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Abstract: An exciting and emerging field in nanomedicine involves the use of gold nanopar-

ticles (AuNPs) in the preclinical development of new strategies for the treatment and diagnosis 

of brain-related diseases such as neurodegeneration and cerebral tumors. The treatment of 

many brain-related disorders with AuNPs, which possess useful physical properties, is limited 

by the blood–brain barrier (BBB). The BBB highly regulates the substances that can permeate 

into the brain. Peptides and proteins may represent promising tools to improve the delivery 

of AuNPs to the central nervous system (CNS). In this review, we summarize the potential 

applications of AuNPs to CNS disorders, discuss different strategies based on the use of pep-

tides or proteins to improve the delivery of AuNPs to the brain, and examine the intranasal 

administration route, which bypasses the BBB. We also analyze the potential neurotoxicity of 

AuNPs and the perspectives and new challenges concerning the use of peptides and proteins to 

enhance the delivery of AuNPs to the brain. The majority of the work described in this review 

is in a preclinical stage of experimentation, or in select cases, in clinical trials in humans. We 

note that the use of AuNPs still requires substantial study before being translated into human 

applications. However, for further clinical research, the issues related to the potential use of 

AuNPs must be analyzed.

Keywords: blood–brain barrier, central nervous system, transcytosis, drug delivery, EPR 

effect, biodistribution

Introduction
Nanotechnology offers new potential tools for diagnostics and therapy. Metal 

nanoparticles, notably gold nanoparticles (AuNPs), have unique features that could 

contribute to the development of new strategies for the so-called theranostics (therapy 

and diagnostics in a single procedure).1–3 Because of their optical and electric properties, 

different forms of AuNPs, such as gold nanospheres (GNSs), gold nanorods (GNRs), 

silica/gold nanoshells, and hollow GNSs, have been studied for biomedical applications 

including imaging, biosensing, photothermal and microwave therapy, and the delivery 

of either genes or antitumor drugs for cancer diagnosis and therapy.1,4 This review is 

focused on the improvement of the delivery of AuNPs to the brain for potential uses 

in the preclinical treatment and diagnosis of central nervous system (CNS) disorders 

instead of the application of AuNPs to drug delivery.

An exciting and emerging field involves the use of AuNPs for the development of 

new tools for the treatment of brain-related diseases such as neurodegeneration and 

brain tumors, and includes the use of GNSs to destroy in vitro the β-amyloid aggregates 

involved in Alzheimer’s disease.2,5,6 However, as discussed by Krol,7 the delivery of 
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nanoparticles to the brain remains unresolved because of the 

following: I) the interaction of nanoparticles with biological 

components after administration; II) physical parameters 

such as the blood flow, residence time on target molecules, 

and the ratio of diseased to healthy cells; and III) the lack of 

unique target biomarkers for the diseased cells and the pres-

ence of highly selective barriers.7 Thus, the treatment of many 

brain-related disorders using various drugs or nanoparticles 

is limited because of the presence of the blood–brain barrier 

(BBB), which highly regulates drug permeation. Peptides 

and proteins could represent a promising tool to improve 

the delivery of AuNPs. Moreover, AuNPs can be capped 

with peptides specific to selective targets, which is called 

active targeting. In the “AuNPs for the development of new 

strategies for therapy and diagnostics of CNS disorders: pre-

clinical applications” section of this review, we summarize 

the preclinical applications of AuNPs to CNS disorders. In 

the “BBB and permeation mechanisms” section, we provide 

a description of the BBB and the possible mechanisms by 

which peptides, proteins, and AuNPs cross this barrier. In 

the “What impedes or assists AuNPs in permeating the 

BBB?” section, we discuss the use of peptides and proteins 

as a strategy to improve the brain delivery of AuNPs and the 

intranasal administration to circumvent the BBB. Finally, we 

discuss the potential neurotoxicity of AuNPs and the perspec-

tives and new challenges concerning the use of peptides to 

enhance the delivery of AuNPs to the brain.

AuNPs for the development of 
new strategies for therapy and 
diagnostics of CNS disorders: 
preclinical applications
The potential application of AuNPs to the treatment and 

diagnostics of pathologies related to the CNS, such as neuro-

degenerative disorders and brain tumors, is an emerging field. 

However, the difficulty of crossing the BBB must be over-

come. Although the clinical application of AuNPs remains 

an incipient field, examples of preclinical applications that 

could be useful can be provided for the development of future 

strategies for therapy and diagnosis of neurodegenerative 

disorders in the CNS.

For the in vivo inhibition of prion protein aggrega-

tion, conversion, and replication in mice in the field of 

neurodegenerative disorders,8 GNSs were capped with 

albumin using the layer-by-layer methodology, which 

resulted in high anti-prion activity after a single intracere-

bral dose of nanoparticles. In another study, the identical 

group examined the biodistribution of polyelectrolyte 

multilayer-coated GNSs in mice by near-infrared 

time-domain imaging.9 These nanoparticles were observed 

to cross the BBB, accumulate in specific regions of the 

brain, and enter defined neuronal structures, suggesting 

active uptake instead of barrier damage-induced leakage. 

GNSs accumulated in close proximity to the toxic protein 

aggregate areas such as prion or β-amyloid aggregates; 

GNSs may therefore be applicable to the treatment of 

Creutzfeldt–Jakob and Alzheimer’s diseases. However, 

in the latter work, the authors did not provide informa-

tion related to the percentage of the injected dose (ID) 

that reaches the brain. This last point is relevant because, 

in many cases, nanoparticles are accumulated in the liver 

and spleen, which may result from the retention by the 

reticuloendothelial system (RES) and could limit the use 

of GNSs. Another application, which was developed by our 

group, involved the conjugation of 12 nm GNSs with the 

amphipathic peptide CLPFFD for the in vitro disaggrega-

tion of β-amyloid toxic aggregates present in the brains of 

Alzheimer’s disease patients.2,5,6 In addition, we recently 

conjugated the identical peptide to GNRs2 to produce a 

photothermal ablation of β-amyloid. Two other groups 

conjugated fragments of the β-amyloid peptide (β-amyloid 

(31–35) and β-amyloid (25–35)) with AuNPs, resulting in 

the photothermal ablation of β-amyloid.10

AuNPs have been used as adjuvants for therapeutic agents 

in spinal cord injuries in animal models. Wang et al investi-

gated the effects of AuNPs on axonal and functional recovery 

in spinal cord-injured rats using 15 nm GNSs conjugated with 

the human NgRFc fusion protein.11 The Nogo-66 receptor is 

the target of human NgRFc. This receptor mediates neurite 

outgrowth in the adult mammalian CNS. Adult rats immu-

nized with the protein vaccine produced more anti-Nogo-66 

receptor antibodies compared to rats treated by the methods 

that are currently in use. This AuNP-conjugated system is 

a novel strategy that uses vaccination to treat spinal cord 

injuries and can efficiently promote repair in spinal cord-

injured rats.

