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Abstract

Human neurotropic immunodeficiency virus (HIV) ingress into the brain and its subsequent 

replication after infection results in viral reservoirs in the brain. The infected cells include 

microglia, perivascular macrophages, and astrocytes. HIV-associated neurocognitive disorders 

(HAND) affect glial cells by activating microglia and macrophages through neuroinflammation, 

as well as astrocytes through mitochondrial dysfunctions and the onset of oxidative stress, 

impairing the ability of these cells to engage in neuroprotection. Furthermore, the risk of 

neuroinflammation associated with HAND is magnified by recreational drug use in HIV-positive 

individuals. Most of the therapeutic options for HIV cannot be used to tackle the virus in the brain 

and treat HAND due to the inability of currently available combination antiretroviral therapies 

(ARTs) and neuroprotectants to cross the blood–brain barrier, even if the barrier is partially 

compromised by infection. Here, we report a strategy to deliver an optimized antiretroviral 

therapy combined with antioxidant and anti-inflammatory neuroprotectants using biodegradable 

brain-targeted polymeric nanoparticles to reduce the burden caused by viral reservoirs in the brain 

and tackle the oxidative stress and inflammation in astrocytes and microglia. Through in vitro 
coculture studies in human microglia and astrocytes as well as an in vivo efficacy study in an 

EcoHIV-infected, methamphetamine-exposed animal model, we established a nanoparticle-based 

therapeutic strategy with the ability to treat HIV infection in the central nervous system in 

conditions simulating drug use while providing enhanced protection to astrocytes, microglia, and 

neurons.

Graphical Abstract
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The use of combination antiretroviral (ARV) therapy (cART) has changed the acute 

epidemic1,2 of the human immunodeficiency virus (HIV) infections and acquired 

immunodeficiency syndrome (AIDS) into a chronic and treatable disease. More than 

∼690,000 people lose their lives from AIDS each year, and in 2019, 1.7 million people 

became newly infected with HIV. The hard-to-reach HIV reservoirs in the brain are often 

untreatable due to the inefficiency of CART in crossing the blood–brain barrier (BBB) to 

reach HIV-infected cells in the brain. Failure to treat these reservoirs often leads to severe 

neurological problems, named HIV-associated neurocognitive disorders (HAND), such as 

HIV dementia.3,4 In addition, a large percentage of HIV-positive individuals abuse drugs 

such as methamphetamine (meth) and cocaine, which cause further oxidative stress by 

enhancing reactive oxygen species (ROS), mitochondrial dysfunctions, and inflammatory 

processes in HIV-infected areas in the brain.5 Therefore, there is a growing need for 

ART not only to be delivered across the BBB but to be paired with antioxidant and/or 

anti-inflammatory neuroprotectants to alleviate HAND caused by both ART and drugs 

of abuse in the brains of HIV-positive individuals.6–8 Although the precise underlying 

neuropathological mechanisms of HIV in humans are not completely understood, alterations 

in the function of glial cells such as astrocytes have been correlated with impaired neuronal 

function, including detrimental changes in synaptic function, neuronal polarity, axon and 

dendrite formation, and neuronal survival.9–12 Furthermore, the activation of microglia 

and macrophages for neuroinflammation, the onset of mitochondrial dysfunction, and the 

formation of ROS in astrocytes impair the neuroprotective abilities of astrocytes.13 Most 

of the therapeutic options, such as ART, that are meant to treat the brain viral reservoirs, 

as well as the neuroprotectants intended to tackle HAND, have limited efficacy due to the 

inability of the majority of these agents to cross the BBB, even when the barrier is partially 
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compromised by infection. A refined quality of life and overall survival for patients living 

with HIV infection urgently requires innovative modalities of combination treatments.

Nanoparticle (NP)-mediated delivery of cART and supplementation with antioxidant/anti-

inflammatory-based neuroprotectants to the brain to improve neuronal functions for HIV 

and drug abuse patients with HIV conditions has not achieved its full potential. The 

delivery of cART and neuroprotectants to the brain can potentially be achieved by using 

biodegradable NPs engineered to achieve the following crucial milestones: (1) optimized 

size, charge, lipophilicity, and targeting properties to cross the BBB; (2) ability to reach 

the viral reservoirs and specific intracellular targets while demonstrating controlled release 

of the payload at the target; and (3) ameliorative effects on infected areas. This would 

enable effective and robust delivery of ARVs to the viral reservoirs and neuroprotectants 

to target cells such as astrocytes and microglia, to prevent neuronal degeneration. Thus, 

a highly lipophilic, biodegradable NP delivery platform with the ability to cross the 

BBB and deliver (1) ARVs to viral reservoirs of the brain, (2) antioxidants to the 

mitochondrial matrix of astrocytes rich in ROS, and (3) anti-inflammatory agents to the 

microglia of the brain can be extremely beneficial to show therapeutic effects and to control 

