2:1 charge ratio, Figure 10. The greater ROS quenching potential of Lipid B formulated with 

DOPE is not surprising as the primary amine head group of DOPE but not DOPC, increased 

the anti-oxidant activity of alpha-tocopherol by regeneration of the alpha-tocopherol quinone. 

Besides, antioxidant and membrane binding properties of serotonin protect lipids from 
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oxidation. This indicates that the quenching, which relies on the size of the lipoplex, may 

compromise cellular uptake of lipoplexes, there by resulting in reduced activity. In comparison, 

the functional Lipid A: DOPE and Lipid A: DOPC complexes showed a moderate decrease 

in the ROS levels which substantiates the efficient ROS quenching attribute of Lipid B: DOPE.

Figure.10. ROS Assay in HEK293T cells following treatment with liposomal formulations 

by flow cytometry. In vitro ROS measurement was carried using DCFDA fluorescence assay. 

Statistical analysis was performed by Two-way ANOVA (*P<0.05, **P<0.01,***P<0.001).

Toxicity studies

Cell viability being a major limiting factor for biological applications, we next evaluated the 

toxicity of Lipid A and Lipid B. This is with the anticipation that the conjugate will retain the 

potent anti-oxidant properties while reducing the toxicity, leading to an increase in cell viability 

upon transfection in vitro. CHO, TCHO, HepG2, HEK-293T and Neuro-2a cells were plated 

as described in the methods and then examined using MTT (Figure11). This was followed by 

further incubation in serum for 48h. As seen in Figure 12, more than 85% cells were viable at 

charge ratio 4:1. At higher charge ratio 8:1, > 70% of cells were viable (Figure 11), which 

indicates that difference observed in the transfection assays are unlikely to originate from lipid 

toxicity and that the α-tocopherol-serotonin hybrid based formulations, when compared to 

Lipofectamine 3000, are non-toxic. The presence of biodegradable carbonate and β-hydroxy 
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based linker group may have further contributed to reduction in toxicity and transfection 

efficiency compared to Lipofectamine 3000.

Figure 11. Tetrazolium-based colorimetric assay (MTT assay). Graph represents % viability 

of cells treated with Lipid A (A) and Lipid B formulations (B) Lipoplexes were prepared using 

the plasmid DNA (0.3 μg/well) across the charge ratios ranging from 2:1 to 8:1. The data 

obtained is the average values of three independent experiments (n=3). Statistical analysis was 

performed by Two-way ANOVA (P<0.001).

Molecular Docking studies

Having demonstrated the potential of Lipid A and Lipid B to mediate receptor-specific gene 

transfection, we then examined the binding mode of the lipids to the endogenous 
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neurotransmitter serotonin through molecular docking studies in silico. Also, lack of structural 

in formation of serotonin1A receptor (5-HT1A) [49] motivated us to evaluate the binding 

geometry of the conjugates upon interaction with the corresponding receptor, however using 

well-known available structures of serotonin and 5-HT1B receptor [50] that has 39% sequence 

similarity with that of 5-HT1A (Figure 13). This was implemented in Maestro (version9.2, 

Schrӧdinger, LLC, New York, NY, 2011) and the most favorable binding conformations of the 

docked complex from these analyses were selected. Glide scores obtained from these studies 

as depicted in Table 1, enable the estimation of binding affinity of the ligand conjugated to 

Lipid A and Lipid B with the receptor[51].

Table1: Glide scores obtained through docking studies

Compound Glide score (kcal/mole)

Serotonin -5.7

Lipid A -10.9

Lipid B -4.9
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CLUSTAL 2.1 multiple sequence alignment

serotonin-1B MEEPGAQCAPPPPAGSETWVPQANLSSAPSQNCSAKDYIYQDSISLPWKVLLVMLLALIT 
serotonin-1A MD------VLSPGQGNNTTSPPAPFETG--GNTTG-----ISDVTVSYQVITSLLLGTLI

*: . .*  *.:*  **:.:. *:. ..:::.::*: :**.:

serotonin-1B LATTLSNAFVIATVYRTRKLHTPANYLIASLAVTDLLVSILVMPISTMYTVTGRWTLGQV 
serotonin-1A FCAVLGNACVVAAIALERSLQNVANYLIGSLAVTDLMVSVLVLPMAALYQVLNKWTLGQV

:.:.*.***:*:: *.*:. *****.*******:**:**:*::::* *.:******

serotonin-1B VCDFWLSSDITCCTASILHLCVIALDRYWAITDAVEYSAKRTPKRAAVMIALVWVFSISI 
serotonin-1A TCDLFIALDVLCCTSSILHLCAIALDRYWAITDPIDYVNKRTPRRAAALISLTWLIGFLI

.**:::: *: ***:******.***********.::*  ****:***.:*:*.*::.:*

serotonin-1B SLPPFF-WRQAKAEEEVSECVVNTDHILYTVYSTVGAFYFPTLLLIALYGRIYVEARSRI 
serotonin-1A SIPPMLGWRTPEDRSDPDACTISKDHG-YTIYSTFGAFYIPLLLMLVLYGRIFRAARFRI

