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Abstract

Magnetite (Fe3O4) is the most commonly and extensively explored magnetic nanoparticles 

(MNPs) for drug-targeting and imaging in the field of biomedicine. Nevertheless, its potential 

application as safe and effective drug-carrier for CNS (Central Nervous System) anomalies is very 

limited. Previous studies have shown an entangled epidemic of opioid use and HIV infection and 

increased neuropathogenesis. Opiate such as morphine, heroine, etc. are used frequently as 

recreational drugs. Existing treatments to alleviate the action of opioid are less effective at CNS 

level due to impermeability of therapeutic molecules across brain barriers. Thus, development of 

an advanced nanomedicine based approach may pave the way for better treatment strategies. We 

herein report magnetic nanoformulation of a highly selective and potent morphine antagonist, 

CTOP (D-Pen-Cys-Tyr-DTrp-Orn-Thr-Pen-Thr-NH2), which is impenetrable to the brain. MNPs, 

synthesized in size range from 25 to 40 nm, were characterized by Transmission electron 

microscopy and assembly of MNPs-CTOP nanoformulations were confirmed by FTIR 

spectroscopy and fluorescent detection. Flow-cytometry analysis showed that biological efficacy 

of this nanoformulation in prevention of morphine induced apoptosis in peripheral blood 

mononuclear cells remains equivalent to that of free CTOP. Similarly, confocal microscopy 

reveals comparable efficacy of free and MNPs bound CTOP in protecting modulation of neuronal 

dendrite and spine morphology during morphine exposure and morphine-treated HIV infection. 

Further, typical transmigration assay showed increased translocation of MNPs across in vitro 

blood-brain barrier upon exposure of external magnetic force where barrier integrity remains 

unaltered. Thus, the developed nanoformulation could be effective in targeting brain by 

application of external magnetic force to treat morphine addiction in HIV patients.
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INTRODUCTION

Recreational drugs and HIV have many common mechanisms and sites of action in brain. 

As such, recreational drugs exposure aggravates HIV neuropathogenesis (neuroAIDS). Also, 

drug addiction and subsequent psychological emotions result in therapeutical non-adherence 

in many cases causing intensification of disease. Particularly, in HIV infection—where 

about one-tenth of population is drug abuser—therapeutics non-adherence has been 

categorized as a major impediment towards AIDS prevention. Therefore, incorporation of 

anti-addiction agents in treatment strategies of many diseases, including anti-HIV therapy 

(HAART), is the important health priority. Currently more than 230 million people around 

the globe are illicit drug users. Opiates—morphine and heroine— are among most popular 

recreational drugs and account for 26–36 million users globally.1 Among other recreational 

drugs, opiates, alone or during HIV infection, also have been shown to alter the 

neuroplasticity resulting in various neurological abnormalities.2–4 Opiates disrupt the 

dopaminergic function in nervous system which leads to neuro-immunological compromise 

and subsequently enhances proinflammatory production and exacerbates neuronal cells 

inflammation.5–8 Opioid-mediated neuro-immunological alteration increases HIV 

neuroinvasiveness and weakens the nervous system ability to respond against HIV 

neurovirulence causing additive stimulation in HIV-associated neurocognitive disorders.5–9 

Opiates primarily exert its effect via µ-opioid receptors and as such, a selective antagonist of 

this receptor, namely CTOP (D-Pen-Cys-Tyr-DTrp-Orn-Thr-Pen-Thr-NH2), counterchecks 

their detrimental consequences. Nevertheless, CTOP does not transmigrate across blood-

brain barrier (BBB) and, in turn, leaves little space for opioid’s addiction therapy. In fact 

more than 99% of drugs are impermeable to BBB providing little or no benefit for most 

brain diseases. Hence, successful drug delivery in brain requires improvement over existing 

technologies.

Use of nanotechnology in medicine has shown exiting prospect for development of novel 

drug delivery systems. However, existing nanovehicles such as liposomes, dendrimers, 

polymers, micelles, solid-lipid nanoparticles etc. have one or more major limitations that 

affect their BBB transmigration ability. Primarily, after systemic administration these 

nanocarriers remain in the peripheral circulation for long time and, in turn, engulfed by the 

reticuloendothelial systems (RES) before reaching to BBB. Thus uncertainty—if and when 

nanocarrier reaches brain—always persist. So, effective drugs targeting in brain requires 

speedy systemic transport of carriers to the BBB such that they get little exposure to the 