HAND in HIV-infected patients. In this work, we report that a combination of a brain-

accumulating, mitochondrion-targeted, polymeric nanoparticle (T-NP) separately containing 

optimized combinatory ARVs, collectively abbreviated as T-ART-NPs or cART-NPs, a 

mitochondrion-acting antioxidant, coenzyme Q10 (CoQ10), and a prodrug [Oc-G2-(Asp)4] of 

an FDA-approved anti-inflammatory agent, aspirin, has the potential to provide therapeutic 

intervention against the viral load in the brain and tackle inflammation, oxidative stress, and 

mitochondrial dysfunction simultaneously in the presence of the virus and the recreational 

drug methamphetamine (meth) (Figure 1).

RESULTS AND DISCUSSION

Optimization of T-ARV-NPs.

We recently demonstrated that a self-assembled NP originating from a 

biocompatible block copolymer, poly(d,l-lactic-co-glycolic acid)-block-poly-(ethylene 

glycol)-triphenylphosphonium (PLGA-b-PEG-TPP), when blended with 10% TPP-(CH2)5-

COOH, has the ability to cross the BBB based on in vivo studies conducted in small- 

and large-animal models as well as in vitro BBB models.14 We first set out to optimize 

a library of ARV-loaded brain-accumulating NPs. As demonstrated in the previous study, 

the addition of 10% TPP-(CH2)5-COOH did not result in immunogenicity or toxicity from 

the NPs but did significantly improve uptake into the brain.14 The initial loading of the 26 

most widely used ARV drugs was tested in NPs of the targeted PLGA-b-PEG-TPP polymer 

at 20% feed of the drug with respect to the polymer (Table 1). The NPs were prepared 

using the conventional nanoprecipitation technique and purified by the ultracentrifugation 

method.15–21 The Z-average hydrodynamic diameter and surface charge in terms of zeta 

potential of the NPs were measured using the dynamic light scattering (DLS) technique. The 

compiled data represented in Table 1 indicated that the diameter of the ARV-encapsulated 

NPs is in the range of 50–70 nm and the surface is positively charged. To test for the 

amount of drug loaded into the NPs, the NPs were subjected to high-performance liquid 

Surnar et al. Page 4

ACS Nano. Author manuscript; available in PMC 2023 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chromatography (HPLC) along with free drug standards. Of the 26 drugs, only nine drugs, 

saquinavir (SQV), darunavir (DRV), elvitegravir (EVG), dolutegravir (DTG), raltegravir 

(RAL), bictegravir (BIC), efavirenz (EFV), delavirdine (DLV), and stavudine (d4T), showed 

signs of loading into the NPs (Table 1). Five of these drugs, DTG, RAL, DLV, BIC, and 

d4T, showed minimal loading. The four drugs that showed a higher percentage of loading 

were SQV, EFV, DRV, and EVG (Table 1). We then carried out further optimization of NPs 

on multiple fronts. First, we varied the %feed of ARVs to look for the best possible loading 

and encapsulation efficiency (EE) for a given drug in the NPs keeping the NP diameter 

below 100 nm and a zeta potential indicating a highly positive charged surface. Next, we 

investigated the stability of NPs with respect to drug release profiles. Typically, with these 

types of formulations, we could tune the drug release profiles from hours to days. Selected 

formulations were evaluated for drug release kinetics under physiological conditions of pH 

7.4 at 37 °C. Our studies examined the %loading of nine different ARVs from four different 

categories: protease inhibitors (PI), which inhibit HIV’s protease and final proteolytic 

cleavage of viral protein precursors; integrase inhibitors (INI), which prevent insertion 

of HIV viral genome into host cell DNA; and nucleoside and non-nucleoside reverse 

transcriptase inhibitors (NRTI, NNRTI), which block HIV’s reverse transcriptase enzyme 

from converting viral RNA to DNA (Figure 2A). This was done by varying the percent feed 

from 10% to 50% and indicated that three drugs, EVF, EVG, and DRV, showed improved 

loading and NPs with good physicochemical properties (Figure 2B). Thus, we selected 

these three drugs to be incorporated in the T-NPs for potential application to tackle HIV 

under conditions of drugs of abuse. Since our optimization techniques resulted in good NP 

encapsulation of drug from each category, in this work, we also set out to investigate the 

effects of a combination of DRV, which is a PI, EVG, which is an INI, and EFV, which 

is an NNRTI (Figure 2A). Analysis of the morphology of the NPs encapsulated with these 

three drugs by transmission electron microscopy (TEM) indicated spherical, homogeneous 

particles (Figure 2C) complementing the diameter determined by the DLS technique. In 
vitro drug release studies in PBS (pH 7.4) at 37 °C indicated controlled release profiles of all 

three drugs from the respective NPs (Figure 2D).