*:**:: ** .: ..: . *.:..**  **:***.****:* **::.*****:  ****

serotonin-1B LKQTPNRTGKRLTRAQLITDSPGSTSSVTSIN-SR--VPDVPSESGSPVYVN-QVKVRVS 
serotonin-1A RKTVKKVEKTGADTRHGASPAPQPKKSVNGESGSRNWRLGVESKAGGALCANGAVRQGDD

*.: . :  : :* ...**...** .* *::*..:.**: .

serotonin-1B DALLE----------------------------------------KKKLMAARERKATKT
serotonin-1A GAALEVIEVHRVGNSKEHLPLPSEAGPTPCAPASFERKNERNAEAKRKMALARERKTVKT

.*** *:*:*****:.**

serotonin-1B LGIILGAFIVCWLPFFIISLVMPICKDACWFHLAIFDFFTWLGYLNSLINPIIYTMSNED 
serotonin-1A LGIIMGTFILCWLPFFIVALVLPFCESSCHMPTLLGAIINWLGYSNSLLNPVIYAYFNKD

****:*:**:*******::**:*:*:.:*: :  ::.**** ***:**:**:*:*

serotonin-1B FKQAFHKLIRFKCTS- 
serotonin-1A FQNAFKKIIKCKFCRQ

*::**:*:*: *

Figure 12. Sequence alignment of serotonin-1A receptor with serotonin-1B receptor shows 

good similarity in the transmembrane regions of the two receptors. These are the regions which 

contain the conserved residues Y109, D129, T134, F331 and F332, involved in the binding of 

serotonin. A structural alignment of serotonin-1B (PDB id: 4IAR) and a model structure of 

serotonin-1A shows a good superposition of the two structures in the transmembrane regions, 

with an RMSD of 3.03Ao.
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(A) (B) (C)

Figure 13. 2D Ligand-receptor interaction diagram of A) Serotonin, B) Lipid A and C) Lipid 

B making optimal interactions with serotonin receptor. The dotted lines indicate hydrogen bond 

interactions and solid lines indicate π-π stacking interactions.

Studies reveal that Lipid A exhibits greater affinity to serotonin receptor than Lipid B, Table 

1. Interestingly, the Lipid B and serotonin having similar G scores suggest similar binding 

affinity. Additionally, interaction of the ligand to the active site on the receptor is conserved 

and where Asp129, Thr134 and Phe331 were shown to interact with serotonin as reported 

earlier [50]29 Figure 12 and Figure 13. The indole ring of serotonin molecule displays π-π 

stacking interactions with Phe 331 and N-H of pyrrole, there is hydrogen bonding with Thr134 

and free-NH2 group with Asp 129 (Figure 13A). Pyrrole ring in Lipid A was shown to have 

π-π stacking interactions with Phe331and fused tetrahydropyran with Trp125 along with 

hydrogen bond interactions of free amino ethyl group with Asp 129 (Figure 13B). Phenyl 

group of indole ring in Lipid B was shown to have π-π stacking interactions with Phe 330 and 

fused tetrahydropyran with Tyr 109 and 5-hydroxyl group of indole and hydroxyl group in 

linker was shown to have hydrogen bond interactions with Asp129 (Figure 13C).The 

involvement of hydroxyl group of serotonin moiety may favor hydrogen bonding interactions 

with the receptor, in accordance with the reported mutational and modeling studies [52, 

53]where serotonin1A receptor prefers ligands with hydrogen bond acceptor at a position 
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corresponding to the hydroxyl group in serotonin. The docking studies similarly show that 

Lipid B with the free hydroxyl group is available for interaction with serotonin1A receptor, 

(Figure 13). The present study also offers a unique insight into how a differentially tethered 

serotonin head group to the lipid tocopherol affects the overall receptor binding and efficiency, 

signifying that higher G scores may not be an indicator of biological activity observed. Here, 

the differential conjugation of serotonin to tocopherol enables the formulation of two different 

lipids similar in all structural components but differing in the functional moiety freely present 

in the distal end of the head group. The significance is that the activity differences between 

Lipid A and B could be directly linked to the presence of either amino or hydroxy terminal or 

their subsequent interactions with the 5-HT1a receptor promoting sequential adhesion, 

endocytosis and transfection. Earlier agonist binding studies of 5-HT1a receptor indicated the 

involvement of ion-pair formation between the protonated amino group as well as the hydroxyl 

group of serotonin with the aspartate or serine/threonine residues of the 5-HT1a receptor 

respectively[54] which sheds light on the significance of both the functional group in serotonin-

receptor interactions. However when formulated with the co-lipid DOPE, multiple parameters 

determine the receptor binding affinity such as the liposomal surface structural reorganization 

(liposome-ligand length from receptor), flexibility of the tethered ligand to overcome the 

hydrodynamic drag force of the solvent on the liposome, receptor segregation induced by 

ligand adhesion and plasma membrane deformation induced by curvature of the respective 

liposomes[55]. Comparative transfection studies of the formulations showed greater activity in 

the cells examined except in HEK293T. These findings suggest the involvement of phenolic 

hydroxyl group of serotonin moiety in the hydrogen bonding interactions with the receptor. 