RES. Recently magnetic (magnetite–Fe3O4) nanoparticle (MNP) has gained significant 

attention and been intensively investigated for their biomedical applications ranging from 

imaging to drug targeting. MNPs possess distinct advantage over abovementioned 

counterparts in that its inherent superparamagnetism allow control over its magnetization—

and so over its movement/speed—by external magnetic field.10–13 Thus, MNP’s tissue-

specific targeting and distribution can be managed remotely by applying non-invasive 

magnetic force of required intensity at the desired site. Nonetheless, MNPs application as 

targeted and safe drug carrier is primarily limited to peripheral organs and, despite being a 

crucial agent for brain MRI (magnetic resonance imaging), its applications for CNS drug 

delivery has been little explored. We hypothesize that CTOP molecules immobilized on the 
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MNPs can be delivered across the blood-brain barrier under the influence of external 

magnetic force in more faster and effective manner leading the way for neutralization of 

opiate-induced neuropathogenesis and neuroAIDS. Accordingly, we characterized the zeta 

potential of MNPs and evaluated the MNPs-CTOP binding isotherm, their 

pharmacokinetics, peripheral and neuronal functional efficacy, and toxicity. Herein, for the 

first time, we report that MNPs can be a potential platform for direct nanodelivery of CTOP 

in brain to countercheck the additive neuronal injury by morphine during HIV infection. We 

believe that this novel therapeutical approach may have universal applicability against 

varieties of CNS diseases which includes treatment of other recreational drugs associated 

neuronal abnormalities and neuroAIDS as well.

MATERIALS AND METHODS

Synthesis of Magnetic Nanoparticles

The co-precipitation method was used for synthesis of magnetic nanoparticles.14 Briefly, 

Fe2+ and Fe3+ ions were co-precipitated in alkaline solution and treated under hydrothermal 

condition. Thoroughly mixed solution of 1 M FeSO4 · 7H2O and 2 M FeCl3 were added to 8 

M ammonium hydroxide (Sigma) under constant stirring at 25 °C. This results in black 

magnetite particles. In order to remove impurity such as chloride and sulphate ions, 

synthesized particles were washed with hot distilled water several times. The purified 

particles were dispersed in Tris-EDTA buffer (pH 7.5) at a concentration of 10 mg/ml for 

further use. Quantification of precipitated magnetic nanoparticles was performed by 

aliquoting and drying particles suspension in an oven at 60 °C to a constant mass.

Transmission Electron Microscopy (TEM) Analysis

TEM of MNPs was performed with the Phillips CM-200 200 kV transmission electron 

microscope operated at 80 kV.15 In brief, a drop of MNPs was spread on carbon support 

film on 400 mesh Cu grids (Type B, Ted Pella, Inc., USA). For better contrast during TEM 

imaging, samples on grid were negatively stained with phosphotungstic acid (2.0% w/v; pH 

6.4) and dried at room temperature.

Zeta Potential

The hydrodynamic radius, size distribution, and surface charge measurement of MNPs were 

carried out at 25 °C in dynamic laser scattering (DLS) (90 Plus Particles Size Analyzer, 

Brookhaven Instrument Corp., USA). Samples were prepared by diluting equal quantity of 

magnetic particles in different pH range of Tris-HCL and Tris-EDTA buffer.

CTOP Binding to Magnetic Nanoparticles: High-Performance Liquid Chromatography/
Photo Diode Array (HPLC/PDA)

Mixture of MNPs and CTOP procured from Sigma Aldrich at different mole ratios (1:0.16, 

1:0.33, 1:0.66, 1:1, and 1:1.33) were incubated in tube rotator at room temperature and 

supernatants were collected for quantification of unbound CTOP by HPLC. The difference 

between the total CTOP added and unbound CTOP was used to calculate the amount of 

CTOP bound to the MNPs through HPLC/PDA.
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HPLC/PDA analyses were performed with a P4000 Thermo-Finnigan chromatograph 

(Thermo Electron Corporation, San Jose, California) and consisted of a SpectraSystem 

SMC1000 solvent delivery system, vacuum membrane degasser, P4000 gradient pumps and 

AS3000 autosampler. Column effluent was monitored at 254 nm with a SpectraSystem 

UV6000LP variable wavelength PDA detector and ChromQuest 4.1 software. Analytical 

separations were carried out with a C18 RP Hypersil GOLD column (RP5, 250 × 4.6 mm, 

pore size 5 µm, Thermo Electron Corporation). The mobile phase consisted of 0.1% TFA in 

MeCN (phase A) and 0.1% TFA in H2O (phase B). The linear gradient program was as 

follows: 10 to 100% A over 30 min at a flow rate of 1.0 mL/min; 10–20µL of solution were 

usually injected. Peptide: Rt, 11.30 min; λmax 276 nm.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was performed on drug loaded and free nanoparticles to examine the 

immobilization of CTOP on its surface.15 Briefly, MNPs bound CTOP isolated from binding 

reaction mixture were lyophilized to preserve the integrity of drug in the dried and powered 

MNPs colloids. These powdered samples were used for FTIR analysis in the IR 

spectrophotometer (Perkin Elmer Spectrum™ 100). Spectra measurements were performed 

using attenuated total reflection (ATR) on a single bounce diamond/ZnSe ATR crystal. The 

spectra were collected in the mid-infrared range of 4000–600 cm−1 (2.5–25 µm).