Chien et al demonstrated a new diagnostic tool for brain 

tumors consisting of GNSs conjugated with polyethylene 

glycol (PEG) which accumulate in tumor tissues, as shown 

by tomography and X-ray microscopy, due to the enhanced 

permeation and retention (EPR) effect.12 With appropriate 

staining, complicated tissue structures, such as the cere-

bellum, have been imaged using high-resolution X-ray 

microscopy. These results have provided notable qualitative 

and quantitative information covering the accumulation of 

PEG-GNSs in tumors. However, PEG-coated gold nanocages 
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have been investigated as near-infrared contrast agents for 

photoacoustic tomography of the rat cerebral cortex in vivo.13 

Compared with silica/gold nanoshells, gold nanocages have 

exhibited better results for in vivo applications, resulting 

in up to 81% enhancements of the optical absorption in 

the cerebral cortex during experiments. This finding could 

result from the gold nanocages being more compact in size 

(,50 nm vs .100 nm for silica/gold nanoshells) and their 

absorption-dominant extinction. Other nanomaterials have 

been investigated for the identical purpose. PEGylated hol-

low GNSs have been used as a contrast agent for photoacous-

tic tomography.14 Images of the brain vasculature with high 

spatial resolutions and enhanced sensitivities were obtained 

2 hours after intravenous injection. GNRs penetra tion in CNS 

in a focused ultrasound-induced BBB-opening model in vivo 

can be monitored via photoacoustic microscopy.15 However, 

GNRs can exhibit a certain degree of toxicity, as discussed by 

Adura et al because of the presence of the surfactant cetyl tri-

methylammonium bromide (CTAB) used in their synthesis.2  

However, different strategies have been developed for 

potential applications such as the use of peptides, polymers, 

or phospholipid caps.

Finally, on the topic of the preclinical applications of 

AuNPs to diagnosis and therapy, select applications of 

AuNPs to therapy in clinical fields are noted, as reported 

by Etheridge et al.16 However, many of these treatments are 

not currently approved but are only in clinical trials. One 

example is the potential use of GNSs labeled with recombi-

nant human tumor necrosis factor alpha to target solid tumors 

in advanced-stage cancer patients;17 however, this research 

is only in Phase II clinical trials.

BBB and permeation mechanisms
In this section, we provide a brief discussion of the archi-

tecture of the BBB and the permeation mechanisms with a 

focus on crossing mechanisms related to peptides, proteins, 

and AuNPs.

BBB architecture
Neurons of the CNS require chemical and electrical signals 

for their proper function; thus, the ionic environment and 

the regulation of the substances across their membranes are 

critical. These membranes are the epithelium of the choroid 

plexus,18 the epithelium of the arachnoid mater,19 and the 

endothelium of the brain microvessels. Combined, they are 

called the BBB.20 The generation of these membranes, or 

cellular barriers, has been suggested to result from evolu-

tionary pressure to generate a mechanism that maintains 

homeostasis by regulating the transport of substances 

between the blood and the CNS.21 One of the most impor-

tant barriers of the CNS is the BBB. The BBB contains 

the largest interface between the blood and the CNS and 

is crucial for the maintenance of CNS homeostasis.22 The 

endothelial cells that constitute this barrier, the basement 

membrane, pericytes, astrocytes, and microglial cells com-

prise the neurovascular unit. The pericytes and astrocytes 

play a substantial role in the formation and differentia-

tion of the CNS vasculature (Figure 1).23 The endothelial 

cells that form the BBB generate complexes of tight and 

adherent junctions and create a physical barrier that blocks 

paracellular transport.24 Approximately, one-third (37%) 

of the circumference of the endothelial tube is covered by 

pericytes, and two-thirds (63%) of the endothelial tube is 

sheathed by astrocytic endfeet.25

Astrocytes in the CNS perform diverse functions. The 

endfeet of astrocytes are involved in a number of transport 

processes at the brain–blood interface. Astrocytes are the 

support for metabolic homeostasis via facilitating complex 

interactions between the blood vasculature, the interpos-

ing cerebrospinal fluid, and surrounding interstitial fluid. 

Astrocytes extend dense, laminal processes that comprise the 

glial-limiting membrane, a selectively permeable structure 

that forms a boundary between CNS tissue and the cere-

brospinal fluid in the subarachnoid spaces and throughout 

the ventricular system.26 An additional barrier is formed by 

astrocytic “endfoot” processes juxtaposed to the cerebro-

vasculature, permitting the bidirectional communication 

between neurons and astrocytes in addition to enabling 

astrocytes to communicate with the supplying circulations 

of the blood and cerebrospinal fluid.26,27 Paravascular astro-

cytic processes sheath 97% of the entire cerebrovasculature, 

leaving only 20 nm clefts between endfeet and blood vessels 

whereas forming small channels that allow the cerebrospinal 

fluid in the subarachnoid space to flow into the brain along 

the exterior of the entire blood circulatory pathway.25 Once 

cerebrospinal fluid enters paravascular spaces, the cerebrospi-

nal fluid may selectively exchange its soluble contents with 

the interstitial fluid of the brain parenchyma. The directional 

influx of cerebrospinal fluid into the brain along para-arterial 

spaces and efflux along para-venous spaces facilitates the 

bulk flow clearance of interstitial solutes including dextrans 

of various molecular sizes, inulin, and soluble β-amyloid.28 

In peripheral tissues, the bulk flow of interstitial solutes 

deposits wastes from cellular metabolism in the secondary 

circulation provided by the lymphatic system. Paravascular 

cerebrospinal fluid channels, aided by astrocytes, facilitate 
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this critical process along the “glymphatic system” in the 

CNS, which facilitates a tertiary circulation critical for waste 

removal (Figure 2).29 The exchange of cerebrospinal fluid 

and interstitial fluid throughout the glymphatic system is in 

part dependent on the pulsatility of cerebral arteries30 and is 

most pronounced during sleep.31

In the context of this review, the glymphatic system can 

be involved in the clearance of nanoparticles from the brain 

Figure 1 Schematic representation of the blood–brain barrier.
Notes: (A) Scheme of the neurovascular unit that constitutes the BBB. This unit contains the pericytes and astrocytes, which play an important role in the formation and 
differentiation of the CNS vasculature. (B) The main routes of the crossing of molecules to the CNS are represented. (a) A representation of the tight junctions severely 
restricting the penetration of water-soluble compounds, including polar drugs. (b) The endothelium contains transport proteins (carriers) for glucose, amino acids, purine bases, 
nucleosides, choline, and other substances. Some transporters are energy dependent (eg, P-glycoprotein) and act as efflux transporters (eg, azidothymidine). (c) An effective 
diffusive route for lipid-soluble agents to cross the membranes of the endothelium. (d) Certain proteins, such as insulin and transferrin, are taken up by specific receptor-
mediated endocytosis and transcytosis. Nanoparticles capped with these molecules can cross the BBB. (e) Native plasma proteins such as albumin are poorly transported; 
however, cationization can increase their uptake by adsorptive-mediated endocytosis and transcytosis. (f) The efflux pump expulses the drugs from the endothelial cells to the 
blood. Delivery of nanoparticles across the brain endothelium enters mainly via routes (d) and (e). (g) Cytochrome P450 enzymes. Adapted from Abbott NJ, Patabendige AA, 
Dolman De, Yusof SR, Begley DJ. Structure and function of the blood-brain barrier. Neurobiol Dis. 2010;37(1):13–25.22

Abbreviations: BBB, blood–brain barrier; CNS, central nervous system.