Effects of ARVs and Drugs of Abuse on Cellular Health.

HIV-associated neurocognitive disorders affecting glia cells become worse when the HIV 

patients use drugs of abuse such as cocaine or meth. In addition, well-known ARVs also 

contribute to inflammation and oxidative stress to worsen the symptoms of HAND. For 

example, EFV has been shown to have effects in the central nervous system (CNS) such as 

dizziness, impaired concentration, and sleep disturbance. EFV can have damaging effects 

on neurons and microglia by altering calcium homeostasis, decreasing brain creatine kinase, 

and increasing pro-inflammatory cytokine levels, through mitochondrial damage. Changes 

in bioenergetics are likely caused by inhibition of mitochondrial complex IV of the electron 

transport chain (ETC). EVG is also associated with clinical psychiatric symptoms. EVG has 

been shown to have similar toXic effects on neurons and microglia, along with other side 

effects such as diarrhea. These toXic effects will potentially increase when an NP-based 

delivery approach is utilized, since with nanoparticle delivery of ARVs, these drugs are 

delivered specifically to the brain. Thus, by using aspirin- and CoQ10-containing NPs along 

with ARV-NPs, these effects may be mitigated while keeping the drugs’ antiretroviral 
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activity intact. We first checked the toXic effects of the ARVs which were loaded in the 

NPs at an appreciable amount. Microglia cells were treated with EFV, EVG, and DRV 

or the respective ARV-loaded NPs at various concentrations for 72 h. An MTT assay 

was conducted to test toXicity levels and calculate IC50 values (Figure S1). The MTT 

assay revealed that, overall, the free drug showed less toXicity toward the cells, likely 

because the hydrophobic free drugs failed to solubilize fully and reach the cells, whereas 

the NP-delivered ARVs were able to enter cells in higher levels and be delivered to the 

mitochondria. The NPs and polymers themselves were previously shown not to cause 

cellular toXicity,18 so it was likely the delivery of the ARVs to the mitochondria that 

may have caused increased mitochondrial dysfunction and oxidative stress, making the 

drugs’ toxic side effects more visible. Thus, it becomes evident that when ARVs will be 

delivered with an NP system to hard-to-reach viral reservoirs such as the brain, we need 

to include a combination therapeutic approach to reduce both the ART- and virus-induced 

toxic effects such as inflammation and oxidative stress. We evaluated the effects of ARVs 

on ROS generation and inflammatory marker IL-1β in microglia cells. Treatment with 

ARVs or ARV-loaded NPs (1 μM of free ARVs or NPs with respect to the loaded drug) 

increased ROS significantly for the majority of drugs tested, including SQV, EFV, DRV, 

DTG, or EVG (Figure 3A, Figure S2). Similarly, levels of IL-1β, a marker for inflammation, 

were seen to increase significantly after treatment with NP-encapsulated ARVs, but not 

after treatment with the free ARVs (Figure 3B). Our previous studies demonstrated that the 

empty NPs do not cause any changes in ROS or inflammation.16 This suggested that the 

drugs encapsulated in the NPs are effectively targeted to the mitochondria and increased 

inflammation significantly. Despite the ROS and inflammation generated by the T-ARV-NPs 

due to their ability to deliver drugs intracellularly, the T-ARV-NPs still remain a more 

reasonable treatment option over free ARVs, particularly for treatment of HIV in the brain, 

as the free ARTs have limited ability to cross the BBB to reduce/eliminate CNS HIV 

reservoirs. As much of the T-ARV-NPs’ toxicity is likely due to higher rates of intracellular 

drug delivery as compared to the relatively insoluble and hydrophobic ARVs, this will 

likely allow for lower doses of T-ARV-NPs to be used compared to the free ARVs. We 

then used two drugs of abuse, cocaine and meth, to understand how these drugs alter 

mitochondrial functions in microglia cells. Seahorse MitoStress assay data suggested that 

both cocaine and meth at 500 μM substantially decreased indicators of mitochondrial health, 

including basal and maximal respiration as well as ATP production (Figure 3C,D). The 

effects of cocaine and meth on human astrocytes were also followed by a MitoStress assay 

under similar conditions, and the data are presented in Figure S3. These data suggested 

that the damage to mitochondrial respiration and functions caused by drugs of abuse 

will likely worsen the effects of any ROS and inflammation caused by treatment with 

antiretroviral agents in HIV-positive patients. To tackle this issue, combination therapy 

of BBB-penetrating, mitochondria-targeted NPs loaded with a prodrug of aspirin, Oc-[G2]-

(Asp)4, an anti-inflammatory agent, and CoQ10, an antioxidant, could be used to supplement 

T-ARV-NP treatment in the HIV-positive patient, which likely decrease inflammation and 

oxidative stress. For all our further studies, we used meth to model the effects of drugs of 

abuse.
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In Vivo Distribution of T-ARV-NPs.