Fluorescent Tagging of CTOP for Binding Validation

Alexa flour 610 succinimidyl ester (NHS ester) (Life Technologies) were used for tagging of 

CTOP. NHS esters were mixed with equal amount of CTOP solution and PBS and were 

incubated overnight at room temperature. MNPs were added in the mixture and rotated in 

tube rotator at room temperature. The collected magnetic particle is used for quantification 

of attached peptide. Fluorescent intensity was measured at wavelength 485/20 nm–528/20 

nm (Ex/Em) by microplate reader (Synergy HT, Multi-mode microplate reader, BioTek 

Instrument, Inc., Winooski, Vermont, USA). MNPs added in mixture of NHS esters and 

PBS does not show any fluorescent.

Cell Culture

Peripheral blood mononuclear cells (PBMCs), isolated by density gradient centrifugation as 

described by Gandhi et al.,16 were cultured in RPMI 1640. RPMI 1640 culture medium was 

supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml 

streptomycin (Gibco-BRL, Gaithersburg, MD). Cells were cultured at 37 °C in 5%CO2 

incubator.

SK-N-MCs, a neuroepithelioma cell line derived from a metastatic supra-orbital human 

brain tumor, were cultured in minimum essential medium (MEM). MEM was supplemented 

with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin 

(Gibco-BRL, Gaithersburg, MD). Cells were incubated at 37 °C in 5%CO2 incubator. 

Similarly, primary human brain microvascular endothelial cells (HBMEC) and human 

astrocyte (HA) cells were cultivated as per provider’s recommendations.
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Apoptosis Inhibition Efficiency

Level of apoptosis in each experimental group was analyzed by flocytometry (FACScalibur) 

using Annexin V: PE Apoptosis detection kit 1 (BD Biosciences) as described by the 

manufacturers.

Confocal Microscopy and Characterization of Neuro-Spinal Architecture

Membrane staining of neuronal cells for confocal microscopy and measurement of spine 

density was performed according to the method adopted from Atluri et al.17,18 The spine 

density is calculated as the number of spines per unit dendritic length19 and expressed as 

spines/µm2.

HIV Co-Infection of SK-N-MC with Morphine Treatments

0.5 × 106 SK-N-MC cells were seeded onto 22 × 50 mm glass coverslips placed in a 90 mm 

petri-dish and allowed to adhere overnight. Cells were treated with polybrene (10 µg/ml) and 

8 hrs following this treatment, 100 ng clade B HIV-1 was added to each treatment. 12 hr 

post-infection, non-absorbed virus was washed with PBS, and HIV infection was carried for 

7 days. Infected cells were treated with Morphine and CTOP as explained above. Similarly, 

co-infected cells were DIL stained and prepared for confocal microscopy. The culture 

supernatant from HIV infected SK-N-MC cells were collected for quantitation of HIV p24 

antigen using a p24 ELISA kit (ZeptoMetrix, Buffalo, NY) as described by Atluri et al.17,18

Cell Viability Assay

The MTT (Thiazolyl blue tetrazolium bromide) cell proliferation assay was performed as 

described by Kurapati et al.20 Briefly, cells from different experimental groups were treated 

with 0.5% MTT at the rate of 100 µl per well and gently rocked in dark at room temperature 

for 2–3 hrs. One volume STOP solution containing 20% SDS in 50% dimethyl formamide 

were added to the rocking cell suspension in MTT solution and further gently rocked in dark 

at room temperature for 1–2 hrs. Cell suspension is centrifuged at 2000 rpm for 10 minutes 

and supernatant were collected for the spectrophotometric measurement of optical density of 

the solubilized formazan at 550 nm. The optical density of formazan in each treatment 

groups is directly proportional to the cell viability. Cell viability for SK-N-MC were 

determined similar to that for PBMCs except overnight culture media were changed with 1 

ml fresh media before addition of 0.5% MTT.

