
Review Not peer-reviewed version

Complement at the Nano-

Neuroimmune Interface: Implications for

Opioid Use Disorder

Alexander Jacob , Harbir Singh , Satheesh Kumar Poolakkad Sankaran , Rahul K. Das , Ravi Aalinkeel ,

Supriya D. Mahajan , Jessy J. Alexander *

Posted Date: 4 January 2026

doi: 10.20944/preprints202601.0117.v1

Keywords: complement system; nanomedicine; opioid use disorder; microglia; astrocytes; blood-brain

barrier; CNS drug delivery

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4241632
https://sciprofiles.com/profile/5000695
https://sciprofiles.com/profile/2094801
https://sciprofiles.com/profile/1618011
https://sciprofiles.com/profile/4995793
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Review 

Complement at the Nano-Neuroimmune Interface: 
Implications for Opioid Use Disorder 
Alexander Jacob, Harbir Singh, Satheesh Kumar Poolakkad Sankaran, Rahul K. Das,  
Ravi Aalinkeel, Supriya D. Mahajan and Jessy J. Alexander * 

SUNY University at Buffalo, Department of Medicine, Jacobs School of Medicine & Biomedical Sciences, 875 Ellicott Street, 

Buffalo, NY 14203, USA 

* Correspondence: jessyale@buffalo.edu; Tel.: +716-888-4852 

Abstract 

The complement system is a central component of innate immunity with established roles in host 
defense and emerging functions in neurodevelopment, synaptic remodeling, and neuroimmune 
communication within the central nervous system (CNS). In parallel, advances in nanotechnology 
have enabled targeted strategies for CNS drug delivery but have also revealed that many 
nanomaterials interact with and activate complement, influencing biodistribution, safety, and 
inflammatory responses. Opioid use disorder (OUD) is increasingly recognized as a condition 
associated with chronic neuroimmune dysregulation involving glial activation, altered cytokine 
signaling, and blood-brain barrier (BBB) disruption. Although relatively few studies have directly 
measured complement activation in OUD, emerging transcriptomic, cellular, and inflammatory data 
suggest that complement pathways may intersect with opioid-induced neuroimmune signaling. This 
review synthesizes current knowledge at the intersection of complement biology, nanomedicine, and 
opioid-associated neuroimmune changes. It distinguishes well-established mechanisms of 
complement activation by nanomaterials from emerging evidence linking complement signaling to 
opioid exposure. It integrates complement pathways with opioid receptor and Toll-like receptor 4 
(TLR4) signaling in glial cells and endothelial compartments, and discusses both beneficial and 
pathological roles of complement in the CNS. Finally, the therapeutic potential and limitations of 
complement-aware nanotechnology and complement modulation in CNS drug delivery and 
addiction neuroscience are outlined to guide translation of complement-targeted nanomedicines in 
addiction neuroscience. 

Keywords: complement system; nanomedicine; opioid use disorder; microglia; astrocytes; blood-
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1. Introduction 

The complement system is a conserved innate immune network[1,2] that detects pathogens, 
altered self-surfaces, and immune complexes, triggering opsonization, inflammation, and lytic 
activity[3–5]. Beyond its classical role in peripheral immunity, complement components are now 
recognized as locally produced and regulated within the CNS[6], where they participate in synaptic 
pruning, glial activation, neuroimmune communication, and maintenance of tissue homeostasis[7,8]. 
Dysregulated complement activity has been implicated in neurodegenerative, neuropsychiatric, and 
neuroinflammatory disorders[9–11]. 

Nanotechnology has emerged as a transformative platform for drug delivery, vaccine 
development, and molecular imaging[12]. Nanoparticles, including liposomes, polymeric 
nanoparticles, lipid nanoparticles, dendrimers, inorganic nanostructures, and hybrid materials 
commonly range from 1–200 nm and exhibit unique chemical and physical properties that dictate 
their interactions with immune components. Extensive preclinical and clinical evidence demonstrates 
that nanoparticles can activate complement through multiple pathways[13], leading to complement 
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activation-related pseudoallergy (CARPA)[14], altered pharmacokinetics, and inflammatory 
reactions that can be consequential for CNS delivery, where immune activation at the BBB or within 
neural tissue can have disproportionate consequences. 

Opioid use disorder (OUD)[15] is increasingly conceptualized as a condition involving 
persistent neuroimmune alterations. Chronic opioid exposure activates microglia[16,17] and 
astrocytes[18–20], modifies cytokine and chemokine signaling, and disrupts BBB integrity[21]. 
Importantly, while cytokine-based neuroinflammation in OUD is well documented, direct 
measurements of complement activation in OUD remain limited. Existing evidence largely derives 
from transcriptomic changes, glial phenotypes, and indirect inflammatory markers. 

