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Abstract

Aging-induced alterations to the blood-brain barrier (BBB) are increasingly being seen as a 

primary event in chronic progressive neurological disorders that lead to cognitive decline. With 

the goal of increasing delivery into the brain in hopes of effectively treating these diseases, a 

large focus has been placed on developing BBB permeable materials. However, these strategies 

have suffered from lack of specificity towards regions of disease progression. Here we report 

on the development of a nanoparticle (C1C2-NP) that targets regions of increased claudin-1 

expression that reduces BBB integrity. Using dynamic contrast enhanced magnetic resonance 

imaging (DCE-MRI) we find that C1C2-NP accumulation and retention is significantly increased 

in brains from 12-month-old mice as compared to non-targeted NPs and brains from 2-month-

old mice. Furthermore, we find C1C2-NP accumulation in brain endothelial cells with high 

claudin-1 expression, suggesting target-specific binding of the NPs, which was validated through 

fluorescence imaging, in vitro testing, and biophysical analyses. Our results further suggest a role 

of claudin-1 in reducing BBB integrity during aging and show altered expression of claudin-1 
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can be actively targeted with NPs. These findings could help develop strategies for longitudinal 

monitoring of tight junction protein expression changes during aging as well as be used as 

a delivery strategy for site-specific delivery of therapeutics at these early stages of disease 

development.
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The blood-brain barrier (BBB) plays a crucial role in the central nervous system (CNS) by 

creating a barrier between the neural tissue and the blood to prevent contamination from 

foreign substances. Aging is linked with decreased BBB integrity as well as functional 

impairment of transporters and can aggravate BBB responses to any CNS injury and 

systemic inflammatory stimuli1–2 across multiple different brain regions including the 

cortex,3 hippocampus,3–4 and corpus callosum.5 This is a result of age-induced alterations 

in gene expression, mitochondrial dysfunction, or abnormal protein accumulation in the 

CNS.6–7 Moreover, these alterations have been implicated in promoting neurodegeneration, 

declined cognitive function, reduced cerebral blood flow, and vasculopathies;8–10 thus, BBB 

disruption can initiate during normal aging and lead to mild cognitive impairment and 

progression to Alzheimer’s Disease and other dementias.4, 11 In fact, BBB breakdown has 

recently been proposed as an early biomarker of neurocognitive decline.

The function of the BBB is controlled through a complex and not completely understood 

interaction with the neurovascular unit (NVU), but BBB function relies on adequate 

assembly of tight junction (TJ) proteins on the surface of brain endothelial cells.12 

These transmembrane proteins play a vital role in the formation and maintenance of 

TJ function.12–15 Among TJ transmembrane protein members, claudin-5 and occludin 

constitute TJs at the BBB.13 Claudins and occludin have four membrane-spanning helices 

and two extracellular segments that facilitate interactions between other TJ proteins to 

ultimately form TJ barriers.14–15 TJ protein expression is altered during aging and leads 

to the observed age-related leakiness of the BBB.16–18 Indeed, claudin-5 expression 

decreases during aging and disease.19 In addition to claudin-5, brain endothelial cell surface 

expression of claudin-1 has been found to increase in response to injury, resulting in 

increased leakiness of the BBB.20 Furthermore, claudin-1 is transcriptionally regulated 

by Sirt1,21 where age-associated reductions in expression are observed,22 which would 

be expected to increase expression of claudin-1, and may play a causative role in BBB 

hyperpermeability in aging and disease.23–25 In addition, inflammatory stimuli such as 

those observed during normal aging,26–27 have been shown to increase expression of 

claudin-1 in astrocytes, which play a major protective role in the BBB.28 This increased 

presentation of claudin-1 may impair claudin-5’s BBB function through disruption to 

claudin-5 interactions with other TJ proteins. Therefore, claudin-1 represents a strong cell 

surface receptor candidate for specific targeting of the early stages of BBB breakdown prior 

to neurocognitive decline.
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Nanoparticles (NPs) offer the advantage of multifunctionality whereby they can be 

engineered to display a targeting agent on their surface to promote binding to specific 

cells, provide contrast in various imaging modalities, and carry a therapeutic payload to 

increase target engagement. There has been significant effort placed on developing NPs 

that can cross the BBB to improve brain delivery for various neurological disorders.29–31 