In Vitro Blood-Brain Barrier (BBB) Model and Transmigration Study

The BBB model was established using HBMEC and HA cells and its intactness was 

determined by measuring the transendothelial electrical resistance (TEER) using Milli-cell 

ERS microelectrodes (Millipore) as described earlier by Gandhi et al.16

Transmigration study of magnetic nanoparticles was conducted on the 5th-6th day of the 

BBB culture when ideal integrity of this membrane was achieved as established by TEER 

measurement. Equal quantity of MNPs were added to the apical chambers and incubated at 

37 °C in the presence or absence of a magnetic force placed externally below the trans-

well’s basal chamber. Samples were collected from both the chambers at different time 
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points and apparent permeability of MNPs across BBB were calculated by quantifying 

transmigrated MNPs as described by Hong et al.14

RESULTS AND DISCUSSION

Characterization of Magnetic Nanoparticles

Size and topology of MNPs were characterized using TEM (Fig. 1). The average size of 

magnetic particles is estimated about 25–40 nm. It is known that the higher surface to 

volume ratio enhances target-affinity of MNPs in comparison to the micro-sized magnetic 

particles and can even manipulate and target at the subcellular organelles levels. It has also 

been established that smaller particles (<10 nm) are lost to extravasation and larger particles 

(>200 nm) are quickly captured and excreted. Particles between 10–70 nm have been shown 

to penetrate capillary vessels.21 Thus, synthesized MNPs found to be compatible to enhance 

drug delivery across the tightly junctioned BMECs along the capillaries lining throughout 

the cerebral microvasculature. Furthermore, in view of the fact that particles between 70–

200 nm possess longer blood circulation time, MNPs of 25–40 nm size could be successfully 

hybridized with liposomes for synthesis of magnetoliposomes of about 100 nm which will 

enhance the bioavailability of associated drugs. Importantly, MNPs of around 30 nm size 

exhibit superparamagnetism and can respond to an external magnetic field. We have shown 

earlier that magnetic hysteresis loops for these particles, which displayed strong magnetic 

property, is measured between +1200 and −1200 oersted (Oe).14 Thus, it would be possible 

to “remote control” the movement of drug loaded nanoparticles for target-specific delivery 

by applying the magnetic force at the exterior of desired site.

Effect of pH on Surface Charge Distribution of MNPs

Aqueous solutions of MNPs (Fe3O4) perform amphoterism due to adsorption of amphoteric 

hydroxyl (−OH) group and develop positive or negative charges at the magnetite-water 

interface in pH-dependent manner.22 The tunability in the surface charge allow binding of 

wide range of biomolecule either via direct, but weak, ionic interactions to the MNPs or via 

surface coating or tethering agents.23,24 Thus, adsorption efficiency of a molecule on surface 

of MNPs is influenced by pH of reaction mixture. The magnitude of charge at the surface of 

colloidal system is quantified by zeta potential. The measurement of zeta potentials at the 

surface of MNPs in different pH range of Tris-EDTA buffer are shown in Figure 2(A). Our 

results show that the isoelectric point (pI) of MNP is about 7.0 and have positive and 

negative charge below and above pI respectively. We obtained a significant negative zeta 

potential value (−20.93) at pH 7.4, which is also the physiological pH range. Thus, it is 

possible that at pH 7.4, MNPs may have sufficient charge for the adsorption of drug 

molecules. A model for electrostatic interaction between MNPs and CTOP has been 

illustrated in Figure 2(B). CTOP possess reactive free functional groups such as OH, NH2, 

etc. These functional groups may gain charges such as OH+
2 and NH+

3 due to change in pH 

of aqueous media and may influence peptide amphiphilic properties. Therefore, negative 

charge on the surface of MNPs at pH 7.4 and possible positive charges moieties in the drugs 

may allow direct binding via ionic interaction. Alternatively, MNPs-CTOP binding due to 

chelating or hydrophobic interactions cannot be denied. The binding of molecules to MNPs 
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can be reversible due to pH variation, which may allow the bound drugs to be released at the 

target site.

CTOP Adsorption on MNPs Surface

FTIR spectra identifies the bending vibration of surface bonding of functional groups 

present on a compound.25 It creates compound-specific molecular fingerprint in the form of 

absorption and/or transmission spectrum. Two state of same molecule have different 

bending vibration of its functional groups resulting in different pattern of FTIR spectra. As 

such, FTIR spectroscopy was performed to the lyophilized MNPs bound with or without 

CTOP. Typically, bending vibration at about 900–1000 cm−1 corresponds to the O–H bond, 

particularly for strong hydrogen bridges. Similarly, about 1000–1600 cm−1 is typical of the 

H–O–H molecule.26 In order to define the presence of CTOP on MNPs, transmittance 

spectra of “MNPs-CTOP” were subtracted from that of MNPs only and percent 

transmittance difference were plotted (Figs. 3(A) and (B)). Maximum variation in 

transmittance was detected at about 600–1600 cm−1. We can see a reduction in 

transmittance up to 18% at 1025 cm−1 for CTOP bound MNPs. Thus, change transmittance 

for “MNP + CTOP” in compare to MNPs at these bands may correspond to two interrelated 

phenomenon. First, hydroxyl groups from water molecule may have attached by the 

hydrogen bonds in the Fe3O4 surface influencing the negative charge distribution on surface 

which is reflected as higher negative zeta potential. Similarly, water molecules (H–O–H) 

may have chemically adsorbed to the magnetic particle surfaces, again influencing the 

surface charge (Fe–OH + H+ = Fe–OH2/Fe–OH = Fe–O−+H+). Second and more 

importantly, presence of charge due to O–H or H–O–H on the surface of MNPs might have 

allowed binding of CTOP resulting in change of bending vibration of bonds which may be 

reason of reduced transmittance. Additionally, we noticed that transmittance of “MNP + 