We used female BALB/c albino mice to understand the distribution properties of T-ARV-

NPs after intravenous administration. The animals were divided into the following seven 

groups: saline, EFV, DRV, EVG, T-EFV-NP, T-DRV-NP, and T-EVG-NP. The dose of NP 

was 40 mg/kg with respect to the drug. After 24 h, around 200 μL of blood was collected 

in heparinized tubes via cardiac puncture. The collected blood was centrifuged to isolate 

blood plasma. The animals were perfused with saline, sacrificed, and the major organs were 

harvested, weighed, and digested. The biodistribution was followed by running the samples 

through HPLC to calculate the percentage of NPs in the organs and blood. This study 

indicated that the targeted, ARV-loaded NPs were able to cross the blood–brain barrier in 

significantly higher amounts than the free drug (Figure 4A–C, top). This is a crucial factor 

in ensuring enough of the drug is delivered across the BBB to effectively treat HIV-infected 

cells. The drugs were also found to circulate significantly more amounts in the blood 

when delivered with the NPs (Figure 4A–C, top), indicating a higher possibility of further 

accumulation in the brain as time progresses. Further, we observed that delivery using the 

NP system did not cause any significant increase in the liver accumulation of the ARVs 

compared with the free form (Figure 4A–C, bottom). The whole distribution pattern by 

measuring %ID and %ID/g of tissue is presented in Figure S4. As a whole, there was higher 

biodistribution and accumulation of the NP-delivered ARVs as compared to the free ARVs, 

suggesting the NPs are improving the drugs’ half-lives in the blood as well as distribution in 

the brain. In addition, there was no significant hepatotoxicity due to both the free ARVs and 

T-ARV-NPs, as shown by normal activity of the liver enzymes alanine aminotransferase and 

aspartate aminotransferase (Figure 4D).

HIV-Induced Inflammation and ROS Are Reversed by T-(Asp)4-NP and T-CoQ10-NP 
Formulation.

To mimic the treatment of HIV in a patient with a history of drug abuse, a sequence 

treatment was conducted over the course of 1 week that included microglia exposure to 

HIV and meth, followed by treatment consisting of EFV or EVG or the NPs and T-(Asp)4/

CoQ10-NPs. A schematic of the experimental details is presented in Figure 5A. Complete 

characterization of Oc-[G2]-(Asp)4-loaded targeted NPs, T-(Asp)4-NPs, and CoQ10-loaded 

NPs, T-CoQ10-NPs is provided in Figure S5. Our findings indicated the impact of HIV on 

the inflammatory cytokines and ROS levels of human microglia cells. HIV enhanced the 

levels of IL-1β, IL-6, and TNF-α. Analyses of inflammatory responses indicated that the 

combination of T-(Asp)4-NP and T-CoQ10-NPs was able to reduce the inflammatory signals 

caused by HIV as well as the enhanced levels caused by meth (Figure 5B and C, Figure S6). 

Similar effects were found when mitochondrial ROS was assessed using Mito-SOX (Figure 

5D).

Protection of Microglia from HIV- and Meth-Induced Toxic Effects by T-CoQ10/(Asp)4-NP-
Nourished Astrocytes.

Astrocytes play crucial roles to protect neurons and microglia by providing extensive 

support in terms of structure and metabolic processes during neurodegenerative processes.22 

Relatively more resistance of astrocytes than neurons toward ROS, mitochondrial 
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dysfunctions, and other environmental damages gives the astrocytes roles to act as natural 

protectants of neurons.23 But, when HIV infection and drug abuse trigger mitochondrial 

dysfunctions in an astrocyte population, that in succession affects neurons and microglia. 

Thus, if astrocytes can be protected from mitochondrial dysfunctions, there is a possibility 

of neuronal survival. The targeted NPs that we are using in this work not only cross 

the BBB but also localize in the astrocytes, and this NP system targets mitochondria 

with high efficacy.14,18,21 Our overall goal in the experiment was to study whether this 

BBB-penetrating NP with abilities to incorporate and deliver mitochondria-acting natural 

antioxidant CoQ10 and the prodrug aspirin to astrocytes will achieve astrocyte-mediated 

protection against HAND and drug abuse conditions.

We aimed at simulating HIV infection and drug use in patients with the goal of examining 

astrocyte-mediated protection of microglia by reducing inflammation and oxidative stress in 

HIV-infected microglia through coculturing them with astrocytes treated with the T-CoQ10/

(Asp)4-NPs, rather than directly treating those microglia with the antioxidant and anti-

inflammatory nanoparticles (Figure 6A). On day 1, microglia were treated with Mito-GFP, a 

signaling protein that allows the mitochondria to fluoresce. On day 3, microglia were treated 

with 200 ng/mL of TAT peptide,24 to induce HIV infection-like conditions within the cells. 