Figure 2 Schematic outline of the glymphatic system.
Notes: Convective glymphatic fluxes of cerebrospinal fluid and interstitial fluid propel the waste products of neuron metabolism into the para-venous space, from which 
they are directed into lymphatic vessels and ultimately return to the general circulation for clearance by the kidney and liver. From Nedergaard M. Neuroscience. Garbage 
truck of the brain. Science. 2013;340(6140):1529–1530. Reprinted with permission from AAAS.28

Abbreviations: CSF, cerebrospinal fluid; ISF, interstitial fluid.
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parenchyma. However, to the best of our knowledge, no 

studies have previously investigated this topic.

Physiological mechanisms to cross the BBB
Despite the strict insulation of the CNS by the BBB, which 

limits the passage of unspecific molecules into the brain, 

various mechanisms are present by which essential molecules 

and nutrients are supplied to the brain to ensure the correct 

function of this organ and to maintain the properties and 

functions of the BBB. Lipophilic substances or small gas-

eous molecules can spread through the lipid membranes via 

a nonsaturable passive mechanism (Figure 1, mechanism c). 

Hydrophilic molecules can cross via saturable mechanisms 

that are mainly energy requiring (an active mechanism). The 

saturable transport to cross the BBB can be divided into dif-

ferent mechanisms: carrier-mediated transport (mechanism b, 

Figure 1), adsorptive-mediated transcytosis (AMT; mecha-

nism e, Figure 1), and receptor-mediated transcytosis (RMT; 

mechanism d, Figure 1). Moreover, a route to cross the BBB 

that is well established for viruses such as Cryptococcus and 

human immunodeficiency virus (HIV) has recently been 

identified and relies on immune cells such as monocytes 

and macrophages to cross the BBB. This mechanism can be 

used for nanoparticles.

Mechanisms for hydrophilic small and 
large molecules and for nanoparticles
Carrier-mediated transport is driven by highly specialized 

proteins that supply nutrients to the brain. This mechanism 

is effective for different types of small molecules such as 

glucose, tyrosine, ascorbic acid, linear opioid peptide, cyclic 

opioid peptide, dendrimers, and glutathione. However, AMT 

and RMT, which are vesicle-based mechanisms, are effec-

tive for large molecules and nanoparticles (Figure 1B). We 

focus our attention on these two last mechanisms in which 

peptides, proteins, and AuNPs are involved.

Adsorptive-mediated transcytosis
AMT is an energy-dependent mechanism without any 

membrane receptors and is used by cell-penetrating pep-

tides (CPPs) and cationic molecules to cross the BBB. The 

process begins with an interaction of the cationic group of 

a compound with the negative charges on the plasma mem-

brane (sulfated proteoglycans).32 This interaction leads to 

endocytosis, which can lead to transcytosis. Several drugs 

have been described that use this mechanism to reach the 

CNS.33,34 Nevertheless, select endogenous molecules also 

use this mechanism such as immunoglobulin G and albumin. 

The main drawback of the adsorptive process is a lack of 

specificity to cross the BBB and that this process could occur 

in any other organ. Thus, the use of this process in drug 

delivery must overcome the challenge of distribution to a 

target organ. However, an important point to be considered 

is the toxicity and immunogenicity of cationic proteins and 

peptides because several studies have reported the occurrence 

of toxicity and tissue inflammation.35

Receptor-mediated transcytosis
Another transport system is RMT. This mechanism is highly 

specific and uptakes macromolecules from the luminal side of 

the brain endothelial cells and releases them to the abluminal 

side. This process provides the selective uptake of molecules 

that are necessary for the correct function of the brain. These 

large molecules are taken up by endothelial cells, which 

express receptors to many different ligands, for example, 

insulin, transferrin, leptin, and apolipoprotein. The entire 

process consists first of receptor–ligand recognition at the 

luminal side and then endosome formation, which transports 

the ligand across the endothelial cell, and exocytosis at the 

other side of the membrane (the abluminal side). RMT has 

been widely studied in brain drug delivery36 because this 

system can provide a high effectiveness in the targeting 

strategy of many compounds that are not able to reach the 

brain by themselves. One approach is known as the molecular 

Trojan horse, in which the drug or biological compound is 

modified through conjugation to a ligand, thereby covering 

the intrinsic properties and tricking the BBB.

RMT has displayed an effective transport of large mole-

cules, polymeric complexes, liposomes, and nanoparticles to 

the brain.37,38 In both carrier-mediated transcytosis and RMT, 

the polarized expression of select receptors in the luminal 

face generates a selective mechanism of transport for the 

input of polar nutrients, ions, and macromolecules. Many 

of these receptors have been used as a target in certain drug 

delivery systems to the brain. By contrast, AMT is based 

on endocytosis upon the binding of highly charged cationic 

compounds to the plasma membrane.

An important factor in drug delivery is that the BBB is 

both a physical barrier and a metabolic barrier that contains 

several enzymes. Specifically, the cytochrome P450 enzyme 

system has been detected in the brain, primarily in the 

endothelial cells of the brain microvessels.39 This enzymatic 

system is one of the most effective methods whereby the 

organism metabolizes xenobiotics, and in the case of cross-

ing the BBB, the drugs can be metabolized, diminishing the 

concentration in the brain parenchyma.
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On the other hand, the immune system could play an 

important role in crossing the BBB. Perivascular mac-

rophages, which reside on the parenchymal side of endothelial 

cells close to the astrocyte endfeet, originated from circulat-

ing phagocytes such as monocytes and have shown a remark-

able capability to cross an intact BBB with 80% turnover 

in 3 months.40 Notably, monocytes/macrophages have been 

suggested as being utilized by pathogens as a vehicle to 

enter the CNS.41

Inhibition of efflux systems to enhance 
brain delivery
The BBB has drug efflux transporters to protect the CNS 

from toxic xenobiotics, but these transporters prevent the 

entrance of drugs to the brain. These transporters are trans-

membrane proteins that can remove diverse types of drugs 

from brain endothelial cells using energy from ATP.42 Some 

of these transporters include P-glycoprotein (P-gp; ABCB1), 

breast cancer resistance proteins (ABCG2), and multidrug 

resistance proteins 1, 2, 4, and 5 (ABC family). Of the trans-

porters listed, P-gp is the most studied efflux transporter in 

the attempt to find new approaches to improve drug delivery 

to the CNS that could also be applied to AuNPs. The main 

strategy to reach this goal consists of the inhibition of this 

efflux transporter. The accumulation of drugs and substrates 

by the inhibition of efflux transporters has been shown to 

improve when they are co-administered with a pharmacologi-

cal inhibitor of P-gp.43

As was reviewed by Alyautdin et al44 the expression of 

transport systems that pump medicinal preparations from 

endothelial cells restricts the accumulation of many com-

pounds in the brain. ABC transport systems provide effective 

excretion of lipophilic compounds that penetrate the cyto-

plasm of the endothelial cell through the apical membrane. 

Moreover, the activity of ABC transport systems, particu-

larly P-gp, may be increased under pathological conditions. 

Resistance to antiepileptic remedies may be explained by the 

increased activity of P-gp because it can possibly transport 

phenytoin, levetiracetam, lamotrigine, and phenobarbital. 