Strategies typically involve passive strategies that rely on increased leakiness of the BBB 

such as with a brain tumor32 or following trauma,33–42 or through active strategies with 

the so-called “trojan horse” method that exploits transporters expressed on brain endothelial 

cells to hijack the native transport mechanism into the brain.43–47 These include targets such 

as the transferrin transporters, amino acid transporters, glucose transporters, etc. However, 

this strategy suffers from the lack of specificity to target diseased brain regions as these 

transporters are typically ubiquitously expressed. Furthermore, the transporters can become 

downregulated during the disease process thus reducing uptake in regions where delivery is 

desired. Therefore, our goal has been to identify brain endothelial cell targets that become 

overexpressed on the luminal side of the BBB to provide active targeting at the earliest 

stages of the disease process specifically where these alterations in the brain are occurring.

Here we report our development of a claudin-1 targeted NP that directly binds purified 

claudin-1 and has the ability to accumulate and be retained in regions of the brain 

vasculature with aging-induced increases in claudin-1 expression. We utilize a Gd 

NP core that provides contrast in magnetic resonance imaging (MRI) to observe NP 

accumulation and retention in the brain as well as fluorophore modification for fluorescence 

imaging of NP binding to regions of high claudin-1 expression. We find that 12-month-

old mice (corresponding to middle age in humans) have higher claudin-1 expression 

in brain endothelial cells than their 2-month-old (corresponding to adolescence in 

humans) counterparts, and that this higher claudin-1 expression correlates with higher NP 

accumulation and retention as measured by MRI.

RESULTS AND DISCUSSION

Nanoparticle synthesis and characterization

BBB dysfunction has been shown with aging and age-related neurodegenerative conditions 

such as Alzheimer’s disease.4 This BBB dysfunction represents a possible target for delivery 

to the aging brain using multifunctional NPs. Here we utilized ultrasmall 3.5 nm Gd NPs 

labeled with AF647 to provide multimodal imaging through MRI and fluorescence. PEG 

diacid was used to coat the synthesized NPs. The addition of PEG to NP surfaces can reduce 

clearance by the reticuloendothelial system (RES) and increase circulation time.48–50 Not 

only can the PEG coating prevent aggregation, but it can also increase solubility in serum 

because of repeating the hydrophilic ethylene glycol units.51–52 The high-resolution TEM 

images of PEG diacid coated Gd NP cores revealed the average NP diameter was around 

3.5 nm verifying their ultrasmall size (Figure 1A). From DLS measurements, the average 

hydrodynamic size of the nanoparticle was 10.5 nm (Figure 1B), and the zeta potential was 

−16.1 mV (Figure 1C). The PEG diacid coating was confirmed using FTIR. We compared 

PEG diacid coated Gd NPs with free PEG diacid and observed that the C = O stretch was 

red-shifted by ~ 165 cm−1 from that (= 1740 cm−1) of a free PEG diacid (Figure 1D), 
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confirming the attachment of -COOH group to the NPs as commonly observed in metal 

oxide NPs coated with -COOH group containing ligands.53–54

To determine the MRI enhancing properties of the NPs, both R1 and R2 were measured 

at 9.4 T and plotted as a function of Gd concentration. Longitudinal (r1) water proton 

relaxivities were estimated from the corresponding slopes, giving a value of 4.05 s−1mM−1 

and transverse (r2) water proton relaxivities were estimated from the corresponding slopes, 

giving a value of 3.35 s−1mM−1 for PEG-Gd NPs. T1 and T2 map images (Figure 1E and 

1F) show apparent dose-dependent contrast enhancement.

Peptides were conjugated to PEG the surface of the NPs through EDC-NHS chemistry. 