On day 5, microglia were exposed to meth to mimic exposure of a patient’s CNS to drugs 

of abuse. On day 6, microglia were exposed to a combination of T-EFV-NP, T-EVG-NP, and 

T-DRV-NP, to simulate a combination antiretroviral therapy using the BBB-penetrating NPs. 

On day 7, the microglia were cocultured with astrocytes. Certain experimental groups of 

these astrocytes were previously treated with the anti-inflammatory and antioxidant agents 

in NPs, T-(Asp)4-NP and T-CoQ10-NP in concentrations of 10 μM each. On day 8, microglia 

were sorted (Figure S7) and examined for levels of inflammatory markers (Figure 6B), 

ATP (Figure 6C), and ROS (Figure 6D). Microglia treated with TAT peptide, meth, and the 

T-ART-NPs showed a significant increase in the levels of the inflammatory markers IL-1β, 

IL-6, and TNF-α, and again, this increase occurred regardless of whether the microglia 

were kept alone or cocultured with untreated astrocytes, indicating the inflammatory 

nature of the HIV infection, methamphetamine use, and T-ART-NP treatment (Figure 6B). 

Compared to the control, microglia treated with TAT peptide, meth, and the T-ART-NPs 

showed a significant reduction in ATP production, both when these were kept alone and 

cocultured with untreated astrocytes, suggesting the development of critical mitochondrial 

dysfunction (Figure 6C). However, if those treated microglia were cocultured with astrocytes 

(abbreviated as AST*) previously treated with the T-(Asp)4-NPs and T-CoQ10-NPs, there 

was a significant increase in ATP production, back up to levels close to the control’s 

ATP production levels. Once again, compared to the microglia cocultured with untreated 

astrocytes, a significant reduction in these inflammatory markers was seen once microglia 

were cocultured with astrocytes previously treated with T-(Asp)4-NPs and T-CoQ10-NPs. 

The levels of inflammatory markers returned to the levels seen in untreated microglia, 

suggesting a strong protective and reparative effect of the healthy, treated astrocytes. Levels 

of mitochondrial ROS were seen to increase significantly upon exposure to HIV, meth, 

and the T-ART-NPs, with or without the coculturing of untreated astrocytes (Figure 6D). 

However, upon coculturing with treated astrocytes, the level of superoxide decreased back 

down to the level of ROS in the control microglia. These results were further supported 

Surnar et al. Page 8

ACS Nano. Author manuscript; available in PMC 2023 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through the fluorescence imaging that shows the colocalization of mito-GFP and mito-SOX 

markers in the mitochondria of treated cells, followed by a decrease in fluorescence in 

microglia cocultured with treated astrocytes (Figure 7). These results paint a promising 

picture of therapies that take advantage of astrocyte-mediated protection and repair. 

Although the specific mechanism by which aspirin- and CoQ10-treated astrocytes modulate 

a decrease in ROS and inflammation and mitochondrial rejuvenation in HIV-positive, meth-

exposed microglia remains unknown, there is a clear improvement in these metrics upon the 

coculturing with treated astrocytes. This suggests that the potential damage done by HIV 

infection, drugs, and subsequent therapies can be repaired through cotreatment in the CNS 

with the nanoparticle-based delivery of antioxidants and anti-inflammatory agents.

In Vivo Evaluation of T-ART-NPs and T-CoQ10/(Asp)4-NPs in EcoHIV-Infected Mice under 
Methamphetamine Use Conditions.

To evaluate the effectiveness of our combination of BBB-penetrating, antiviral, antioxidant, 

and anti-inflammatory NPs in a living system, we infected mice with ecotropic HIV 

(EcoHIV) via tail i.v.25 and subsequently exposed them to meth to emulate patients with 

substance abuse issues. EcoHIV is a modified form of human HIV by switching gp120 

gene which encodes surface by gp80 so that the virus could only infect mice.26–28 We 

also injected a control virus, pBMN-I-GFP, to serve as a control for EcoHIV, which does 

not cause any toxicity or inflammation in the mice. After meth exposure, the mice were 

treated with a combination T-ART-NP (T-EVG-NP, T-EFV-NP, and T-DRV-NP), followed by 

treatment with a combination of T-CoQ10-NP and T-(Asp)4-NP. After the experiment was 

concluded, the mice were sacrificed for ex vivo analyses. A detailed timeline and description 

of this experiment are represented in Figure 8A.