The expression of pumping-out transport systems limits 

the usage of many effective antitumor preparations in the 

treatment of brain malignancies. Thus, paclitaxel, a taxane 

group preparation that was effective on tumor cells in vitro, 

is not effective in the treatment of brain tumors because of 

the P-gp activity in apical membranes of endothelial cells. 

The simultaneous administration of paclitaxel and an inhibi-

tor of P-gp, PSC833, caused a significant increase in BBB 

permeability of paclitaxel. In transgenic (Tg) mice lacking 

P-gp, the concentration of vincristine and ivermectin in the 

brain was 80- to 100-fold higher than that in normal mice. 

The administration of ABC transporter substrates combined 

with efflux inhibitors has been employed to increase the 

permeability of endothelial cells. Thus, modulators of 

P-gp activity, such as verapamil and diltiazem, are used 

to increase the brain delivery of viral protease inhibitors, 

antitumor substances (paclitaxel), and the antifungal agent 

itraconazole.44

The other class of these pharmacological modulators is the 

well-known Pluronic® poloxamers, which are able to inhibit 

the P-gp efflux pump, a property discovered at the Kabanov 

laboratory by Batrakova et al.45 Pluronic® poloxamers consist 

of hydrophilic ethylene oxide and hydrophobic propylene 

oxide blocks, which form a tri-block structure, yielding both 

amphiphilic and surfactant properties. Pluronic® P85 has been 

widely studied because of its capacity to enhance the BBB 

permeability of several types of drugs (such as taxol, doxo-

rubicin, valproic acid, etoposide, 3-azido-3-deoxythymidine, 

and loperamide) in in vitro studies using a bovine brain 

microvessel endothelial cell monolayer.46 The advantage of 

Pluronic® P85 over P-gp results from two mechanisms of 

action. One mechanism directly inhibits P-gp activity by an 

allosteric interaction, and the second mechanism involves 

an indirect inhibition through ATP depletion.47 Additionally, 

this copolymer can interact with the cell membrane, resulting 

in “membrane fluidization”.48 The inhibition of P-gp, which 

enhances the penetration of a number of useful drugs, would 

also open the BBB to potentially toxic substances. Whereas 

such a risk can be acceptable for the treatment of patients with 

cancer, the risks associated with long-term therapy required 

to treat patients with chronic CNS diseases should be care-

fully weighed.44 Although the mechanism of inhibition of 

the efflux system for the delivery of small drugs to the CNS 

is well documented, this concept has not been investigated 

for the delivery of nanoparticles.

Peptide, protein, and nanoparticle 
mechanisms used to cross the BBB
Peptides can cross the BBB via various mechanisms. Pas-

sive diffusion for peptides is limited, whereas the use of 

carrier systems expressed at the BBB is a useful strategy to 

deliver peptides to the brain. Carrier-mediated transporter is 

driven by highly specialized proteins that supply nutrients 

to the brain. This mechanism is effective for various types 

of small molecules such as glucose, tyrosine, ascorbic 

acid, linear opioid peptides, cyclic opioid peptides, den-

drimers, and glutathione. However, for carrier-mediated 
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transporters, specific chemical groups must be bound to 

render them as substrates for endogen carriers, for example, 

by glycosylation of the peptide to enable transport through 

the GLT-1 receptors.49,50 AMT and RMT are mechanisms 

by which several peptides are transported across the BBB. 

Binding a peptide with affinity for the membrane or to a 

specific membrane receptor on the cell surface can trig-

ger endocytosis. AMT and RMT, which are vesicle-based 

mechanisms, are effective for large molecules and nano-

particles (Figure 1). We focus our attention on these two 

mechanisms which can be utilized by peptides, proteins, 

and AuNPs.

AMT as a mechanism used to permeate the BBB 
by peptides and proteins
AMT, an energy-dependent mechanism that does not use 

membrane receptors, is used by the so-called CPPs, which 

are peptides that facilitate the cellular uptake of various 

molecular cargoes (from nanosized particles to small chemi-

cal molecules and large fragments of DNA) and cationic 

molecules that cross the BBB. The CPPs share a common 

feature: the ability to interact with the lipid membranes.51,52 

The internalization process begins with the interaction of 

the cationic group of a compound (cationized albumin, for 

example) with the negative charges on the plasma membrane 

(sulfated proteoglycans).32 This interaction follows the endo-

cytosis process, leading to transcytosis. Examples include 

the transactivator of transcription (TAT), penetratin, and the 

SynB vectors (family of vectors derived from the antimicro-

bial peptide protegrin 1). A number of other CPPs are the 

product of engineering efforts, for example, the homoargi-

nine vectors, the model amphipathic peptide, transportan, 

and other chimeric peptides such as signal-based peptide 

and the fusion sequence-based peptide.53,54 Several species 

have been delivered into cells using CPPs as carriers such 

as nanoparticles, liposomes, and fragments of DNA.55 This 

mechanism has been described for different molecules that 

reach the CNS such as micro 1-specific opioid peptide,32–34 

and select endogenous molecules, such as immunoglobulin G 

and albumin, also use this mechanism.35,56 In an AMT-based 

delivery strategy, CPPs with the TAT sequence, penetratin, 

D-penetratin, SynB, pegelin, and the heptapeptide Gly-l-

Phe-d-Thr-Gly-l-Phe-l-Leu-l-Ser (O-β-d-glucose)-CONH
2
 

(g7) are used as vectors for different cargoes. For example, 

the TAT sequence, which is an arginine-rich CPP originated 

from HIV type-I, contains arginines that enable interaction 

with negatively charged membranes. The guanidinium group 

of the arginine is required for peptide uptake and is more 

potent than other cations.57 This mechanism is independent 

of cell receptors and temperature.

RMT as a mechanism used to permeate the BBB 
by peptides and proteins
Different strategies are used for the recognition of various 

endothelial cell receptors in the BBB such as the low-

density lipoprotein receptor-related protein, the low-density 

lipoprotein receptor, the transferrin receptor, and the leptin 

receptor, which are selectively recognized by the peptides 

angiopep and VH0411, the antibody OX26, and leptin, 

respectively.58

RMT and AMT comprise the potential routes across the 

BBB for the Trojan horse approach. Select examples of these 

strategies include erythropoietin attached to a monoclonal 

antibody against the mouse transferrin receptor, which is used 

for neuroprotection in strokes,53 carbon nanotubes conjugated 

with peptide angiopep-2,59 cationic solid lipid nanoparticles 

(formed from a mixture of oppositely charged surfactants) 

grafted with 5-HT-moduline,60 lactoferrin conjugated to 

β-cyclodextrin,61 and liposomal nanoparticles modified with 

apolipoprotein-E (ApoE).54

Limitations of using peptides as drug carriers include 

their stability in the blood, saturation of AMT or RMT, and 

competition with natural substrates. To overcome these 

issues, more stable N-methylated peptides that can enter the 

BBB can be used, as discussed by Malakoutikhah et al.62 

N-methylated peptides can enter the brain by nonsaturable 

passive diffusion and shuttle small drugs to this organ. Giralt 

and coworkers recently found that small cyclic N-methylated 

and NMePhe-rich peptides can carry small drugs, such as 

dopamine, baicalin, levodopa, Nip, gamma-aminobutyric 

acid, and 5-aminolevulinic acid, in in vitro BBB models 

such as the parallel artificial membrane permeability assay 

and bovine brain microvessel endothelial cells.63,64

Permeation of the BBB by AuNPs
A size-dependent distribution of AuNPs in organs in vivo has 