Given these parallel developments, understanding how complement biology intersects with 
nanoparticle immune interactions and opioid-induced neuroimmune signaling is essential for 
advancing nanomedicine-based CNS therapeutics, particularly for addiction. This review integrates 
established and emerging evidence to clarify mechanistic convergence points and translational 
implications. 

2. Complement Biology in Systemic and CNS Immunity 

The complement system plays a significant role in the peripheral and central nervous system 
immunity function. The role of the complement system has been related to both neuroprotective and 
neuroinflammatory functions[22,23]. There has also been correlative studies into the relation between 
the complement system and the onset of various of neurological and psychiatric disorders.  

2.1. Overview of Complement Activation Pathways and Regulators 

Complement activation[24] is initiated through three canonical pathways: Classical pathway is 
triggered by C1q binding to immunoglobulin (IgG or IgM) within immune complexes or other C1q-
reactive molecular patterns. Lectin pathway is initiated by mannose-binding lectin (MBL) or ficolins 
recognizing specific carbohydrate motifs, leading to MASP-mediated cleavage of C4 and C2. The 
alternative pathway is continuously active, also called “tick over”. It is activated due to spontaneous 
C3 hydrolysis, generating C3(H₂O), which can bind factor B and form C3 convertase on permissive 
surfaces. All pathways converge at C3 cleavage, generating C3a (anaphylatoxin) and C3b (opsonin), 
followed by formation of C5 convertase and production of C5a and C5b-9 membrane attack complex 
(MAC). Host tissues express multiple regulators such as CR1, CD46 (MCP), CD55 (DAF), CD59 (MAC 
inhibitor), factor H,[24] and C1 inhibitor located at different strategic points to prevent excessive 
complement activation. The spatial and cellular distribution of these regulators shapes local 
complement activity and susceptibility to inflammation. 

2.2. Complement in the CNS 

Most cells in brain including neurons, astrocytes, microglia, pericytes, and endothelial cells 
produce complement proteins[25–28]. Complement influences CNS physiology through different 
mechanisms. During synaptic pruning C1q and C3b tag synapses for microglial recognition via 
complement receptor 3 (CR3)[29]. The anaphylatoxins, C3a and C5a modulate astrocytic cytokine 
production and microglial chemotaxis[30]. They regulate endothelial permeability and leukocyte 
recruitment. While these processes are essential for normal CNS homeostasis, excessive or 
mislocalized complement activation contributes to neurodegeneration and maladaptive circuit 
remodeling and therefore implicated in Alzheimer’s disease, lupus, [31,32]schizophrenia, traumatic 
brain injury, and multiple sclerosis[33,34]. These diverse roles highlight the need for precise control 
of complement, especially in contexts where neuroimmune signals are already altered, such as 
chronic opioid exposure. 

3. Complement Activation by Nanomaterials 
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Nanoparticles encounter complement components immediately upon contact with blood or 
interstitial fluid. Complement activation depends on particle size, charge, curvature, surface 
chemistry, protein corona composition, and material type. These nanoparticle dependent 
complement activation mechanisms[13] primarily occur as mimicking the actions of other naturally 
occurring biological agents. 
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3.1. Protein corona and complement initiation 

Upon exposure to biological fluids, plasma proteins adsorb onto nanoparticle surfaces, forming 
a protein corona that dictates subsequent immune interactions[35]. Studies demonstrate that 
complement proteins, immunoglobulins, pentraxins (e.g., CRP), and glycoproteins are common 
corona constituents. Particle properties such as hydrophobicity, surface charge, and pattern density 
influence the type and conformation of adsorbed proteins, shaping complement recognition. The 
corona composition determines which complement pathway, classical, lectin, or alternative pathway 
is preferentially activated. 

3.2. Complement Pathway Activation Mechanisms 

Nanoparticles activate the classical pathway via mechanisms that include - (a) natural IgM or 
IgG binding to exposed phospholipid head groups or hydrophobic domains[36]; (b) CRP binding, 
which in turn recruits C1q; and direct C1q/surface interactions[37], known to occur for certain 
polymeric or inorganic nanomaterials. Classical pathway activation generates C4b2a convertase, 
leading to robust C3 cleavage and downstream inflammation. MBL and ficolins bind to glycan 
structures on nanoparticle surfaces, and glycoproteins within the protein corona[38]. Activated 
MASPs then initiate C4 and C2 cleavage. Some carbohydrate-decorated nanoparticles demonstrate 
preferential lectin pathway engagement. 