This is also in accordance with earlier mutational studies wherein the involvement of reactive 

hydroxyl was first demonstrated[54] by Ho et al. 1992. Subsequent mutational studies together 

with molecular modeling also demonstrated preference of serotonin1A receptor to ligands 

corresponding to hydroxyl group in serotonin [55] (Style et al 1996 and Kuipers et al 1997). 
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Taking cues from these studies, in a different approach, Gopal et al., covalently conjugated 

serotonin to DSPE- PEG – 2000 to the amino group to reconstitute formulations to mediate 

selective targeting[34] (Gopaletal.2011). In this study, computational simulations of serotonin, 

reported here provide insights into the binding mode of the ligand to the receptor. The modeling 

studies (Table I, Figure 13 A-C) show that free ligand serotonin and Lipid B with the free 

hydroxyl group that is available for interaction with serotonin1A receptor prefer ligands with a 

hydrogen bond acceptor have similar G score predicts similar binding mode when compared to 

Lipid B. This is also validated through our experiments wherein transfection of Lipid A is 

surpassed by that of Lipid B influenced by co-lipid DOPE. Docking studies reveal that Lipid 

A has a higher affinity than Lipid B, and in vitro studies showed greater activity with Lipid B. 

It is possible that a conformational change in the receptor could arise from the differential 

binding orientation of the tethered ligands (amino vs hydroxyl). The results indicate that both 

the amino and hydroxyl tethered serotonin conjugated liposomes interacted with the same 

active site of 5-HT1a receptor similar to native serotonin, thus promoting transfection. 

Importantly, this explains the higher transfection rate of Lipid B and scope for further 

development of non- viral vectors for nucleic acid delivery to the central nervous system.

Conclusion

Our studies conclusively demonstrate the efficacy and utility of the designed and developed tocopherol 

formulation i.e. Lipid B: DOPE for targeted delivery of nucleic acids. The methodology, in principle, may be 

applicable for targeted delivery of nucleic acids in vitro to neuronal cells and cancer cell lines that express 

serotonin receptors. Additionally supported by molecular docking studies, Lipid B with the hydroxy 

functionality exhibits specific targeting with higher transfection efficiency in vitro and serum compatibility thus 

having considerable scope for the development of non-toxic tocopherol formulations for targeted in vivo 

applications.
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Experimental section

General procedure and chemicals reagents

Mass spectral data were acquired by using a commercial LCQ ion trap mass spectro-meter 

(Thermo Finnigan, SanJose, CA, U.S.) equipped with an ESI source.1H NMR and 13C NMR 

spectra were recorded on a Varian FT400 MHz NMR spectrometer. Serotonin and α- 

Tocopherol was purchased from Sigma Co. Super negatively charged eGFP plasmid, and 

rhodamine-PE were ample gifts from IICT (Indian Institute of Chemical Technology, 

Hyderabad, India). Lipofectamine-3000 was purchased from Invitrogen Life Technologies, 

polyethylene glycol 8000, and o-nitrophenyl-β-D-galactopyranoside (pDNA) were purchased 

from Sigma (St. Louis, MO, U.S.). NP-40, antibiotics, and agarose were purchased from Hi- 

media, India. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and DOPC were 

purchased from Fluka (Switzerland). Unless otherwise stated, various organic solvents 

including, pyridine, triethylamine, methanol, methylene chloride (DCM), phosphomolybdic 

acid spray reagent, epichlorohydrin, and potassium hydroxide (KOH) were purchased from 

Sigma-Aldrich Co. and were used without further purification. The progress of the reaction 

was monitored by thin-layer chromatography using 0.25 mm silica gel plates. Column 

chromatography technique was executed with silica gel (Acme Synthetic Chemicals, India; 

finer than 200 and 60-120 mesh). Elemental analyses were performed by High Resolution Mass 

Spectrometry (HRMS) using QExactive equipment (Thermo Scientific) and purity of lipids 

were characterised by HPLC (Shimadzu LC Solution) and showed more than 95% purity. 

HepG2, CHO, Neuro-2a and HEK-293T cells were procured from the National Centre for Cell 

Sciences (NCCS), Pune, India. Cell were grown at 37 C in Dulbecco’s modified Eagle’s 

medium (DMEM) with 10% FBS in humidified atmosphere containing 5% CO2 / 95 % air.