been reported in various studies.65–73 Administration of GNSs 

(10 nm or 15 nm) results in the widespread organ distribution 

(in the liver and spleen in high concentrations, and in the 

lungs, kidneys, heart, and brain in lower concentrations). We 

demonstrated that GNSs (12 nm in diameter) administered 

intraperitoneally in mice bioaccumulated in the brain depend-

ing on the administered dose.65 The percentage encountered in 

the brain with respect to the doses remains too low (0.01% ID/g 

or lower). Whether AuNPs are present in the brain parenchyma 

or in the endothelial cells must be determined. Thus, Chen et al  
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investigated the microscopic distribution of AuNPs in the 

hippocampus using coherent anti-Stokes Raman scattering 

microscopy and transmission electron microscopy.73

In the literature, different strategies are described to 

increase the penetration of nanoparticles into the CNS. In 

physiological conditions, the penetration of AuNPs is too 

low; however, after different but not innocuous treatments 

or under pathological conditions, the permeability can be 

enhanced. One example is the enhanced delivery of AuNPs 

with therapeutic potential into the brain using magnetic 

resonance imaging (MRI)-guided focused ultrasound. When 

using focused ultrasound, the BBB permeability was tran-

siently increased, allowing the delivery of AuNPs.74

Under pathological conditions, such as brain tumors or 

diseases related to inflammation, a disruption of the selective 

properties of the vascular endothelia is present, which could 

be useful for the selective accumulation (passive targeting 

by the ERP effect) of AuNPs in the affected tissue. As an 

example, we mention the study by Hainfeld et al75 that, for 

imaging and therapy purposes (theranostics), intravenously 

injected AuNPs into a mouse with lethal intracerebral malig-

nant glioma for X-ray imaging and enhanced radiotherapy. 

This study reported that the gold uptake enabled the high-

resolution computed tomography for tumor imaging, and 

gold radiation enhancement significantly improved the long-

term survival compared with radiotherapy alone.75 However, 

in such pathological conditions, the permeation of the BBB 

is not typical because its anatomical structure and physiology 

could be completely altered.

What impedes or assists AuNPs in 
permeating the BBB?
When nanoparticles are administered, various plasma proteins 

bind to their surface, forming the so-called protein corona.76–81 

These capped nanoparticles can then be recognized by the 

macrophage cell surface and be internalized, leading to a 

significant loss of the nanoparticles from circulation. A por-

tion of the serum proteins that bind and cap the nanoparticles 

is termed opsonins. The nanoparticles capped with these 

proteins can be recognized and captured by the macrophages, 

contributing to the loss of the majority of the ID because of 

the retention by the RES.82 Modification of colloidal particles 

with PEG can increase their half-life in the blood.

However, the capping of AuNPs with endogenous proteins 

could support BBB penetration by RMT or AMT. Reddy 

and Venkateswarlu and Kreuter proposed that nanoparticles 

could cross the BBB via a low-density lipoprotein receptor on 

endothelial cells mediated by the adsorption of apolipoprotein-B 

and/or ApoE from the blood to the nanoparticles.83,84 In addition, 

RMT mechanisms allow for the delivery of particles, such as 

transferrin and insulin receptors, to the brain.85,86

As discussed by Kreuter87 other mechanisms for nano-

particles to cross the BBB under physiological conditions 

can include the inhibition of the P-gp efflux system using 

polysorbate 80 or pluronic acids,88 the increased retention 

of nanoparticles in the BBB capillaries combined with 

adsorption on the capillary walls, the presence of a surfactant 

that fluidizes the membrane, the temporal opening of tight 

junctions between the brain blood vessel endothelial cells, 

a general toxic effect in the BBB, or the combination of all 

of these mechanisms.87

Peptides and proteins for the delivery of 
nanoparticles and drugs to the CNS
In the next sections, we discuss the preclinical applications 

of peptides or proteins as carriers of nanoparticles for the 

delivery of cargoes to the CNS and to address nanoparticles or 

drugs for potential treatments of CNS disorders. Peptides were 

used mainly to enhance the delivery of polymeric nanopar-

ticles and liposomes that contain active drugs;89–109 however, 

select examples of the use of peptides for the delivery of metal 

nanoparticles to the CNS have been noted. In the next section, 

we focus on the conjugation of peptides to metal nanoparticles 

to enhance their permeation through the BBB.

AuNPs can be conjugated with peptides 
or proteins to enhance their permeation 
through the BBB
To the best of our knowledge, limited reports cover the use 

of peptides or proteins to improve the permeation of metal 

nanoparticles through the BBB (Table 1). Table 1 sum-

marizes the preclinical uses of peptides and proteins for the 

delivery of metal nanoparticles of different compositions that 

include various cargoes.

Our group improved the brain delivery of AuNPs by 

conjugation with the amphipathic peptide CLPFFD.110,111 

This peptide is a β-breaker peptide designed by Soto et al112 

(which is based on the original sequence of β-amyloid), 

and contains a Cys added to the extreme N-terminal por-

tion of the peptide for the chemisorption to the gold surface 

resulting in the conjugate AuNP-CLPFFD. This conjugate 

is used for the microwave destruction of β-amyloid toxic 

aggregates. An enhancement from approximately 0.01% 

ID/g to approximately 0.05% ID/g in the brain tissue was 

observed for AuNP-CLPFFD (with respect to AuNPs). The 

improvement in the delivery to the brain could be attributed 
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to an interaction of the conjugate with the receptor because of 

the advanced glycation end products, which binds β-amyloid 

and mediates transcytosis across the BBB.113,114 Notably, 

the major percentage of the ID of AuNPs is eliminated by 

biliary and urinary excretion and is accumulated in the liver 

and spleen, as demonstrated in in vivo experiments using 

positron emission tomography (PET) by our group.111 The 

accumulation in the liver and spleen is a crucial issue that 

can limit the transport of nanoparticles to the CNS and their 

clinical applications.

Moreover, to enhance the permeation of the BBB of AuNP-

CLPFFD, we incorporated the peptide THRPPMWSPVWP 

(which recognizes the transferrin receptor [Figure 3] favoring 

the RMT present in the microvascular endothelial cells of 

the BBB) to the CLPFFD sequence, causing an increase in 

the permeability of the conjugate in the brain as was deter-

mined by analyzing the gold content by neutron activation 

and by transmission electron microscopy.115 The sequence 

THRPPMWSPVWP interacts with the transferrin receptor pres-

ent in the microvascular endothelial cells of the BBB, causing 

Table 1 Preclinical uses of peptides and proteins in the delivery of metal nanoparticles and their potential applications

Metal nanoparticles Peptide used Therapeutic target Year Authors

GNS CLPFFD Overcome the BBB, in vivo 2010 Guerrero et al110 
GNS CLPFFD-THR Overcome the BBB  

for neurodegenerative disorders
2012 Prades et al115

GNS CLPFFD Overcome the BBB, in vivo 2012 Guerrero et al111

Spherical silica cores  
and thin gold shells

veGF Glioma potential treatment 2012 Day et al116

CdSe/ZnS core–shell  
quantum dots

Palm1 Delivery of neurotherapeutics  
to neurons

2012 walters et al117

Iron oxide Fibrin γ377–395 peptide Inhibition of microglial cells 2013 Glat et al118

PeG-superparamagnetic  
iron oxide

Aβ1-42 Detection of amyloid plaques in vivo 2013 wadghiri et al120

PeG-GNS Fragment of the neural cell  
adhesion molecule L1

Drug delivery platform  
for neurons

2013 Schulz et al119

GNSs KRGD-PeGSH Photoacoustic detection of glioma 2011 Lu et al121

Gold glyconanoparticles C11-Glycopep,  
C11-enk peptide

Overcome the BBB, in vivo distribution,  
PeT reporter

2014 Frigell et al122

GNS Insulin Improve brain delivery of AuNPs 2014 Shilo et al125

GNS Albumin or Apoe Biodistribution studies 2014 Schäffler et al124

Abbreviations: GNS, gold nanosphere; BBB, blood–brain barrier; veGF, vascular endothelial growth factor; PeG, polyethylene glycol; PeT, positron emission tomography; 
AuNPs, gold nanoparticles; Apoe, apolipoprotein-e.