Peptide density on the surface of the NP was between 15–19 peptides per NP (Table 1) 

depending on the peptides, indicating similar peptide densities of around 2.02, 2.14, 2.56 

and 2.02 nm2/ peptide, respectively. The hydrodynamic sizes and zeta potentials of all 

peptide conjugated NPs were similar (Table 1) reducing the chances of confounding cell 

binding and uptake effects caused by different physicochemical properties of the NPs.55–57

MRI assessment of brain accumulation and retention

BBB permeability is typically investigated utilizing small molecule Gd-based contrast 

agents for DCE-MRI. We have recently extended the use of this DCE-MRI method 

for use with contrast-enhancing NPs to compare the permeabilities of different NPs.33 

DCE-MRI represents a robust method for assessing NP accumulation and retention in the 

brain as compared to more static, non-invasive methods such as concentration mapping 

or fluorescence imaging at single time points, which cannot distinguish between NP in 

the blood or that which has been transferred to the tissue compartment. While DCE-MRI 

has typically been used to measure permeability of tissues, we have recently reported a 

method for comparing the permeabilities of NPs within a tissue using MRI to identify 

the permeability coefficient Ktrans.33–34 The spatial resolution of this method does not 

enable direct observation of NP escaping from the vasculature into the parenchyma, but 

the observation of accumulation over time in a region may suggest this extravasation is 

occurring. NPs may, alternatively, be retained on the luminal side of the BBB, but in that 

case, their accumulation may suggest engagement with cellular receptors such that local 

concentrations at the BBB are higher than those in the general circulation. The effect of 

peptide targeting on NP accumulation and retention in the brains of 12-month-old mice 

was assessed in brain regions known to be affected by BBB breakdown during aging (i.e., 
corpus callosum,5 hippocampus,4 hypothalamus,58 cortex59–60) and in regions thought to 

be minimally affected by aging (i.e., muscle). In the corpus callosum (Figure 2), NPs 

targeted with the C1C2 peptide against claudin-1 (C1C2-NPs) showed a significant increase 

in Ktrans in 12-month-old mice as compared to other peptide modified and control NPs 

as well as compared to 2-month-old mice suggesting preferential binding to upregulated 

surface claudin-1 induced by aging. Similarly in the hippocampus (Figure 3), C1C2-NPs had 

a trending increase in Ktrans that was not significant because of high variability of Ktrans 

values in these 12-month-old mice that could be a result of differential claudin-1 expression 

between mice. A summary of Ktrans results for each brain region is shown in Table 2. 

In the corpus callosum of 12-month-old mice, the mean Ktrans value for control NPs was 
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0.0017 min−1, similar to that observed in 12–16 month old mice using Magnevist as the 

contrast agent.5 The mean Ktrans value for C1C2-NPs was significantly greater at 0.0058 

min−1, suggesting active binding to increased claudin-1 expression. In the hippocampus of 

12-month-old mice, the mean Ktrans value for control NPs was 0.0018 min−1, similar to a 

Ktrans of ~0.001 min−1 observed for middle aged humans of around 40 years of age using 

MultiHance as the contrast agent.4 For C1C2-NPs, a Ktrans value of 0.0040 min−1 was 

observed in the hippocampus. The highest Ktrans value in the cortex and hypothalamus of 

2-month-old or/and 12-month-old mice was 0.0148 min−1 and 0.0102 min−1 for C1C2-NPs 

(Supplementary Figures 1–2). On the other hand, the highest Ktrans value in the muscle was 

observed for control mice as 0.0079 min−1 (Supplementary Figure 3).

Specific binding and affinity of C1C2-NP to claudin-1

To determine whether C1C2-NPs bind claudin-1 specifically, mouse brain microvascular 

endothelial (bEnd.3) cells were exposed to the AF-647 modified NPs in vitro. Control cells 

showed no binding to C1C2-NPs as expected as claudin-1 expression is low under normal 

culture (Figure 4A–C). We found claudin-1 expression was induced by exposure to ethanol 

(the mechanism of which needs further study), and C1C2-NPs showed much higher binding 

to cells, suggesting specific binding to mouse claudin-1. To determine if C1C2-NPs could 

also bind to human claudin-1, bEnd.3 cells were transfected to express human claudin-1 

and exposed to C1C2-NPs. High NP binding was observed in this condition suggesting 

C1C2-NPs can bind to both human and mouse claudin-1.

To assess the binding affinity of C1C2-NPs to human claudin-1, we labeled C1C2-NPs with 

AF647 and quantified binding to recombinant human claudin-1 using MST. The dissociation 

constant (KD) of C1C2-NPs to human claudin-1 was 21 ± 14 μM (Figure 4D). Measuring 

the binding of empty NPs to human claudin-1 we found a KD of >300 μM while for C1C2 

peptides alone no binding to human claudin-1 was detected. The lack of C1C2 binding to 

human claudin-1 observed in this assay could be caused by the conformational freedom 

of the peptide free in buffer, which could disrupt specific C1C2-claudin-1 interactions. 