Synthesis of tert-butyl (2-(5-hydroxy-1H-indol-3-yl) ethyl) carbonate from serotonin (1, 

Scheme 1)

1.0 g of serotonin hydrochloride (4.7 mmol) in dry methanol solution was taken in a flame- 

dried Schlenk flask under an argon atmosphere. To this triethyl amine (1.51 mL, 10.3 mmol) 

was added and the solution is cooled to 0C. Boc2O (1.54g, 7.05 mmol) dissolved in methanol 

was added drop wise to the above solution. After 3 h of stirring, the resulting mixture was 

quenched with water, transferred to a separation funnel, and extracted three times with DCM. 

The combined organic phases were dried (Na2SO4), filtered under suction, and concentrated in 
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vacuum. The product was purified by column chromatography (EtOAc / pentane 1:1) and 

isolated as a yellow solid (1.21 g, 4.38 mmol, 93%).

1H NMR (400 MHz, CDCl3) : δ 8.05 (s, 1H), 7.25 (d, J = 8.8, 1H), 7.06 (d, J = 1.8, 1H), 7.00

(s, 1H), 6.90 (dd, J = 2.4, 8.8, 1H), 6.33−5.96 (m, 1H), 5.45 (dq, J = 1.6, 17.3, 1H), 5.29 (dq,J

= 1.4, 10.5, 1H), 4.65 (brs, 1H), 4.59 (dt, J = 1.4, 5.3, 2H), 3.63−3.30 (m, 2H), 2.91 (t, J =6.5,

2H), 1.44 (s, 9H).13C NMR(100 MHz, CDCl3): δ 156. 2, 152. 7, 133. 9, 131. 8, 127. 6, 123. 1,

117.3, 112.6, 112.3, 112.0, 102.2, 79.2, 69.9, 40.9, 28.4, 25.7. ESI Mass m/z: - 299.

Synthesis of Tocopherylchloroformate from Tocopherol (2, Scheme 1)

To a 250 mL of round bottom flask 1g of (+/_)-α-tocopherol in 10 mL dry THF, 0.2 mL of 

NEt3 was added, stirred for 10 minutes and then 0.5 mL of diphosgene in dry THF was added 

drop wise with pressure equalizing funnel about 30 minutes at 0 C. The reaction mixture was 

stirred overnight. Charcoal was added to reaction mixture, stirred for 10 minutes and then 

filtered. The solvent was removed under rotary evaporator. The residue was purified with 

column by using 60-120 mesh size silicagel. The compound was eluted by hexane. The yield 

of the compound was 90%. (Rf: 0.7 TLC; Hexane).
1H NMR (400 MHz, CDCl3): δ  9.4 [s, 1H-indole], 7.6 [s, 1H, -imidazole=CH], 7.4 [s, 1H-

aromatic], 7.2 [d, 1H-aromatic], 7.4 [d, 1H-aromatic ], 7.8 [s, 1 CO-NH amide-broad ], 1.8(s,

9H– C(CH3)3, 2.9 [t, 2H], 2.8[t, 2H], 0.8-0.9 [m, 12H, CH-CH3tocopheryl], 1.00-1.4 [m, 18H,

-(CH2)9 tocopheryl], 1.7-1.8 [[m, 2H, CH2-3 tocopheryl], 2.05 [s, 3H, CH3-5 tocopheryl], 2.15 

[m, 9H, tocopheryl], 2.18 [s, 3H, CH3-7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] ppm. 

ESI m/z: -755
1H NMR (400 MHz, CDCl3): δ 0.8-0.9 [m, 12H, CH-CH3 tocopheryl], 1.00-1.4 [m, 18H, -

(CH2)9 tocopheryl], 1.7-1.8 [[m, 2H, CH2-3 tocopheryl], 2.05 [s, 3H, CH3-5 tocopheryl], 2.15 

[s, 3H, CH3-8tocopheryl], 2.18 [s, 3H, CH3-7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] 

ppm. ESI Mass m/z: 492+NH4=510.

O-Acylation of BOC-Protected Serotonin with Tocopherylchloroformate (3, Scheme 1)

To 0.5g (1mmol) of tocopherylchloroformate dissolved in dry DCM in100 mL round bottom 

flask added triethyl amine (0.5 mmol). The above mixture was added drop wise about 20 

minutes to tert-Butyl (2-(5-hydroxy-1H-indol-3-yl) ethyl) carbonate (1.1 mmol) with the help 

of pressure equalizing funnel. The reaction mixture was stirred for 12 h at room temperature. 

The resulting mixture was quenched with 2N HCl and water, transferred to a separation funnel, 

and extracted three times with DCM. The combined organic phases were dried (Na2SO4), 
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filtered and concentrated in vacuum. The product was purified by column (Rf: - 0.3 in 10% 

EtOAc/ hexane). The product yield is 95%.