Figure 3 Scheme to rationalize the design of the conjugate AuNP-THR-LPFFD.
Notes: (a) The peptide THR-CLPFFD anchored to the AuNP. This peptide contains the THR sequence, which recognizes the transferrin receptor, and LPFFD, which 
recognizes Aβ aggregates. (b) Transport of the endocytic vesicle through the endothelial cells of the BBB. (c) Recognition and binding of the conjugate to Aβ aggregates inside 
the CNS. The transferrin receptor is abbreviated as TfR. Reprinted from Prades R, Guerrero S, Araya e, et al. Delivery of gold nanoparticles to the brain by conjugation with 
a peptide that recognizes the transferrin receptor. Biomaterials. 2012;33(29):7194–7205, with permission from elsevier.115

Abbreviations: AuNP, gold nanoparticle; BBB, blood–brain barrier; CNS, central nervous system.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4928

velasco-Aguirre et al

an increase in the permeability of the conjugate AuNP-peptide 

in brain, as shown by in vitro and in vivo experiments.115

Day et al116 used silica nanoparticles coated with a thin 

layer of gold to generate photothermal therapy in a model 

of murine glioma. These nanoparticles were functionalized 

with vascular endothelial growth factor to recognize positive 

cells for vascular endothelial growth factor receptor 2. The 

in vitro results showed that the proposed nanosystem bound 

to the cell population of interest, and in vivo experiments 

were successful in inducing vascular disruption after laser 

exposure in the orthotopic murine glioma model used without 

damaging healthy regions of the brain (Table 1).116

Walters et al used quantum dots with a polyampho-

lyte coating, obtaining a remarkable tropism for neurons, 

evaluated in hippocampal slice cultures of adult rats and 

discriminating among other cell populations (astrocytes, 

oligodendrocytes, or microglia).117 In a different study, Glat  

et al directed iron oxide nanoparticles to another cell popu-

lation, microglia, achieving inactivation in vivo in a mouse 

model of Alzheimer’s disease. In this work, iron oxide 

nanoparticles were modified with fibrin peptide γ377–395, 

decreasing the number of activated microglia compared to 

the administration of free peptides (Table 1).118

In another approach, Schulz et al119 used AuNP func-

tionalized with a fragment of peptide L1, which maintains 

the minimum recognition domain and function. The peptide 

L1 promotes regeneration in models of acute and chronic 

damage to the adult CNS. In in vitro experiments testing 

this nanosystem, neurite outgrowth was observed, and an 

increased survival of neurons of the CNS and peripheral 

nervous system was noted.

On the other hand, the conjugation of ultrasmall 

superparamagnetic iron oxide (USPIO) to Aβ1-42 allows 

the detection of amyloid plaques in vivo using magnetic 

resonance microimaging (mMRI) after intravenous femoral 

injection in a Tg mice model of Alzheimer’s disease.120 The 

amyloid plaques were detected by T2*-weighted mMRI 

(Figure 4) that were confirmed with matched histological 

sections. Interestingly, the probed USPIO-PEG-Aβ1-42 

could be used for amyloid plaque detection in vivo by intra-

venous injection without the need to co-inject an agent which 

increases permeability of the BBB.

In preclinical cancer treatments, hollow GNSs functional-

ized with the c(KRGDf)-PEG-SH sequence are used for pho-

toacoustic tomography detection of glioma and angiogenic 

blood vessels in a mouse model.121 In addition, by conjugating 

neuropeptides to glucose-coated AuNPs (2 nm) labeled with 
68Ga, the BBB permeability of AuNPs122 could be explored 

using PET, and the uptake of the neuroactive peptides could 

be improved (Figure 5). A NOTA ligand was the chelating 

agent for the 68Ga, and two related opioid peptides were used 

as targeting ligands to improve BBB permeation. The biodis-

tribution of 68Ga-AuNPs varies depending on the ligands 

because AuNPs with the identical gold core size exhibit 

Figure 4 Amyloid plaques detected with in vivo mMRI after intravenous femoral injection of USPIO-PeG-Aβ1-42.
Notes: (A) In vivo T2*-weighted mMRI images of a 14-month-old APP/PS1 transgenic mouse. (B) A higher magnification of the area in the red box shown in (A). Arrowheads 
highlight some amyloid plaques detected by mMRI. (C) In vivo mMRI of a 16-month-old wild-type mouse after intravenous femoral injection of USPIO-PeG-Aβ1-42. (D) A higher 
magnification of the area in the red box shown in (C). Adapted with permission from wadghiri YZ, Li J, wang J, et al. Detection of amyloid plaques targeted by bifunctional USPIO 
in Alzheimer’s disease transgenic mice using magnetic resonance microimaging. PLoS One. 2013;8(2):e57097.120

Abbreviations: mMRI, magnetic resonance microimaging; USPIO, ultrasmall superparamagnetic iron oxide; PeG, polyethylene glycol.
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different distribution profiles. The targeted 68Ga-AuNPs 

improved BBB permeation nearly threefold (0.020% ID/g) 

compared with the non-targeted AuNPs (0.0073% ID/g), as 

measured by dissection and tissue counting.

It is important to mention that the entrance of AuNPs 

administered intravenously is very low with respect to small 

molecules. As an example can be mentioned the case of 

novel 18F-labeled benzofuran derivatives for PET imaging 

of β-amyloid plaques in Alzheimer’s brains. In this case, 

2%–3% ID/g (administered systemically in mouse) was 

observed to enter the brain.123

Other studies related to the functionalization of AuNPs 

are found in the literature. Sousa et al functionalized AuNPs 

with cationized human serum albumin to induce AMT 

through the BBB.9 This study followed the biodistribu-

tion with near-infrared time-domain imaging in mice up to 

7 days after the intravenous injection of the nanoparticles, 

and observed that the particles mainly accumulate in the hip-

pocampus, thalamus, hypothalamus, and the cerebral cortex. 

In addition, Schäffler et al capped AuNPs with albumin and 

observed higher accumulations in the brain.124

Shilo et al conjugated AuNPs to insulin to promote RMT. 