The alternative pathway is especially relevant for nanomaterials because the spontaneously 
generated C3b can covalently attach to nucleophilic groups on nanoparticle surfaces, Factor B binding 
and factor D cleavage form the alternative C3 convertase (C3bBb), and properdin may stabilize this 
convertase, amplifying activity even on “stealth” surfaces. Many nanomaterials exhibit substantial 
alternative pathway amplification, making this pathway a key target for nanoparticle engineering. 

4. Engineering Nanoparticles to Control Complement Activation 

Due to the specificity of nanoparticle modulation in complement activation, numerous potential 
nanoparticle designs can aid in the process of complement activation control. Some of the suggested 
ways include PEGylation and polymer engineering, Zwitterionic and biomimetic coating, displaying 
numerous complement regulator on nanoparticles, control of physiochemical properties, and 
temporal or compartmental complement inhibition. A detailed account of how each one of these 
listed potential innovations is discussed below. 

4.1. PEGylation and Polymer Engineering 

Dense, brush-like polyethylene glycol (PEG) layers reduce protein adsorption and sterically 
hinder complement components[39]. However, suboptimal PEG density or conformation can still 
allow C3b deposition. In addition, PEG architecture (chain length, grafting density, linear vs. 
branched) influences the shift between classical and lectin pathway activation. Optimizing PEG 
parameters remains central to minimizing complement activation. 

4.2. Zwitterionic and Biomimetic Coatings 

Zwitterionic materials (phosphorylcholine, sulfobetaine) mimic membrane headgroups and 
exhibit low-fouling behavior[40]. Biomembrane-derived coatings (e.g., erythrocyte or platelet 
membranes) also reduce C1q and MBL recognition and can suppress alternative pathway activation. 

4.3. Display of Complement Regulatory Proteins 

Decorating nanoparticles with complement regulators such as CD46, CD55, or CD59 can help 
reduce/prevent complement activation by accelerating convertase decay, reducing C3b amplification, 
and blocking MAC assembly[36,38]. These strategies create a local complement-suppressive 
microenvironment without systemic immunosuppression. 
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4.4. Control of Physicochemical Properties 

Particle features strongly influence complement activation. Nanoparticles ~40–250 nm often 
show stronger complement activation than very small or large particles. Cationic surfaces are more 
complement-activating than neutral or slightly anionic ones. Highly curved surfaces may expose 
reactive groups that promote C3b attachment. Rational design of these parameters reduces 
complement turnover on nanoparticle surfaces. 

4.5. Temporal or Compartmental Complement Inhibition 

Complement inhibitors (e.g., C3 inhibitors, C5 blockers, C5aR1 antagonists) can be co-
administered to reduce acute complement activation during nanoparticle infusion[41]. Emerging 
strategies include: local release of inhibitors from nanoparticles, nanobody-based inhibitors targeted 
to specific tissues, and transient suppression of complement at the BBB or inflamed CNS regions 

5. Complement Signaling in Opioid Use Disorder 

Past research has suggested evidence supporting various mechanisms of complement signaling 
involved with opioid use disorder. Human and animal model research has suggested opioid use 
modulated complement response in neural glia cells as well as neuroimmune networks. 

5.1. Evidence for Complement Modulation in OUD 

Human studies and animal models suggest that opioid exposure alters components of the innate 
immune system, including complement. Although fewer studies have directly quantified 
complement proteins than cytokines or chemokines, available evidence indicates altered expression 
of complement-related genes (e.g., C1q, C3) in brains of opioid-exposed rodents, changes in 
peripheral inflammatory markers in individuals with OUD[42,43], and elevated glial activation in 
opioid-associated neuroinflammation, consistent with complement involvement. 

5.2. Opioids and Neuroimmune Signaling Networks 

Chronic opioids activate microglia[16] and astrocytes[44], increase proinflammatory cytokine 
release, alter Toll-like receptor and purinergic signaling, and disrupt neuronal/glial communication. 
Complement components[45], especially C1q, C3a, C3b, and C5a, intersect with these pathways, 
suggesting potential synergistic or additive effects. 

5.3. Complement-Related Glial Phenotypes in Opioid Exposure 

Animal studies show upregulation of complement proteins in microglia within reward-relevant 
regions[46], increased astrocytic reactivity associated with inflammatory signaling, microglial 
engagement of complement-dependent synaptic pruning pathways. These findings support a model 
in which complement contributes to opioid-related changes in neuroimmune states and neural circuit 
function. 

6. Intersection of Opioids, Complement, and Neuroimmune Circuits 

The strongly suggested correlation of the complement system to the OUD has led to a 
complicated interaction between the complement and neuro systems[47,48]. Due to the complement 
responses in neuro circuits, there have been significant effects observed in microglial, astrocyte, and 
synapses. 