1HNMR (400 MHz, CDCl3):  δ  9.4[s, 1H-indole], 7.6[s, 1H, -imidazole=CH], 7.4 [s, 1H-

aromatic], 7.2 [d, 1H-aromatic], 7.4 [d, 1H-aromatic ], 7.8 [s, 1 CO-NH amide-broad ], 1.8 (s, 

9H–C(CH3)3, 2.9 [t, 2H], 2.8 [t, 2H], 0.8-0.9 [m, 12H, CH-CH3 tocopheryl], 1.00-1.4 [m, 18H,-

(CH2)9 tocopheryl], 1.7-1.8 [[m, 2H, CH2-3 tocopheryl], 2.05 [s, 3H, CH3-5 tocopheryl], 2.15 

[m, 9H, tocopheryl], 2.18 [s, 3H, CH3-7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] ppm. 

ESI m/z: -755.

Deprotection of BOC Protected Serotonin lipid (4, Scheme 1)

0.1 g of Boc-serotonin tocopherylchloroformate was dissolved in 5 mL of dry DCM in 100 mL 

Round bottom flask under inert atmosphere. To this solution 0.05 mL of TFA was added. The 

reaction mixture was stirred for 12 h at room temperature. The resulting mixture was 

concentrated in vacuum about 20 min for removing excess TFA. The residue was purified by 

column chromatography (100-200 size silica gel) (Rf: - 0.1 in 10% Methanol/ chloroform v/v). 

The product of yield is 95%.
1HNMR (400 MHz, CDCl3): δ 9.4 [s, 1H-indole], 7.6 [s,1H,-imidazole=CH], 7.4 [s, 1H-

aromatic], 7.2 [d, 1H-aromatic], 7.4 [d, 1H-aromatic], 7.8 [s, 1CO-NHamide-broad], 2.8 [t, 2H], 

0.8-0.9 [m, 12H, CH-CH3tocopheryl], 1.00-1.4 [m, 18H, -(CH2)9 tocopheryl], 1.7-1.8 [[m, 2H, 

CH2-3tocopheryl], 2.05 [s, 3H, CH3-5tocopheryl], 2.15[m, 9H, tocopheryl], 2.18 [s, 3H, CH3-

7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] ppm.

13C  NMR (100  MHz, CDCl3)  δ  154.17, 153.74,  149.72,  144.46,  144.26,  141.08, 

139.30,134.43,133.28,129.31,126.80,126.72,126.00,125.43,125.08,124.01,123.51,123.28,117.

69,115,91,115.21,114.41,114.11,113.97,112.34,110.06,109.60,109.30,107.68,75.23,55.99,40.2

2,39.75,39.40,37.59,37.49,37.44,37.32,34.75,33.87,32.82,32.73,31.97,31.65,31.00,30.20,29.95

,29.74,29.59,29.41,29.20,28.99,28.01,24.85,24.49,23.67,22.76,22.66,21.06, 20.52, 19.78, 

19.71, 14.17, 12.77, 11.91, 11.81.

HRMS (ES) m/z: - calculated 633.46302, found. 633.46256., HPLC: purity 95%

Synthesis of epoxidation of alpha tocopherol with Epichlorohydrine (5, Scheme 2)

To a stirred mixture of (+/_)-α-tocopherol (5.42 g, 12.58 mmol), rac-epichlorohydrin (1.74 g, 

18.87 mmol), and tetra-butyl ammonium hydrogensulfate 0.43g, 1.13 mmol) at 0C, added 50% 

KOH solution (3.24 g, 57. 8 mmol) in water (6.5 mL). The reaction mixture was warmed to room 
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temperature and stirred for 4h, extracted with Et2O, washed with water, dried with anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified by 

silica gel column chromatography to give α-tocopherylglycidyl ether 1 (5.89 g, 12.10 mmol, 89 

%) as a clear oil. The yield of compound was 96%.Rf=0.69 (EtOAc/hexane).

1H,NMR (400MHz, CDCl3): δ 0.84 (d, J= 6.4 Hz, 3H), 0.85 (d, J=6.4 Hz, 3H), 0.87 (d, J=6.4Hz, 

6H), 1.00–1.60 (m, 21H), 1.23 (s, 3H), 1.71–1.85 (m, 2H), 2.08 (s, 3H), 2.14 (s, 3H), 2.18 (s, 

3H), 2.57 (t, J = 6.8 Hz, 2 H), 2.70 (dd, J = 5.0, 2.6 Hz, 1 H), 2.87 (dd, J = 5.0, 4.0 Hz, 1H), 3.35 

(dddd, J = 5.8, 4.0, 3.2, 2.6 Hz, 1 H), 3.66 (ddd, J = 11.0, 5.8, 1.8 Hz, 1H),3.90 (ddd, J = 11.0, 

3.2, 1.6 Hz, 1 H) ppm. ESI Mass m/z :( 486+1) =487.