Accordingly, insulin-AuNPs and control AuNPs were injected 

into the tail veins of male BALB/c mice, and the gold content in 

the organs was analyzed using atomic absorption. The amount 

of insulin-AuNPs observed in mouse brains was over five times 

greater than that of the control, untargeted AuNPs.125

An important aspect to consider is that the structure of the 

peptide anchored to the nanoparticle should not be changed 

after it is attached to the surface of the nanoparticles when the 

delivery strategy involves the recognition of a receptor, as dis-

cussed in previous works.3,110,115,126 Using different techniques 

is relevant to determine the structure of the ligand on the AuNP 

surface and the number of peptides per nanoparticle, which 

is relevant for the interaction with the target. Various tech-

niques have been employed for such purposes such as circular 

dichroism – which provides information about the secondary 

structure of the peptide,127 nuclear magnetic resonance – which 

provides information related to the structure of the molecules,128 

infrared spectroscopy – which is used in the presence of func-

tional groups129 on the surface, and surface-enhanced Raman 

spectroscopy.130,131 The data obtained using these techniques 

provide information related to the disposition of the peptides on 

the surface of the AuNPs. Finally, the structure of the peptide 

and the surface that is exposed to the biological media determine 

the interaction of the entity with cell membranes, triggering the 

entrance to the cell, as discussed previously.126

Intranasal administration of AuNPs 
as an alternative to circumvent the 
BBB
This route allows direct delivery to the brain through the 

movement of the drug through the trigeminal and olfactory 

nerves, which innervate the nasal epithelium, from the 

submucosal space of the nose into the cerebrospinal fluid 

compartment of the brain.132 This innervation is a direct 

connection between the outside and the brain. This process 

is a noninvasive method that circumvents the BBB and car-

ries molecules to the brain.133 Thus, this route has received 

attention because of its great potential in CNS diseases. In the 

Figure 5 The increment of the uptake of AuNPs into the brain.
Notes: Left: The conjugate peptide-AuNPs labeled with 68Ga. Right: The increment of the uptake of AuNPs into the brain. ***P,0.001, significantly different from no targeted AuNP. 
Adapted with permission from Frigell J, Garcia I, Gomez-Vallejo V, Llop J, Penades S. 68Ga-labeled gold glyconanoparticles for exploring blood-brain barrier permeability: preparation, 
biodistribution studies, and improved brain uptake via neuropeptide conjugation. J Am Chem Soc. 2014;136(1):449–457, Copyright 2014 American Chemical Society.122

Abbreviations: AuNPs, gold nanoparticles; PeT/CT, positron emission tomography/computed tomography.
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CNS, several regions have no BBB or a BBB with a higher 

permeability, such as the olfactory nerves and the bottom of 

the cerebral ventricles, and drugs may be transported through 

these regions. This method can utilize a different type of 

molecule to reach the CNS and provide the advantages of 

avoiding the first step of metabolism and the ability to use 

a small dose.134 Nanoparticles could be used as a platform 

for CNS delivery through the intranasal route.135 As dis-

cussed by Mistry et al to date, few studies have specifically 

examined the direct transfer of particles, such as manganese 

oxide, carbon-13, iridium-19, iron (II) oxide, and titanium 

dioxide, from the nasal cavity to the brain.135 Wolstenholme 

et al administered GNSs (50 nm) intranasally and visualized 

them within the olfactory neurons by transmission electron 

microscopy.136 This study suggested that nanoparticles enter 

the receptor cells via an endocytic process into the axoplasm 

within 30 minutes. The colloidal particles moved along the 

axon, possibly by a mechanism related to microtubules in the 

cytoplasm. Within 60 minutes of application to the nasal cav-

ity, GNSs were observed in the fila olfactoria and olfactory 

glomerulus, and the particles were primarily located within 

the mitochondria. The mechanism of such an accumulation 

is unclear; however, the translocation of nanoparticles into 

the mitochondria can lead to cellular uptake.

The published studies related to AuNPs and intrana-

sal administrations are focused on the delivery and the 

physiological effects produced by the AuNPs. Joshi et al137 

demonstrated that the use of AuNPs improves the brain 

delivery of insulin; however, the authors did not evaluate 

the presence of particles in the brain. In another study, after 

the intranasal administration of AuNPs, in Tg mice, the 

transient toll-like receptor 2 upregulation in the olfactory 

bulb was observed. However, the authors did not study the 

presence of AuNPs in the brain parenchyma.138 Further-

more, in that paper, the authors analyzed the internalization 

of nanoparticles of three morphologies, GNSs, GNRs, and 

urchins, coated with PEG or CTAB in microglia and pri-

mary hippocampal neurons by dark-field microscopy and 

by two-photon-induced luminescence. CTAB-coated GNSs 

and GNRs internalized readily and partly colocalized with 

acidic lysosomal compartments in microglia (Figure 6A). 

By contrast, GNSs and GNRs functionalized with PEG did 

not internalize in microglial cells to any significant extent. 

The authors also studied the effects in hippocampal neurons 

observing that GNRs functionalized with PEG and with 

CTAB decorate the dendrites of the neurons and appear to 

be internalized both along the neurites and within the cell 

body (Figure 6C).138

Figure 6 Two-photon luminescence imaging of internalized AuNPs in microglia and primary hippocampal neurons.
Notes: (A and B) Internalization of PEG- and CTAB-coated AuNPs in microglia. AuNPs are primarily found in the cytosol, and to a certain extent, colocalize with lysosomal 
compartments (indicated by enlarged inset image). Scale bar (20 µm) in control overlay image is representative for all panels. (B) Internalization of urchin AuNPs. Last column 
of panels provides a schematic illustrating the position along the z axis relative to the cell. Scale bar (5 µm) in the first panel is representative for all panels. (C) Two-photon 
luminescence imaging of primary hippocampal neurons treated after 21 days in vitro with (b) PeG-coated and (c) CTAB-coated GNPs for up to 4 hours. Neurons were 
stained with MitoTracker green FM (pseudocolored red). Untreated control cells can be seen in (a). Reprinted with permission from Hutter e, Boridy S, Labrecque S, et al. 
Microglial response to gold nanoparticles. ACS Nano. 2010;4(5):2595–2606, copyright 2010 American Chemical Society.138

Abbreviations: AuNPs, gold nanoparticles; PeG, polyethylene glycol; CTAB, cetyl trimethylammonium bromide; GNPs, glucose-coated AuNPs.
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Kozlovskaya et al analyzed the available quantitative data 

on drug delivery to the brain via the nasal route and revealed 

the efficiency of brain drug delivery and targeting by differ-

ent types of nasal-administered delivery systems.139 They 

concluded that the efficiency of brain delivery by the nasal 

route differs widely between studies. In addition, they found 

that the percentages of drug-targeting efficiency appear to be 

excessively high, at least in select studies, and the extent of 

brain drug delivery is likely overestimated. Therefore, the 

drug delivery to the brain via the intranasal route must be 

more exhaustively studied. Moreover, despite these advan-

tages mentioned, a few disadvantages remain that must be 

overcome and represent a substantial challenge in this area. 