CTOP” is also reduced up to 7% at about 2870 cm−1 and 3370 cm−1 which may reflect 

increased absorption at these bands due to presence of additional CH and NH2 group of 

CTOP. Typically, frequency range for N–H group is 3300–3500 cm−1 and that of C–H is 

2700–3300 cm−1. CTOP absorption on the surface of MNPs was further verified using 

fluorescent-based detection method. The Alexa flour 610 succinimidyl (NHS) esters were 

used for tagging of this peptide (data not shown). The NHS ester mediated bonding is most 

efficient and convenient way to attach fluorophores to amine-containing (R-NH2) molecules 

such as peptides, proteins, or amine-modified nucleic acids. The stability of amide bonds 

formed in the reaction is as good as that of peptide bonds. Thus, selective linking of 

fluorophores to peptides opens window for many purposes such as quantification, imaging, 

etc. Significant fluorescent intensity was detected on the MNPs immobilized with dye 

tagged peptide. Simultaneously, dye-exposed or non-exposed MNPs showed no trace of 

fluorescent activity. This suggests that CTOP could successfully be immobilized on the 

surface of MNPs.

Time Kinetics and Binding Isotherm of CTOP to MNPs

Data presented in the Figures 4(A) and (B) shows the time kinetics and percent direct 

binding of CTOP to MNPs, respectively. We found a significant binding of CTOP to 

magnetic nanoparticles. The MNPs were dispersed in Tris-EDTA buffer (pH 7.4) and mixed 

with CTOP. The mixture was incubated in tube rotator at room temperature and supernatant 
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were collected at different time points from 5–240 minutes (Fig. 4(A)). The unbound 

fraction of CTOP present in supernatant was quantified by HPLC. The difference between 

the total CTOP added and unbound CTOP was used to calculate the amount of CTOP bound 

to the MNPs. Maximum binding was achieved at about 5 minutes of incubation which 

remained unaffected till 4 hour of experimental duration. After the time kinetics of binding 

was optimized, the CTOP binding efficiency was estimated by using different ratios 

(Weight/Concentration), 1:0.16, 1:0.33, 1:0.66, 1:1, and 1:1.33 of MNPs and CTOP, 

respectively. Data presented in Figure 4(B) show the adsorption isotherm of CTOP on 

MNPs. The result obtained from three independent experiments indicates a maximum 

binding efficiency of about 140 µg CTOP per mg of MNPs. It should be noted that time 

kinetics and loading efficiency significantly affect the drugs sustainability and safe dosing. 

This eventually influences drugs bioavailability. The sustainable binding of CTOP on MNPs 

for over four hours is in accordance to our hypothesis where, under the non-invasive 

magnetic influence, drug delivery to the target could be maximized before it leaches out of 

the nanocarrier.

Functional Efficiency of MNPs Bound CTOP

Inhibition of Morphine-Induced Peripheral Pathogenesis—Exposure of drug abuse 

including morphine has been shown to modulate functions of various immune cells such as 

phagocytes, T cells, dendritic cells, etc.27–32 It significantly alters the expression of 

cytokines, chemokines, etc. and induces apoptosis in both peripheral and neuronal cells. 

Studies from our lab33 have shown that morphine exposure causes significant induction of 

apoptosis in PBMCs. Though different kinds of opioid receptors exist, morphine exerts its 

effect primarily through the µ opioid receptor. Therefore, use of a µ opioid receptor 

antagonist could prevent the morphine-induced effect and may provide significant 

therapeutic benefits. We used D-Pen-Cys-Tyr-DTrp-Orn-Thr-Pen-Thr-NH2 (CTOP), which 

is a highly selective and potent µ receptor antagonist and remains impenetrable through the 

brain barriers. To compare the efficiency of MNPs bound CTOP with that of free CTOP, 

PBMCs were treated with morphine and its effect on apoptosis induction was analyzed using 

flow-cytometry (Fig. 5). Annexin-V is the indicator protein of the earliest events in 

apoptosis. As expected, more than 80% of PBMCs were found to be Annexin-V positive 

when they were treated with morphine (Figs. 5(C) and (F)). This effect was significantly 

reversed when cells were treated with free or MNPs bound CTOP (Figs. 5(D)–(F)). Number 

of Annexin-V positive cells was reduced approximately by 50% upon treatment with free 

CTOP and only 32% cells were found Annexin-V positive. Similarly, MNPs-bound CTOP 

exerted equivalent apoptosis inhibition efficiency and nearly 24% cells were found Annexin-

V positive in this case. Untreated or only MNPs treated cells showed near zero or 

insignificant induction of apoptosis. Thus, our result suggests that efficacy of CTOP upon its 

binding to MNPs is preserved.