Synthesis of regioselective epoxide ring opening (α-tocopheryl glycidyl ether) with 
Serotonin (6, Scheme 2)

To a solution of serotonin in (1.85 g, 0.01 mol) 2 mL of dry pyridine was added and stirred at

−10 C for 1 h. A solution of alphatocopheryl glycidyl ether (1.9 g, 0.01 mol) in 1 mL of 

methylene chloride (DCM) was cooled to –10 C and was added drop-wise to the above mixture 

about 30min. After 12 h of stirring at-10C, the reaction mixture was diluted with 20 mL of 

toluene and concentrated in vacuo. The residue was purified with60-120 mesh silica gel. The 

compound was eluted by 4% Chloroform in Methanol. The yield of the compound was 70% 

(Rf: 0.3 TLC; 3-4% Chloroform in Methanol)

NMR (400 MHz, DMSO) δ/ppm 10.6 [s, indole NH], 8.6 [s, imidazole =CH], 7.2 [d,1H 

aromatic],6.8 [d, 1H-aromatic], 6.9 [s, 1H-aromatic], 5.8 [m, 1H CH2-COH2-CH2], 5.0 [d, 2H], 

4.6 [d, 2H], 4.1 [2H, broad-CH2-NH,-CH2OH-CH2], 2.8 [t, 2H-NH-CH2-CH2-], 3.3 [t,2H], 0.8-

0.9 [m, 12H, CH-CH3 tocopheryl],  1.00-1.4 [m, 18H, -(CH2)9 tocopheryl], 1.7-1.8 [m, 2H, CH2-

3tocopheryl], 2.05 [s, 3H, CH3-5 tocopheryl], 2.15 [s, 3H, CH3-8 tocopheryl], 2.18 [s, 3H, CH3-

7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] ppm.
13C  NMR (100  MHz, CDCl3)  δ  207.06, 149.82,  148.03,  146.82,  131.25,  127.46, 

127.32,125.62,124.01,122.80,117.53,114.07,112.28,108.58,100.43,85.55,78.12,77.92,74.80,66

.09,40.54,39.38,37.45,37.30,33.83,32.80,31.93,30.93,29.70,29.52,29.37,29.17,28.96,27.98,24.

81,24.48,23.43,22.73,22.64,21.07,20.52,19.76,19.69,14.12,12.55,11.70.

HRMS (ES) m/z: calculated 662.45687 found: 663.

Quaternization of Serotonin Lipid B. (7, Scheme 2)
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To a stirred solution of the tertiary serotonin α-tocopherol in dry methanol, excess anhydrous 

HCl was added. The reaction mixture was stirred for 12 h at room temperature. The residue was 

concentrated under vacuum. The crude product was purified by column chromatography 

(MeOH: CHCl3 1:9 v/v) to afford the quaternized α-tocopherol-serotonin lipid as a yellow color.

1H NMR (400 MHz, DMSO) δ/ppm 10.6 [s, indole NH], 8.6 [s, imidazole =CH], 7.2 [d, 1H 

aromatic], 6.8 [d, 1H-aromatic], 6.9 [s, 1H-aromatic], 5.8 [m, 1H CH2-COH2-CH2], 5.0 [d, 2H], 

4.6 [d, 2H], 4.1 [2H, broad-CH2-NH,-CH2OH-CH2], 2.8 [t, 2H-NH-CH2-CH2-], 3.3 [t,2H], 0.8-

0.9 [m, 12H, CH-CH3tocopheryl], 1.00-1.4 [m, 18H, -(CH2)9tocopheryl], 1.7-1.8 [[m, 2H, 

CH2-3 tocopheryl], 2.05 [s, 3H, CH3-5 tocopheryl], 2.15 [s, 3H, CH3-8 tocopheryl], 2.18 [s, 

3H, CH3-7 tocopheryl], 2.55-2.6 [t, 2H, CH2-4 tocopheryl] ppm.
13C  NMR (100  MHz, CDCl3)  δ  207.06, 149.82,  148.03,  146.82,  131.25,  127.46, 127.32,

125.62, 124.01, 122.80, 117.53, 114.07, 112.28, 108.58, 100.43, 85.55, 78.12, 77.92, 74.80,

66.09, 40.54, 39.38, 37.45, 37.30, 33.83, 32.80, 31.93, 30.93, 29.70, 29.52, 29.37, 29.17, 28.96,

27.98, 24.81, 24.48, 23.43, 22.73, 22.64, 21.07, 20.52, 19.76, 19.69, 14.12, 12.55, 11.70.

HRMS (ES) m/z: calculated 663.45687 found: 663.50954. , HPLC: 96% purity.

DNA binding assay:

To elucidate the DNA binding capability of liposomes with Lipid: DNA, lipoplexes were 

prepared at charge ratios ranging from 1:1 to 8:1 using 0.3 μg plasmid DNA in a total volume 

of 30 μL in HEPES buffer (pH 7.4) and further incubated at room temperature for 20-25 

minutes. 4 μL of 6x loading buffer (0.25% Bromophenol blue in 40% (w/v) sucrose with sterile 

H2O) was added to it and from the resulting solution 30 μL was loaded on each well. The 

samples were electrophoresed at 80 V for 45 minutes and the agarosegel (pertained with EtBr) 

was imaged following visualization using a Bio-Rad Gel Doc XR+ imaging system (Bio-Rad, 

Hercules, CA, USA) and analyzed.