The main disadvantages of this route comprise a limitation 

because of low nasal absorption from a small surface area of 

the nasal epithelium, a highly active mucociliary clearance 

process, and a nasal enzymatic degradation in mucosa.133 In 

addition, this route can cause irritation within the cavity.140

Neurotoxicity of AuNPs
Although other engineered nanoparticles have been shown 

to induce many neurological deficits in both in vivo and  

in vitro models, for AuNPs, there are limited studies related 

to toxicity in CNS. In relation to neurotoxicity, it is important 

to mention that the surface of the nanoparticles can affect 

the toxicity, as demonstrated by the capping of AuNPs with 

peptides.141 An in vitro study has been performed, evaluating 

the cytotoxicity of GNSs in different types of cells, including 

endothelial cells from the BBB.141 Three factors were studied: 

the presence of sodium citrate on the particle’s surface, size 

(10 nm, 11 nm, and 25 nm), and the degree of internalization 

of AuNPs. Cell viability and proliferation decreased after 

exposure to GNSs, indicating that they were concentration 

dependent. Additionally, the presence of a higher amount 

of sodium citrate on the nanoparticle surface appeared to 

enhance the impairment of cell viability. In addition, in vivo 

studies have investigated the potential toxicity of GNSs in 

the CNS. Chen et al evaluated cognitive damage induced 

by the injection of GNSs of 17 nm and 37 nm.73 The results 

indicated that AuNPs can impair learning and memory in 

BALB/c mice. Brain tissue samples were collected 1 day, 

14 days, and 21 days after intraperitoneal injection (with 

doses ranging from 0.5 mg kg-1 to 14.6 mg kg-1). The authors 

observed that 17 nm GNSs passed through the BBB more 

rapidly than did 37 nm GNSs. Moreover, the endocytosis of 

17 nm GNSs into the neuronal cells in the Cornu Ammonis 

region of the hippocampus was associated with the reduction 

in cognitive ability. On the other hand, 37 nm GNSs did not 

damage cognition in mice, which is in accord with the fact 

that these nanoparticles were noticed in the extracellular 

region of the hippocampus. However, in our group, a sub-

acute study was performed to determine the toxicity of GNSs 

that are able to cross the BBB and accumulate in the neural 

tissue without producing a toxic effect in different organs.65 

However, in other studies, we determined in vitro that GNSs 

and GNRs functionalized with the peptide CLPFFD did not 

produce effects on the cell viability of neurons.2,110 A very 

relevant point is that to determine the potential neurotoxic 

effect of nanoparticles, it is necessary to increase the local 

concentration in the brain.

Conclusion
To enhance the delivery of AuNPs to the brain, the AuNPs 

can be coated with peptides or proteins that can cross the 

BBB using different physiological mechanisms (AMT or 

RMT). Peptides can also increase the colloidal stability of 

AuNPs and vice versa in the physiological medium. More-

over, the structure that the peptide on the surface of the 

nanoparticle adopts to recognize the desired receptor must 

be determined. Under physiological conditions, AuNPs 

exhibit low permeability; however, in tumor tissues or 

inflamed tissues, their penetration increases because of the 

ERP effect. This phenomenon can be used for diagnostic, 

therapeutic, and theranostic purposes. In the abovementioned 

pathological conditions, a selective accumulation of AuNPs 

occurs in the affected organs; however, high accumulation 

is also noted in the liver and spleen because of the opsoniza-

tion process and retention by the RES. However, the use of 

inhibitors of efflux pumps can increase the retention of nano-

particles in endothelial cells and the passage of substances 

through the BBB. Few studies related to neurotoxicity have 

been reported, and most of these studies are in vitro. For 

this reason, drawing conclusions regarding neurotoxicity 

is premature, and more investigations must be performed 

related to this issue.

Nanoparticles capped with peptides can cross the BBB 

via different mechanisms, such as AMT, RMT, cell-mediated 

transcytosis, or a combination of methods. AuNPs have 

interesting properties that can be detected ex vivo and  

in vitro using different techniques, such as transmission elec-

tron microscopy and neutron activation, which is relevant for 

the elucidation and examination of the entrance mechanism. 

This property also facilitates the visualization of AuNPs 

in the brain parenchyma, which is not trivial because the 

quantification of gold in the brain tissue may be associated 

with the presence of these particles in the endothelial cells 
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and not the brain parenchyma. Additionally, AuNPs have the 

advantage that they can be detected using in vivo techniques 

such as tomography, PET, and photoacoustic tomography, 

which is relevant for diagnostics and theranostics.

As a concluding remark, for a realistic use of AuNPs for 

CNS applications, the issue of nanoparticle accumulation 

in RES-related organs must be solved because this issue 

diminishes their availability to the CNS. Moreover, it is 

necessary to further study the neurotoxic effects of AuNPs. 

Finally, the use of AuNPs remains far from translation into 

human applications; nevertheless, analyzing the accumulated 

knowledge from the preclinical experiments is required for 

future applications.

The delivery of AuNPs to the brain can be achieved by 

conjugation with peptides, which is a strategy that should 

be investigated in greater depth. The use of different pep-

tides that allow AMT or RMT will contribute to the per-

meation of AuNPs through the BBB. Ideally, the peptides 

used should not compete with or saturate the physiological 

mechanism, which could be avoided by using d-amino 

acids or N-methyl amino acids or increasing the stability 

of the peptide. Another important issue is to decrease the 

interaction with plasma proteins to diminish the opsonization 

process and decrease retention in the liver and spleen. This 

process could be avoided by capping the nanoparticles with 

PEG or other amphipathic polymers, which can contribute 

to diminishing the interaction of nanoparticles with plasma 

proteins and opsonization. However, the interaction of 

nanoparticles with certain plasma proteins, such as ApoE, 

can contribute to RMT.

To increase the local concentration of AuNPs and evalu-

ate the potential neurotoxic effects of nanoparticles, experi-

ments with stereotaxic administration in rats are currently 

in progress in our laboratory.

Figure 7 (right) illustrates a conjugate of AuNPs with a 

bifunctional PEG, which on one end is chemisorbed to the 

gold surface by the formation of an Au–S bond and on the 

other end is associated with two different peptides, one that 

recognizes the receptor for RMT (half yellow circles) and 

another that recognizes the target (green triangles). The con-

jugate can also be capped with an endogenous protein such 

as ApoE to selectively permeate the BBB, or with a polymer 

such as pluronic that inhibits the efflux pumps.

Another important point is to encourage the study of the 

interaction of the conjugates with membranes to understand 

how the process of cell internalization begins.

Finally, a challenging route is to functionalize intranasal 

administration of AuNPs conjugated to peptides that recog-

nize the desired target in the brain, as represented in Figure 7  

(left). Moreover, a mucoadhesive polymer can be used to 

facilitate the administration of the conjugates of AuNP-

peptides via the intranasal route.

Figure 7 Strategies to enhance the delivery of AuNPs to the CNS.
Notes: Left: Intranasal administration of functionalized AuNPs that recognize the target in the brain. For the mucoadhesion of the nanoparticles to the mucosa, the 
nanoparticles could be capped with a polymer. Right: AuNPs capped with PEG diminish the interaction with plasma proteins, a peptide that recognizes the receptor 
(represented in yellow as a semicircle) for RMT and a peptide that recognizes the therapeutic target (green triangles). Note that AuNPs are not scaled with respect to the 
cells, brain, and organism.
Abbreviations: AuNPs, gold nanoparticles; CNS, central nervous system; PeG, polyethylene glycol; RMT, receptor-mediated transcytosis; BBB, blood–brain barrier.
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