Anchoring the peptide to the surface of a NP would reduce the conformational freedom of 

the peptide and increase specific C1C2-claudin-1 interactions. In addition, the lower KD of 

C1C2-NPs could be caused by a multivalent effect where multiple peptides on the surface 

of a NP are involved in claudin-1 interactions. In order to rule out non-specific binding of 

the AF-C1C2-NP to the β-DDM micelle, the concentration of β-DDM was varied and the 

concentration of AF-C1C2-NP was fixed at 1 μM. No significant binding could be observed 

within the range of β-DDM concentration used for the measurement with human claudin 

1 (data not shown). The specificity of the binding of AF647-C1C2-NP was verified by 

measuring its binding to the human claudins −3, −4 and −9. Human claudin-3 does not show 

any binding. While there is evidence for claudin-1/claudin-3 cis compatibility as determined 

by colocalization in vivo using fluorescence microscopy,61 our MST results indicate C1C2-

NP does not bind to claudin-3 in vitro. This difference may be a result of weakened 

interactions in vitro when there is an absence of larger claudin assemblies, or a result of the 

only 69% sequential similarity between claudin-1 and claudin-3 within the C1C2 binding 

region. The data points for human claudins 4 and 9 could not be fit to the sigmoidal dose 

response curve suggesting that the binding of AF647-C1C2-NP to human claudins −4 and 
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−9, is quite weak (Supplementary Figure 4A, B). However, both human claudins −4 and −9 

bind to AF647-NP (Supplementary Figure 4C, D) and this does not represent non-specific 

binding of the nanoparticles to the detergent micelles. These data indicate that the presence 

of C1C2 peptide makes the nanoparticle-peptide conjugate specific for binding to human 

claudin-1 as well as mouse claudin-1 from our in vitro experiment.

NPs were observed in regions of high claudin-1 expression

As we found higher Ktrans value of NPs in the 12-month-old as compared to the 2-month-old 

mice, we performed immunofluorescence staining of claudin-1 and CD31 to observe the 

co-expression of claudin-1 in brain endothelial cells and the localization of C1C2-NPs 

with respect to these regions (Figure 5). We found colocalization of claudin-1, CD31, and 

nanoparticles in the 12-month-old mice, but this was not observed in the the 2-month-old 

mice. To support this observation, we quantify the colocalization of CD31 and claudin-1 

using the JACoP extension in ImageJ (Supplementary Figure 5). Mander’s colocalization 

coefficient showed a significant increase of CD31 and claudin-1 colocalization in the brains 

of 12-month-old mice as compared to 2-month-old mice. This strongly supports the idea 

that the C1C2-NPs are able to bind to regions of increased claudin-1 on the aging BBB. 

Furthermore, ICP-MS analysis of peripheral organs 1 hr post-injection showed increased 

C1C2-NP accumulation in the kidney (Supplementary Figure 6), further supporting the 

claim of C1C2-NP binding to claudin-1. In addition, claudin-1, which is expressed on 

Bowman’s capsule in the kidney,62 has higher expression levels during aging,18 and we 

observed higher C1C2-NP accumulation in kidneys from 12-month-old mice as compared to 

2-month-old mice.

The significantly higher Ktrans observed in the corpus callosum using C1C2 NPs compared 

with the control non-targeted NPs (Figure 2) indicates significantly higher accumulation 

and retention when claudin-1 is targeted with the C1C2 peptide as compared to other 

peptides and peptides against occludin. This result is in accordance with previous work that 

found following BBB disruption occludin and claudin-5 in the brain endothelium are no 

longer present and instead moves away and colocalizes with astrocytes.63 There are trending 

differences in the hippocampus but without significance (Figure 3), but NP accumulation in 

the hippocampus is observed with higher claudin-1 expression on brain endothelial cells in 