Heparin Displacement Assay

Heparin was used to study the anionic displacement of pDNA from lipoplexes. Lipid: pDNA 

complexes were prepared as described in the above section (pDNA binding assay) and 

incubated for 20 min. Following the incubation, 0.1 µg of sodium salt of heparin was added 

and incubated for another 30 min. Samples were electrophoresed in an agarose gel (1.5%) and 

pDNA bands were visualized as mentioned in the above section.

Zeta potential (ξ) and size measurements
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Size and the surface charge (zeta potentials) of liposomes and lipoplexes with varying charge 

ratios (8:1 to 1:1) were measured by photon correlation spectroscopy and electrophoretic 

mobility on a Zetasizer3000 HSA (Malvern,U.K.). Measurements were carried out in DMEM 

media with a sample refractive index of 1.59 and a viscosity of 0.89 cP. The system was 

calibrated by using the 2005 nm polystyrene polymer (Duke Scientific Corps., Palo Alto, CA, 

U.S.). The diameters of liposomes and lipoplexes were calculated by using the automatic 

method. Zeta potential was also measured using the following parameters: viscosity, 0.89 cP; 

dielectricconstant,79; temperature, 25 °C; F(Ka), 1.50 (Smoluchowski); maximum voltage of 

the current, V. The system was calibrated by using DTS0050 standard from Malvern. 

Measurements were done 10 times with the zero-field correction. All the liposomes and 

lipoplexes of the size measurements were done 10 times in triplicate with the zero field 

correction and values represented as the average of triplicate measurements. The potentials 

were measured 10 times and represented as their average values calculated by using the 

Smoluchowski approximation.

Cytotoxicity (MTT) assay (Mitochondrial activity)

The MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium Bromide) based reduction 

cytotoxicity assays of Lipid A & B were carried out in CHO, Neuro-2a, HEK-293T, and 

HepG2 cells across the lipid:DNA charge ratios of 1:1-8:1 in 96-wells plate. Briefly, 24 h after 

adding lipoplexes, MTT (0.5 mg/mL in DMEM) was added to cells and incubated for 4 h at 37 
C. Results were expressed as percent viability = [A540 (treated cells)-background/A540 

(untreated cells)-background] x100.

Transfection Biology:

CHO, TCHO, Neuro-2a, HEK-293T, and HepG2 cells were seeded at a density of 10,000 per 

well, in a 96-well plate, 18-24 h before transfection. Then 0.3 μg (0.91 nmol) of plasmid DNA 

was complexed with different concentrations of liposomal formulations of Lipid A and B i.e. 

1:1 to 8:1 in DMEM medium (total volume made up to 100 μL) for 30 min. Just prior to 

transfection, cells plated in the 96-well plate were washed twice with PBS (100 μL) followed 

by the addition of lipoplexes (lipid-DNA complexes). After 4 h of incubation, 100 μL of 

DMEM with 20% FBS was added to the cells. The medium was replaced with 10% complete 

medium after 24 h, and reporter gene activity was estimated after 48 h. Cells were washed twice 

with PBS (100 μL each) and lysed in 50 μL lysis buffer [0.25 M Tris-HCl (pH 8.0) and 0.5% 

NP40]. The β-galactosidase activity per well was estimated by adding 50 μLof 2 substrate 
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solution [1.33 mg/mL ONPG, 0.2 M sodium phosphate (pH 7.3), and 2 mM magnesium 

chloride] to the lysate. Absorbance of the product ortho-nitrophenol at 405 nm was converted 

to β-galactosidase units by using a calibration curve constructed using pure commercial β-

galactosidase enzyme. Each transfection experiment was repeated 3 times on 3 different days. 

The transfection values were noted as an average of three replicate transfection plates, 

performed on three different days. The values of β-galactosidase units in replicate plates 

assayed on the same day varied by less than 20%.

ROS assay

Intracellular ROS generation was measured by 2’, 7’–dichlorofluorescindiacetate (DCF-DA) 

method given by Kim et al., 2010 with slight modifications. HEK-293 cells were seeded into a 

24 well plate 12 h before the transfections. After 24 h of the treatment with the liposome/p 

DNA, the cells were incubated with 10 μM DCF-DA at 37 C for 15 min. Qualitative cellular 

fluorescence images were captured by fluorescence microscopy by exiting at 488 nm and 

emitting at 525 nm (Leica DMI6000B inverted Microscope).