Inhibition of Morphine-Induced Neuronal Pathogenesis

Studies have shown that drug addiction alters the function of the neuronal circuit which 

includes changes in neuronal plasticity and synaptic transmitter release.34–36 Similarly, 

morphine administration produces a persistent decrease in dendrite length and dendritic 

spine in neurons of different brain regions such as nucleus accumbens, visual cortex, sensory 
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cortex, etc.37,38 Morphine crosses the brain barriers and believed to suppress CNS immune 

responses by various mechanisms. It inhibits or downregulates various inflammation-

suppressing chemokines and cytokines such as macrophage inflammatory protein, 

interleukin-8 etc.39 Also, morphine has been shown to induce apoptosis in various CNS cells 

such as microglia, astrocytes, neurons, etc.40–42 All these immune-inhibitory effect of 

morphine could influence neuro-inflammation leading to neuropathogenesis. In fact, 

deregulation of chemokine or cytokine expression in CNS cells is a hallmark phenomenon 

associated with neuronal degeneration. As such, morphine is putatively believed to acts 

synergistically as a co-factor in neuropathogenesis. In particular, morphine has been shown 

to synergize the HIV infection associated neurocognitive disorders where spinal architecture 

of neuronal cells is significantly altered.17 Figure 6(B) and (C) shows altered spinal 

morphology of neurob-lastoma cells upon morphine treatment. This alteration of spinal 

architecture may negatively affect the synaptic plasticity during morphine exposure. Spine 

morphology play important role in maximizing the effectiveness of the synaptic 

transmission leading to cognitive modulation. Neuronal adaptation pattern is differentially 

regulated during opioid addiction43 and cause rapid development of tolerance, physical and 

psychological dependence. These opioid-dependence associated disorders could 

significantly be diminished by supplementation of anti-opioid agents which may prevent 

opioid-induced pathogenesis. However, current treatments to alleviate the action of opioids 

are less effective at CNS level, basically due to impermeability of therapeutic molecules 

across brain barriers. As a first step towards our hypothesis in developing MNPs-based 

nanoformulations of anti-opioid agents, we analyzed the efficiency of MNPs bound CTOP 

in preventing the morphine induced inhibition of spinal density as a sign of neuronal 

degeneration (Fig. 6). As shown in Figure 7, morphine treated cells showed a spinal density 

of 0.24 ± 0.07 per µm2, whereas the same in untreated cells were approximately 1 per µm2 

(P < 0.0001). This significant decrease in morphine-induced spinal density is prevented 

upon CTOP treatment. Both free and MNPs-bound CTOP showed equivalent efficiency in 

checking the spinal degeneration (Figs. 7; 6(E) and (F)). Cells with free CTOP and MNPs 

bound CTOP showed an average spine density of 1.04 ±0.18 and 0.84 ±0.30 per µm2 

respectively.

These values were comparable to that of untreated cells; however were significantly higher 

than that of morphine treated cells only (P < 0.0001). Treatment of MNPs alone in cells 

exposed or non-exposed to morphine (Figs.7; 6(C) and (B)). did not alter the spinal density. 

Thus, our result suggests that, similar to their efficacy in suppressing apoptosis induction in 

PBMCs, MNPs bound CTOP possesses parallel effect to that of free CTOP in preserving the 

neuropathogenesis.

Inhibition of Morphine-Induced Neuronal Pathogenesis During HIV Infection

As discussed previously, opioids act in synergy with HIV viral proteins and cause greater 

immunosuppression. Regions of brain with higher opioid receptors such as striatum and 

hippocampus have been shown to possess increased viral titers5,44,45 which lead to faster 

neuropathogenesis. As such, we analyzed the efficiency of MNPs-bound CTOP in 

preventing the additive neuro-degeneration of morphine during HIV infection. As reported 

previously from our laboratory,17 HIV infections lead to severe loss of spinal architecture in 
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neuroblastoma cells (Fig. 8(B)). In comparison with uninfected cells where spinal density 

was approximately 1 per µm2, HIV infections reduce the spinal density to 0.35 ±0.17 per 

µm2 (P < 0.0001) and, though not significant, it goes further down to 0.30 ±072 per µm2 

when exposed to morphine during infection (Figs. 8(B) and (C); 9). To analyze the efficacy 

of our MNP-CTOP nanoformulation in prevention of morphine-induced additive 

neuropathogenesis, morphine-exposed-HIV-infected cells were treated with MNPs bound 

CTOP. As shown in Figures 8(D) and 9, this significantly prevented the spinal degeneration. 