First, levels of HIV viral protein p24 were evaluated from blood plasma and brain tissue 

lysate through ELISA and RT-PCR, respectively (Figure 8B, Figure S8). In EcoHIV-positive 

mice exposed to meth, the levels of p24 antigen were elevated, except for those treatment 

groups that received T-ART-NP; these groups showed a reduction in p24 levels (Figure 

8B). This indicates that the T-ART-NPs are highly effective at treating HIV. Further, anti-

inflammatory cytokines IL-1β and TNF-α were evaluated in blood plasma through ELISA, 

and these levels were increased in both EcoHIV-infected and EcoHIV- and meth-exposed 

mice (Figure 8C). The inflammation was decreased with the treatment of T-CoQ10/(Asp)4-

NPs alone and in combination with T-ART-NPs (Figure 8C). RT-PCR was used to evaluate 

mRNA levels of neuro-inflammation markers C3 and OLFM1 in brain lysates (Figure 

8D). EcoHIV-infected mice showed a rise in neuroinflammation, which was decreased 

after the treatment of T-CoQ10/(Asp)4-NPs alone and in combination with T-ART-NPs 

(Figure 8D). Glutamate-cysteine ligase catalytic subunit (GCLC) and glutamate-cysteine 

ligase modifier subunit (GCLM) are the enzymes that are involved in glutathione synthesis 

to control the elevated ROS level. Glutathione peroxidase 7 (GPX7) is a member of the 

glutathione peroxidase family that regulates ROS. Using RT-PCR analyses, we measured 

the mRNA levels of the ROS markers GCLC, GCLM, and GPX7 (Figure 8E). The data 

revealed that mice infected with EcoHIV and exposed to meth had high levels of ROS and 

treatment with T-ART-NPs did not cause any changes in the ROS. When treated with the 

T-CoQ10/(Asp)4-NPs, there was a reduction in these levels, indicating the NPs are effective 
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at reducing oxidative stress caused by substance abuse along with EcoHIV infection (Figure 

8E). Overall, the combination of T-ART-NPs and T-CoQ10/(Asp)4-NPs is able to control the 

neuroinflammation and the ROS levels in the brain caused by EcoHIV infection.

We also evaluated the ROS levels in glial cells and neurons that were isolated from 

freshly harvested brain samples and grown in their respective selective media. The ROS 

level was increased in astrocytes and neurons from EcoHIV-infected mice and reduced in 

the mice that were treated with the T-CoQ10/(Asp)4-NPs (Figure 9A). The isolated cells 

were characterized with GFAP and NeuN marker for astrocytes and neurons, respectively 

(Figure S9). Immunofluorescence was performed on brain tissue samples to study the site 

of accumulation of the viral particle. The samples were stained for p24 viral protein along 

with GFAP for astrocytes (Figure S10), MAP2 for neurons (Figure S11), TMEM119 for 

microglia (Figure S12), ICAM-1 for the signaling factor involved in neuroinflammation 

(Figure S13), and catalase for the ROS marker (Figure S14). These data indicated 

that treatment using the T-ART-NPs and T-CoQ10/(Asp)4-NPs showed reduction in HIV 

infection in the brain, levels of inflammation, and oxidative stress (Figures S10–S14). H&E 

staining was conducted to observe tissue damage in all organs, which did not reveal any 

structural toxicity (Figure 9B, Figure S15). One of the significant aspects of this study is 

the ability of the NPs to effectively accumulate in the brain. This property leads to an 

increased bioavailability of the ARVs in the viral reservoirs of the brain, which is difficult 

to achieve with the free form of the ARVs. With this platform we are able to deliver various 

classes of antiviral drugs to the brain. In addition, the combination of these ARV-loaded 

NPs along with T-CoQ10/(Asp)4-NPs was also able to lower the neuroinflammation and 

ROS levels caused by EcoHIV and a drug of abuse. Taken together, these studies revealed 

that combination therapy with the nanoparticles could result in a highly effective treatment 

regimen for the HIV-infected population who are addicted to a substance of abuse.

CONCLUSIONS

In this work, we combined a lipophilic, biodegradable, brain-accumulating, intracellular-

targeted NP containing ARVs with NPs containing antioxidants and anti-inflammatory 

agents to treat HIV infection in a model of HIV infection and recreational drug use. This 

work is based on a combination of synergizing conceptual and technical innovations to gain 

an understanding of the effectiveness of combination therapy and future clinical translation. 

In particular, this work provides a platform to (a) obtain knowledge on the effects of brain-

accumulating NPs containing ARVs, antioxidants, and anti-inflammatory agents on the HIV-

infected population; (b) utilize the inherently hyperpolarized mitochondria of astrocytes and 

microglia to target these cell populations using the brain-penetrating NP system containing 

mitochondria-acting antioxidant and anti-inflammatory drugs; (c) deliver an antioxidant 

inside the mitochondrial lumen where dysfunctions and ROS are located; (d) simultaneously 

deliver an anti-inflammatory agent; (e) astrocyte and microglia assisted neuron protection, 

and viral load reduction in the brain; and (f) develop the biodegradable NP used in this 

study from a single-step, controlled procedure that produces NPs with distinct properties. 