Treatment with inhibitors: Cells were incubated with chlorpromazine (CPZ, 10 μg mL−1), 

filipin-III (5 μg mL−1) and methyl-β-cyclodextrin (m-β-CD, 10 mg mL−1) (all from Sigma) in 

normal cell culture medium for 1 h at 37 °C prior to the addition of lipoplexes formulated with 

Lipid A and B. Consequently, cells were incubated for 4 h, trypsinized and collected in 10% 

FBS containing PBS, followed by analysis using FACS. The concentration of chlorpromazine 

(CPZ) employed in the study were such that uptake of fluorescently labeled lipoplexes of 

Lipids A and B, which is widely recognized as a ligand exclusively internalized via clathrin- 

independent endocytosis, was inhibited by 80–95 % , since it has been reported that this 

lipoplexes is exclusively internalized via a clathrin-independent mechanism.

Cellular eGFP Expression Study.

For cellular α5GFP expression experiments in HEK-293T and HepG2, 50,000 cells were 

cultured in 24-wells plate, 18-24 h before transfection. Then 0.9 μg of eGFP plasmid DNA 

encoding green fluorescent protein was complexed with liposomes of Lipids A & B at charge

ratio (lipid/DNA) 2:1 in DMEM medium (total volume made up to 100 μL) for 30 min. Just 

prior to transfection, cells plated in the 24-wells plate were washed with PBS (2×100 μL) 

followed by addition of lipoplexes. The media 400 μL was added after 4 h incubation of the 
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cells. After 24 h, the complete medium was removed, and cells were washed with PBS (2×200 

μl). Finally, 200 μL of PBS was added to each per well cells and visualized under the 

epifluorescence microscope to observe green fluorescent protein.

Serum stability

Cells were plated at a density of 15,000 cells (HEK-293T and CHO) per well in a 96-well plate, 

18-24 h prior to transfection. Then 0.3 μg (0.91 nmol) of eGFP was complexed with Lipid A 

& B in DMEM medium in the presence of varying serum (10-30% v/v and total volume made 

up to 100 μL) for 30 min. The charge ratios of lipid/eGFP plasmid were maintained at 2:1, at 

which the two lipids exhibited their highest transfection ability in four different types of viz. 

HepG2, Neuro-2a, HEK-293T, CHO and TCHO (TCHO-5HT1AR). TCHO stably expresses the 

human serotonin1A receptor compared to CHO cells. The experimental procedure and 

determination of eGFP activity per well are similar to that reported for the in-vitro transfection 

experiments.

Statistical analysis:

The results were expressed as (mean standard deviation). Statistical importance between 

treatments was assessed by the ANOVA test followed by the Dennett multiple comparison test 

(*p<0.05, **P<0.01,***P<0.001).

Cellular Uptake 

Cells were cultured at a density of 10 000 cells/ well in a 96-well plate 16−24 h prior to 

treatment in 200 μL of growth medium until cells are 30−50% confluent at the time of 

transfection. pDNA (0.3 μg of pDNA diluted to 50 μL with serum-free DMEM media) was 

complexed with rhodamine-PE labeled cationic liposomes (diluted to 50 μL with DMEM) of 

lipids A and B using 2:1 lipid to pDNA charge ratio. The cells were washed with PBS (1×200 

μL) and then treated with lipoplexes, and incubated in a humidified chamber containing 5% 

CO2 at 37 C. After a 4 h incubation period, cells were washed with PBS (3×200 μL) to remove 

the dye and fixed with 3.8% paraformaldehyde in PBS at room temperature for 10 min. The 

cell displaying fluorescence were analyzed and quantified using flow cytometry (BD 

Biosciences, San Jose, CA, USA) with BDFACS Celesta Software (BD Biosciences).
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Docking studies

Preparation of Ligands: The ligands were built using ChemBiodraw 13.0 and were saved as 

MOL file. The ligands were loaded into Maestro 9.2 software and optimized using LigPrep tool. 

The possible ionization states at pH 7 ± 2 were generated using OPLS2005 force field. Single 

conformation with lowest potential energy for each minimized compound was retained for further 

docking.

Preparation of the receptor protein: The crystal structure of 5-HT1B (PDBid:4IAR) having 

bound ergotamine to the active site Asp129 was taken for the study. The protein structure was 

prepared using Protein Preparation Wizard tool. The missing side chains were added to the 

structure using Schrӧdinger Prime 3.0 (Prime version 3.0, Schrӧdinger, LLC, New York, NY, 

2011). Hydrogen’s were added and water molecules were deleted within 5 Ao from the crystal 

chain. The entire process was adjusted to a pH range of 7.0 ± 4. The optimization was performed 

to a maximum root mean square deviation (RMSD) of 0.3 Ao using OPLS2005 force field.

GRID generation: The receptor grid was generated with dimensions (10 x 10 x 10 Ao). The 

resultant GRID file was used for docking.

Docking: The receptor GRID was selected using Ligand Docking tool and docking was set in 

XP (extra precision). The minimized ligands were imported for docking to the grid selected. Epik 

state penalties were added to docking score and XP descriptor file was generated (.xpdes). The 

resultant docking study was visualized in XP visualizer.
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