The spinal density significantly went up to 0.74 ±078 per µm2 compared to HIV infection (P 

< 0.0002) or co-treatment of morphine with infection (P < 0.0001) (Fig. 9). Upregulation of 

µ opioid receptor and associated alteration in the expression of pro- and antiapoptotic 

molecules, cytokines, and chemokines are common phenomena during the HIV infection 

and opioid exposure.8’45–49 Apoptosis due to treatment with HIV-1 pathogenic protein 

gp120 and morphine in µ-opioid receptors deficient mice gets lowered significantly in 

comparison with the wild types.50 The magnetic nanoformulations carrying µ-opioid 

receptor antagonist, CTOP, could possibly block this receptor and, thus, in turn, may 

minimize the neuro-pathogenesis exacerbated due to morphine co-treatment and/or HIV 

infection. Therefore, as our result suggests (Figs. 6–9), higher spinal density in HIV infected 

and morphine co-treated neuronal cells, upon exposure of MNP bound CTOP, should be a 

natural outcome than cells where no CTOP was supplied. This further, supports our 

hypothesis in developing MNPs-based nanoformulations of anti-opioid agents.

Cytotoxicity of MNPs-Bound CTOP

One of the major concerns while using nanomaterials in medicine is that of potential 

toxicity. Any exposure of external insults in the body, particularly when a sensitive organ 

such as brain is targeted, must be validated for its cytotoxic effect. As such, evaluation of 

cell viability is important for the nanoparticle application in medicine. It has been suggested 

that doses of MNPs within the permissible limit have non-significant safety concerns and are 

biodegradable.51 We examined the nonspecific cytotoxicity of MNPs with and without 

CTOP to PBMCs and SK-N-MCs. Our results showed that MNPs were neither cytotoxic to 

PBMCs nor to SK-N-MCs up to 48 hours of experimental treatments (data not shown). The 

unaffected percent cell viability due to treatments of MNP with or without CTOP compared 

to untreated cells indicates their safe use as nanocarrier for drug deliver.

BBB Transmigration Ability of the MNPs

In a proof-of-concept experiment, magnetic force-driven delivery of MNPs across BBB was 

performed in the endothelial cells–astrocytes co-culture in vitro BBB model (Fig. 10). In this 

most widely accepted BBB model, endothelial cells and astrocytes are respectively grown to 

confluency on top and underside of porous membrane of a transwell. The transwell 

bicompartmentalizes the culture plate such that the top and underside of porous membrane 

with cells mimics the external (peripheral blood side) and internal (brain microenvironment 

side) face of BBB, respectively. The transmigration efficacy of MNPs was measured by its 

permeability from upper chamber to lower chamber under influence of external magnetic 

force. Quantification of iron concentration in the lower chamber shows that application of 

external magnetic force for 1 and 2 hr resulted in 2.2 and 2.7 fold higher MNPs 

transmigration, respectively (Fig. 10(B)). A larger MNPs permeability may be possible with 
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increased duration of magnetic force. The TEER values of grown BBB before and after 

MNPs treatment were found to be near 200 Ω/cm2 (Fig. 10(C)). These TEER values are 

consistent with the formation of near natural-intact BBB suggesting MNPs do not affect the 

BBB integrity. Significantly higher trans-endothelial migration of MNPs as early as 1–2 

hours of experimental period suggest that a MNP-based drug nanocarrier may speedily 

transport associated drugs to the brain under magnetic influence. As such, it may effectively 

reduce the peripheral circulatory time and RES exposure. Nevertheless, dugs bound naked 

nanoparticles may be decomposed due to metabolic (enzymztic mainly) activity of 

peripheral circulation (blood) before it reaches to the brain. So, eencapsulation of MNPs 

bound drugs within the core of liposomes (magnetized liposomes) could be a very promising 

material for clinical applications because it can remarkably improves the drug stability and 

bioavailability in blood circulation. Magnetized liposomes can also be transported across 

BBB under influence of external magnetic force. Additionally, per unit loading efficiency of 

the hybridized magnetic liposomes could be improved by supplementing free dugs on its 

phospholipid bilayers around its MNPs filled core. As such we propose a novel “magneto-

liposome” nanocarrier which can reduce the drug decomposition, clearance, and entrapment 

from the naked MNPs in the peripheral (blood) circulation.