12-month-old mice (Figure 5, Supplementary Figure 5C and D), which might suggest higher 

biological variability in claudin-1 expression in the hippocampus as compared to the corpus 

callosum. Our findings of limited accumulation in 2-month-old mice support the previous 

investigation from Montagne et al.4 where BBB leakiness is lower in younger adults. The 

differences between corpus callosum and hippocampus may be reflective of characteristic 

differences between white matter and grey matter regions. Previous work from Montagne 

et al. suggests higher permeability in white matter regions of both humans and mice based 

on Ktrans quantification with the small molecule Magnevist and deposits of extravascular 

fibrinogen and hemosiderin.4–5 Grey matter however has shown an age-dependent increase 

in permeability in humans that was absent in subcortical white matter tracts.4 These previous 

results, however, were based on the non-targeted, small-molecule Magnevist. The results 

presented here suggest the importance of claudin-1 in determining uptake of C1C2 NPs, 

which may overcome the effects that governed permeation in the small-molecule case. 
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The high Ktrans values in the cortex and hypothalamus with C1C2 NPs, which were 

unremarkable with the control NPs, may be a result of the claudin-1 interactions facilitated 

by the targeting peptide, though further work should be carried out to investigate regional 

permeability increases based on peptide targeting.

The presence of increased claudin-1 on the BBB is correlated with reduced BBB function 

although the specific role of claudin-1 in the normal function of the BBB is still 

under investigation. The question of whether increased claudin-1 expression in the brain 

endothelium is utilized in BBB repair following injury or disease or if increased claudin-1 

expression itself leads to increased BBB leakiness requires further investigation. Claudin-1 

may be required for embryonic development of the BBB and replaced by claudin-5 upon 

complete maturation of the BBB as claudin-1 is involved in neural tube closure in chick 

embryos.64 However, Tran et al., found that β-catenin activates the claudin-1 promoter 

and that inducible knockout of β-catenin in mice resulted in reduced claudin-1 expression 

and increased BBB leakiness even though claudin-5 mRNA levels were not affected,65 

which suggests claudin-1 may have a role in maintaining BBB integrity. Nevertheless, 

these results may be affected by other mechanisms by which β-catenin helps maintain 

BBB integrity as Leibner et al., showed that claudin-1 expression is not under control of 

Wnt/β-catenin signaling.66 This idea is bolstered by Sladojevic et al. that found following 

injury to the BBB caused by stroke, increased claudin-1 expression correlated with reduced 

repair and increased leakiness of the BBB, and that decreasing cell surface expression of 

claudin-1 resulted in improved BBB repair.20 The detrimental effects of claudin-1 were 

thought to be caused by claudin-1-zona occludin and claudin-1-claudin-5 interactions that 

reduced claudin-5-mediated TJ integrity. Conversely, Pfeiffer et al. found that increased 

claudin-1 expression correlated with improved BBB integrity following autoimmune 

encephalomyelitis injury.67 It is thought that claudin-1 is stored in intracellular microvessels 

that quickly traffic to the cell membrane following injury to promote sealing of the BBB. 

This claudin-1 would then eventually be replaced by de novo synthesis of claudin-5 to 

complete regeneration of the BBB. Combined, this suggests claudin-1 may act as an initial 

scaffold for subsequent complete sealing of the TJ by claudin-5 in the formation of the 

BBB. In aging or disease, however, chronic cell surface expression of claudin-1 may be an 

early event in BBB disruption and chronic progression of BBB dysfunction by chronically 

inhibiting normal claudin-5 interactions that would completely seal the BBB. Indeed, our 

Western blot and Mander’s colocalization coefficient results (Supplementary Figure 5) 

support these previous findings. We did not observe a difference in the protein levels of 

claudin-5 and claudin-1 between 2-month-old and 12-month-old mice. We did, however, 

observe increased claudin-1 colocalization with CD31 in the brains from 12-month-old mice 

as compared to 2-month-old mice. Claudin-11 also plays a major role in maintaining BBB 

integrity and is downregulated in multiple sclerosis,68 yet it is unclear if claudin-1 and 

claudin-11 directly interact. Our results in 2-month-old and 12-month-old mice (Figure 5, 

Supplementary Figure 5C and D) suggest abnormal claudin-1 cell surface expression at the 

BBB is an age-related event that can be actively targeted by NPs both as a tool to study age 

related BBB dysfunction and as a delivery vehicle for site specific delivery of therapeutics.