In synthesizing the nanoparticles, all chemical conjugations occur before NP formulation 

from the polymers, which minimizes variability. In addition, through an extensive study in 

a mice model of HIV infection and drug abuse, the combination nanoparticle treatment was 

Surnar et al. Page 10

ACS Nano. Author manuscript; available in PMC 2023 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown to be effective in reducing HIV infection, inflammation, and oxidative stress. This 

approach is robust, simple in design, and scalable, making it well suited for potential clinical 

translation.

EXPERIMENTAL SECTION

Statistics.

All data were expressed as mean ± SD (standard deviation). GraphPad Prism software v. 

5.00 was used to perform all statistical analyses. An unpaired Student’s t test was performed 

to make comparisons between two values. A one-way ANOVA with a posthoc Tukey test 

was used to identify significant differences among the groups. The two-tailed statistical 

analyses were conducted at significance level P = 0.05.

Materials and Methods.

Materials and methods are described in the Supporting Information.

Animals.

Balb/c albino female mice (4–8 weeks old) and C57BL/6 male mice (13 weeks old) were 

purchased from Jackson Laboratory. All animals were handled in accordance with “The 

Guide for the Care and Use of Laboratory Animals” of the American Association for 

Accreditation of Laboratory Animal Care (AAALAC), Animal Welfare Act (AWA), and 

other applicable federal and state guidelines. All animal work presented here was approved 

by the Institutional Animal Care and Use Committee (IACUC) of University of Miami (UM) 

Miller School of Medicine. All housing, surgical procedures, and experimental protocols 

were approved by the IACUC Committee of UM. Animals had free access to chow diet and 

water during all experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
BBB-penetrating T-NPs containing ARVs, antioxidant CoQ10, and a prodrug of aspirin, 

Oc-[G2]-(Asp)4, for improvement of mitochondrial functions and reduction of inflammation 

in astrocytes and microglia to promote neuronal protection in HIV-infected brain under drug 

abuse conditions.
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Figure 2. 
(A) Structures of ARVs investigated for inclusion in the core of targeted NPs, along with 

their classification based on molecular target: protease inhibitor (PI), integrase inhibitor 

(INI), nucleoside/nucleotide reverse transcriptase inhibitor (NRTI), and non-nucleoside 

reverse transcriptase inhibitor (NNRTI). (B) Heat maps for diameter, zeta potential, percent 

loading, and percent encapsulation efficiency of ARV-loaded NPs. (C) TEM images of 

T-EFV-NP, T-EVG-NP, and T-DRV-NP. (D) Release profiles of EFV, EVG, and DRV from 

T-NPs at pH 7.4 at 37 °C.
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Figure 3. 
(A) Elevated intracellular ROS levels in microglia cells treated with SQV, EFV, DRV, 

DTG, EVG, or the nanoformulations T-SQV-NP, T-EFV-NP, T-DRV-NP, T-DTG-NP, and 

T-EVG-NP at a concentration of 1.0 μM for 24 h. (B) Inflammatory responses by the 

microglia cells by measuring the excretion of IL-1β in the media when these cells were 

treated with SQV, EFV, DRV, DTG, EVG, or the nanoformulations T-SQV-NP, T-EFV-NP, 

T-DRV-NP, T-DTG-NP, and T-EVG-NP at a concentration of 1.0 μM for 24 h. Effects of 

(C) cocaine and (D) meth on mitochondrial basal respiration, maximal respiration, and ATP 

production as determined by Seahorse MitoStress analyses in microglia cells. The abuse 

drug concentration was varied from 0 to 500 μM, and cells were treated for 24 h.
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Figure 4. 
In vivo distribution of intravenously injected T-ARV-NPs in the brain, liver, and blood of 

female Balb/c mice for (A) EFV and T-EFV-NP, (B) EVG and T-EVG-NP, and (C) DRV 

and T-DRV-NP. (D) Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 

levels in the blood plasma. The animals were dosed with 40 mg/kg with respect to the 

ARVs.
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Figure 5. 
(A) Timeline showing the experimental details of HIV-induced generation of inflammatory 

and ROS responses in microglia is reversed by T-(Asp)4-NP and T-CoQ10-NP formulations. 

HIV-infected human microglia cells were treated with meth to elevate the responses further. 