CONCLUSION

In the wake of the fact that almost all small or large therapeutical drugs are unable to cross 

the BBB—which is believed to be main impediment in cure of neurological disorders—

several strategies are being experimented to administer the desired therapeutic levels of 

drugs in brain. In an effective drug delivery method, majority of therapeutic agents should 

be delivered to the target site while non-target site should get minimal drug exposure. 

Complying with this notion, practice of nanotechnology in medicine has shown exciting 

prospect for development of novel targeted delivery system.52–56 MNPs possess distinct 

advantage for its use as a platform for theranostic nanomedicine for CNS diseases because it 

could simultaneously be used as carrier for speedy and targeted drug delivery (mediated by 

external non-invasive magnetic force) and MRI contrast agent (due to inherent 

superparamagnetism). In our studies, as a first step towards specific drug targeting to 

prevent the neuropathogenesis associated with recreational drugs, we have developed for the 

first time a MNPs based nanoformulation, which shows that CTOP (a µ opioid receptor 

blocker : anti-opioid agent) can be immobilized on MNPs. Our studies indicate that MNPs-

CTOP nanoformulation effectively suppress the morphine induced pathological conditions 

in peripheral and neuronal cells. More importantly, the developed nanoformulation could 

significantly prevent the morphine induced neuropathogenesis in HIV-1 in vitro infection 

model. Further as a proof-of-concept we found that MNPs can transmigrate across BBB 

under the influence of external, non-invasive magnetic force. Therefore, the delivery of 

CTOP and other anti-addiction drugs using MNPs is expected to be of more therapeutical 

benefit and, in turn, may reduce the risk of developing recreational drugs associated 

neuropathogenesis and neuroAIDS.
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Figure 1. 
Characterization of MNPs: (A) Transmission electron micrograph of Fe3O4 magnetic 

particles. (B) Size distribution of magnetic nanoparticles: Average size of nanoparticles is 

25–40 nm.
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Figure 2. 
MNPs surface charge and schematic of MNPs-drug interaction (A) Zeta potential of MNPs 

at different pH shows that the physiological pH 7.4 generates significant negative charges on 

its surface. (B) Schematic illustration showing interaction between negative charge on 

MNPs surface and positive charge on selected moieties (NH2, CH3, etc.) of CTOP peptide at 

pH 7.4.
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Figure 3. 
FTIR spectra of transmittance: (A) % transmittance of MNP and “MNP + CTOP.” (B) 

Difference between % transmittance of MNP and “MNP+CTOP”: transmittance of “MNP+ 

CTOP” obtained from FTIR were subtracted from transmittance of MNP and difference in 

transmittance at specific band ranges were co-related with presence or absence of functional 

group associated with CTOP and aqueous medium.
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Figure 4. 
MNSs-CTOP binding: (A) Time kinetics shows maximum CTOP binding on MNPs is 

achieved in 5 minutes of reaction time which remains unaffected until 4 hrs of experimental 

time. (B) Binding isotherm shows maximum binding efficiency of ∼140 µg CTOP on 1 mg 

MNPs.
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Figure 5. 
Flow-cytometry to evaluate the efficacy of MNPs bound CTOP on inhibition of morphine 

induced apoptosis in PBMCs: % of Annexin-V positive cells shows that MNP bound CTOP 

(E) possess parallel efficacy to that of free CTOP (D) in suppressing the apoptosis induced 

by morphine (C).
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Figure 6. 
Confocal microscopy to evaluate the efficacy of MNPs bound CTOP on morphine induced 

neuropathogenesis: Free (E) and MNP bound CTOP (F) prevents the morphine induced 

spinal degradation in neuroblastoma cells, SK-N-MC (B).
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Figure 7. 
Spinal density (No. of spines/µm dendritic length) of SK-N-MC showing morphine induced 

spinal degeneration and effect of Free and MNP bound CTOP on prevention of this 

degradation.
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Figure 8. 
Confocal microscopy to evaluate the efficacy of MNPs bound CTOP on morphine and HIV 

co-infection induced neuropathogenesis: MNP bound CTOP (D) prevents the spinal 

degradation in HIV-infected, morphine co-treated neuroblastoma cells, SK-N-MC.

Sagar et al. Page 23

J Biomed Nanotechnol. Author manuscript; available in PMC 2015 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Spinal density (No. of spines/µm dendritic length) of SK-N-MC showing morphine and HIV 

co-infection induced spinal degeneration and effect of MNP bound CTOP on prevention of 

this degradation.
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Figure 10. 
Proof-of-principle for enhanced transmigration of MNPs across in vitro BBB: (A) In-vitro 

BBB model of external magnetic force-driven transendothelial delivery of MNPs. (B) 

Transendothelial migration ratio of MNPs exposed and non-exposed to magnetic force. (C) 

TEER values of the in vitro BBB model before and after treatment of MNPs in the presence 

and absence of external magnetic force.
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