6.1. Microglial Function and Complement-Opioid Interactions 

Microglia express complement receptors (CR3, C3aR, C5aR1)[49] and respond robustly to C3a 
and C5a. Complement enhances chemotaxis, synaptic engulfment, and reactive cytokine profiles. 
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Opioids potentiate microglial activation, suggesting that complement signaling may amplify opioid-
induced synaptic and inflammatory changes. 

6.2. Astrocyte Responses 

Astrocytes respond to complement[50] with increased GFAP expression, modulation of 
cytokines and chemokines, and altered neurotransmitter regulation (e.g., glutamate uptake). Opioids 
also modify astrocyte[51] calcium dynamics and receptor expression, raising the possibility of 
convergent pathways that affect synaptic homeostasis. 

6.3. Synaptic Effects 

Complement-mediated synaptic tagging and elimination are established in development and 
disease[52]. In addiction-relevant circuits, nucleus accumbens, prefrontal cortex, opioids and 
complement both influence dopamine signaling, excitatory/inhibitory balance and structural 
synaptic plasticity. Although direct mechanistic linkage remains under investigation, the available 
evidence points toward complement’s involvement in opioid-induced circuit remodeling. 

7. Blood–Brain Barrier Mechanisms 

Complement[53] and opioids[21] both regulate BBB function. The complement modulation on 
the BBB causes an upregulation on immune trafficking and therefore can be correlated to both 
thereaputic and harmful effects.  

7.1. Complement and Opioid Effects on the BBB 

C5a and MAC influence BBB integrity[54] by modulating endothelial tight junctions, inducing 
inflammatory signaling, promoting leukocyte recruitment. Chronic opioids alter tight junction 
protein expression[21], modify endothelial transporters, and increase immune cell trafficking. 

7.2. Implications for Nanomedicine 

Coexisting complement activation (e.g., nanoparticle-induced) and opioid-altered barrier 
properties may increase nanoparticle penetration into CNS tissues, an effect that could be harmful or 
therapeutically exploitable depending on context and timing. Some of the harmful effects due to the 
upregulation of BBB activity may be related to    Alongside that some of the therapeutic effects of 
this upregulation may be  

8. Complement-Targeted and Nanotechnology-Enabled Therapeutics 

Potential Nanotechnology and complement targeted therapeutics for OUD have been 
hypothesized. The primary purpose of these therapeutics would be to control the cascade of 
complement related to OUD.  

8.1. Complement Inhibitors 

C3 inhibitors (e.g., compstatin analogs)[55] block the central complement node, reducing 
C3a/C3b and downstream C5a/MAC. C5aR1 antagonists (e.g., PMX53, avacopan)[56] reduce 
inflammatory leukocyte recruitment and astroglial activation. MAC inhibitors protect cells from 
sublytic stress. Although not yet tested specifically in OUD, their mechanisms align with pathways 
implicated in opioid-induced neuroinflammation. 

8.2. Nanobodies as Complement Modulators 

Nanobodies targeting C1q, C3b, or C5a provide high specificity[57], can be engineered for BBB 
transcytosis, and achieve localized complement modulation with minimal systemic impact. 
Preclinical evidence in other inflammatory models supports their potential utility. 
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8.3. Complement-Aware Nanocarriers for CNS Drug Delivery 

Nanoparticles can be engineered to evade complement[13], deliver complement inhibitors to 
specific CNS regions, co-deliver opioids or OUD medications with immune modulators, and target 
inflamed endothelium or glia through ligand presentation. Such platforms could augment current 
OUD treatments by modulating neuroimmune drivers of tolerance, withdrawal, and relapse. 

9. Future Directions 

Key priorities include longitudinal human studies measuring complement proteins and function 
across OUD stages, development of human-derived organoid models to study 
complement/opioid/nanoparticle interactions, systematic characterization of protein coronas under 
conditions relevant to OUD, evaluation of complement inhibitors and nanobody-based therapies in 
OUD-relevant preclinical models, improved standardization of nanoparticle complement assays for 
regulatory and translational work. 

10. Conclusions 

Complement sits at a critical intersection of innate immunity, neuroinflammation, 
nanomedicine, and addiction neuroscience. Nanoparticles can activate multiple complement 
pathways, affecting safety and biodistribution. Chronic opioid exposure alters neuroimmune states 
and may modify complement activity in ways that influence BBB function, glial responses, and 
synaptic remodeling. Emerging strategies, including complement inhibitors, nanobody-based agents, 
and complement-conscious nanoparticle design offer promising avenues for improving CNS drug 
delivery and mitigating neuroinflammation in OUD. Continued integration of immunology, 
nanotechnology, and addiction biology is essential to advance these approaches toward clinical 
translation. 
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