The cells were then treated with T-EVG-NP or T-EFV-NP and then treated with T-(Asp)4-NP 

and T-CoQ10-NP. Inflammatory responses by analyzing IL-6 and TNF-α (B) in the presence 

of T-EFV-NP and (C) in the presence of T-EVG-NP. (D) Reversal of mitochondrial oxidative 

stress by the Mito-SOX assay from the experiment detailed in (A). Scale bar = 50 μm. For 

IL-6: *** = 0.0003; ** = 0.0022; * = 0.0252. For TNF-α: *** = 0.0005; ** = 0.0039; * = 

0.0158.
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Figure 6. 
(A) Schematic of the experimental approach where microglia cells were fluorescently 

labeled with mito-GFP, followed by treatment with TAT peptide, methamphetamine, and 

a combination of T-DRV/EFV/ELV-NP. These microglia cells were then cocultured with 

astrocytes treated with a combination of T-(Asp)4-NP + T-CoQ10-NP. (B) Cellular levels 

of the inflammatory markers IL-1β, IL-6, and TNF-α in microglia after coculturing with 

NP-treated astrocytes. (C) ATP levels and (D) ROS levels in microglia after nourishing 

with astrocytes. AST: human astrocyte; AST*: neuroprotectant-loaded-NP-treated human 

astrocytes.
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Figure 7. 
Determination of mitochondrial ROS using fluorescently labeled microglia cells that were 

treated with TAT peptide, methamphetamine, and a combination of T-DRV/EFV/ELV-NP, 

followed by coculture with astrocytes that were treated with a combination of T-(Asp)4-NP+ 

T-CoQ10-NP (scale bar = 50 μm).
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Figure 8. 
Efficacy studies in an EcoHIV-infected meth-treated animal model. C57BL/6 male mice 

were divided into 12 groups and were assigned to the following treatment groups: control 

virus + meth + saline (12 animals); control virus + saline (12 animals); control virus + 

meth + T-CoQ10-NP/T-(Asp)4-NP (13 animals); EcoHIV + meth + saline (11 animals); 

EcoHIV + meth + T-CoQ10-NP/T-(Asp)4-NP (10 animals); EcoHIV + meth + T-ART-NPs 

(12 animals); EcoHIV + meth + T-ART-NP + T-CoQ10-NP/T-(Asp)4-NP (16 animals); 

control virus + meth + T-CoQ10/(Asp)4-NPs (11 animals); control virus + T-ART-NPs 

(13 animals); control virus + T-ART-NPs + T-CoQ10/(Asp)4-NPs (12 animals), saline (3 

animals), and EcoHIV + saline (3 animals). (A) Timeline illustrating infection of C57BL/6 

male mice with either control virus (pBMN-I-GFP) or chimeric HIV-NDK (EcoHIV, 1 μg 

of p24), followed by one-week multiday exposure to meth (0.2 mg/kg at each injection for 

5 days) and subsequent two-week treatment with T-ART-NPs (5 mg/kg with respect to the 

drug) and T-CoQ10/(Asp)4-NPs (20 mg/kg with respect to the drug). (B) Levels of EcoHIV 

p24 antigen in blood by ELISA and in the brain by RT-PCR. (C) Inflammatory markers 
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IL-1β and TNF-α as measured by ELISA in blood plasma. (D) Neuroinflammation markers 

C3 and OLFM1 measured by RT-PCR in the brain. (E) ROS markers glutamate-cysteine 

ligase catalytic subunit (GCLC), glutamate-cysteine ligase modifier subunit (GCLM), and 

glutathione peroxidase 7 (GPX7) were measured using RT-PCR in the brain.
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Figure 9. 
(A) ROS levels in isolated astrocytes and neurons from treated mice brain. (B) H&E images 

of all the tissue sections after the treatment (scale bar = 50 μm). C57BL/6 male mice were 

divided into 12 groups and were assigned to the following treatment groups: control virus 

+ meth + saline (12 animals); control virus + saline (12 animals); control virus + meth + 

T-CoQ10-NP/T-(Asp)4-NP (13 animals); EcoHIV + meth + saline (11 animals); EcoHIV + 

meth + T-CoQ10-NP/T-(Asp)4-NP (10 animals); EcoHIV + meth + T-ART-NPs (12 animals); 

EcoHIV + meth + T-ART-NP + T-CoQ10-NP/T-(Asp)4-NP (16 animals); control virus + 

meth + T-CoQ10/(Asp)4-NPs (11 animals); control virus + T-ART-NPs (13 animals); control 

Virus + T-ART-NPs + T-CoQ10/(Asp)4-NPs (12 animals), saline (3 animals), and EcoHIV 

+ saline (3 animals). The mice were treated with either control virus (pBMN-I-GFP) or 

chimeric HIV-NDK (EcoHIV, 1 μg of p24), followed by one-week multiday exposure to 

meth (0.2 mg/kg at each injection for 5 days) and subsequent two-week treatment with 
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T-ART-NPs (5 mg/kg with respect to the drug) and T-CoQ10/(Asp)4-NPs (20 mg/kg with 

respect to the drug) via an intravenous route
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