We showed attachment of C1C2 to NPs could increase accumulation specifically in brains 

with increased C1C2 expression in endothelial cells, but also observed accumulation in 
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other regions of the body where claudin-1 plays a major role as a tight junction protein 

(Supplementary Figure 6), which further supports the utility in C1C2-NPs in targeting 

claudin-1. However, future studies utilizing C1C2-NPs for therapeutic delivery must take 

into account possible effects of delivered therapeutics into these organs, especially those 

where claudin-1 expression is increased during aging,18 such as Bowman’s capsule in the 

kidney62 as we observed higher C1C2-NP accumulation in the kidney in 12-month-old as 

compared to 2-month-old mice (Supplementary Figure 6).

While our current study does not look at the downstream effects of C1C2-NP binding 

to the BBB in 12-month-old mice, C1C2 peptide has been shown to promote resealing 

of the BBB.20 C1C2 binds to the first extracellular loop of claudin-1, which weakens 

trans- and cis-claudin-1 interactions and reduces claudin-1/ZO-1 interactions. Similarly, we 

showed C1C2-NP actively bind to both mouse and human claudin-1 in brain endothelial 

cells induced to express claudin-1 through ethanol exposure or exogenously express human 

claudin-1 through plasmid transfection (Figure 4). Furthermore, the multivalent effect of 

multiple C1C2 peptides on the surface of the C1C2-NP resulted in a high binding affinity 

to claudin-1 with a dissociation constant of 21 μM. Previous reports have indicated that the 

permeability of the tight junctions in Caco II and MDCK II cell lines can be changed using 

C1C2 peptide at ~200 μM.20, 69 This corresponds to saturating concentrations of the peptide 

with respect to the Kd. Therefore, both the multivalency effect as well as the anchoring of 

the C1C2 peptide to the surface of a solid NP may help increase the binding affinity towards 

claudin-1.

Therefore, since claudin-1/claudin-5 are considered incompatible,70 reducing these 

claudin-1 interactions at the cell surface may allow the more robust claudin-5 interactions 

to predominate for tighter BBB sealing. NP-bound C1C2 may further promote claudin-1 

internalization from the increased wrapping energy induced by the NP core.71–73 This could 

then lead to increased cytosolic degradation of claudin-1.69 Thus, specific delivery into the 

endothelial cells with abnormal TJ protein expression would make for an ideal treatment 

strategy if the NPs were modified to also deliver a therapeutic that was shown to normalize 

TJ protein expression. These conjectures are highly deserving of future study in the role 

claudin-1 plays in the early breakdown of the BBB as well the use of C1C2-NP as a tool 

to study and interact with the changes. The fate of NP after binding to claudin-1 (e.g., 
internalized, transcytosed, surface bound, etc.) will be an important consideration in future 

utility of our reported delivery strategy. Our results strongly support claudin-1-specific 

binding of the C1C2-NPs with higher NP binding in mice with higher claudin-1 colocalizion 

with brain endothelial cells (Figure 5).

CONCLUSIONS

BBB integrity is central to maintaining brain health and aging-induced alterations in TJ 

protein expression can lead to chronic leakiness of the BBB, which is directly correlated 

with cognitive impairment. With the eventual goal of establishing a targeting method 

for promoting NP delivery specifically to regions of the brain with altered function, we 

developed a claudin-1 targeted NP (C1C2-NP) to target this TJ protein that appears to be 

involved in the chronic impairment of BBB integrity. We find that C1C2-NP has high 
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accumulation and retention in brain vasculature in aged mice. Furthermore, C1C2-NP 

accumulation and retention are observed in regions of high claudin-1 expression on the 

brain endothelium. Overall, our findings support the idea of increased claudin-1 expression 

in brain endothelial cells during normal aging and that these regions of altered expression 

can be targeted with a NP. Therefore, these C1C2-NPs offer utility as a tool to monitor 

alterations in TJ protein expression that may cause BBB leakiness through non-invasive MR 

imaging as well as a targeted delivery vehicle to improve site-specific target engagement of 

delivered therapeutics.

METHODS

Materials.

Gadolinium chloride hydrate (GdCl3·xH2O, 99.9%), europium (III) nitrate hydrate 

(Eu(NO3)3·5H2O, 99.9%), triethylene glycol (TEG, 99%), sodium hydroxide (NaOH), 

Poly(ethylene glycol) diacid (Mn 600), ethyl-3-(3-dimethylaminopropyl)- carbodiimide 

hydrochloride (EDC, ≥ 98%), and N-hydroxysuccinimide (NHS, 98%), molecular weight 

cutoff dialysis membranes (Flot-A-Lyzer, 20 kDa) were purchased from Sigma-Aldrich. 

Alexa Fluor 647 cadaverine (AF647, Mn~ 1000) was purchased from Thermo Fisher 

Scientific. Cldn1-146,74 cldn1-53,74 occludin-207,75 and C1C220 were purchased from 

Genscript Corporation, and they are all amidated at the C-terminal and acetylated at 

the N-terminal. Deionized water in the experiments was obtained by using a Millipore 

water purification system. All other chemicals and solvents used in this work were high-

performance liquid chromatography (HPLC)-grade.

Synthesis of Gd NPs.

1 mmol of GdCl3.xH2O was added into 30 mL of triethylene glycol containing 100 mL 

three-necked flask. The mixture was heated to 80°C and magnetically stirred until the 

precursors were completely dissolved in the solvent. Then, 3 mmol NaOH was added and 

continued stirring for 4 h at 180°C. To coat the hydrophobic NPs, 2 mmol PEG-diacid was 

added and continued the reaction with stirring for 12 h at 150°C. After completely cooling, 

the synthesized nanoparticles were washed 3 times using deionized water.

Conjugation of NPs.

To conjugate NPs to the peptide, 1 mL of 0.1 mg/mL NPs were taken in 0.9 mL PBS. 

To the NPs 4 mg of EDC and 2 mg of NHS were added in a stepwise fashion with 

continuous stirring. Peptide (0.1 mg/mL) was then added and continuously stirred for 2 h. A 

float-a-lyzer dialysis kit was used to remove unconjugated peptides. The whole experiment 

was conducted in the dark.

To make the NPs fluorescent for microscale thermophoresis measurements, AF647 was 

attached to the Gd NPs using the EDC-NHS coupling reaction. Briefly, 0.1 mL of 1 mg/mL 

Gd NPs were taken into 0.9 mL PBS. Then 2 mg of EDC and 1 mg of NHS were added in a 

stepwise fashion with continuous stirring. Alexa Fluor 647 (0.1 mg/mL) was then added, and 

the mixture was continuously stirred for 2 h. Unconjugated fluorophore was removed with a 

Float-a-lyzer dialysis kit. The whole experiment was conducted in the dark.
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Characterization.

A high voltage transmission electron microscope (TEM) (Tecnai Osiris TM, 200 kV) was 

used to measure particle diameters of PEG diacid coated Gd NPs. A copper grid (PELCO 

mesh size 400, TED PELLA, INC.) covered with an amorphous carbon membrane was 

placed onto a filter paper. Then, a sample solution diluted in triply distilled water was 

dropped over the copper grid by using a micropipette (Eppendorf, 2 - 20 μL). Dynamic 

light scattering (DLS) studies of the NPs were conducted using a Malvern Instruments 

Zetasizer Nano series instrument. Solutions of the NPs were prepared in DPBS (pH 7.4) at a 

concentration of 0.05 mM. The resulting solutions were filtered with 0.22 μm filters before 

the measurement. The NP concentration was determined by using an inductively coupled 

plasma mass spectrometer (ICPMS) (Agilent 7500 cx). To determine this, ~ 0.5 mL of the 

NP solution was taken out and treated with HNO3 to dissolve nanoparticles in the solution 

completely. A Fourier transform-infrared (FT-IR) (Nicolet AVATAR 380 FT-IR) was used to 

verify the surface coating. To record the FT-IR absorption spectrum (400–4000 cm−1), the 

powder sample was prepared. Peptide attachment to NPs was confirmed using BCA assay. 

Attaching efficiency was confirmed using the equation, Conjugation Efficiency of peptide 

(%) = Amount of peptide in NPs/ Initial amount of peptide x 100.

To calculate the number of peptides per NP we determined the ratio of molarities of peptides 

to NP cores. Molarity of the peptides were determined from the conjugation efficiency and 

molecular weight of the peptides (cldn146, cldn53, ocldn207 and C1C2 is 1897.06, 3027.4, 

1978.22 and 2891.12 g/mol, respectively). To calculate the molarity of the NP, we calculated 

the mass of a NP where m = ρ x V; where ρ is the density of the NP (7.4 g/cm3 for Gd 

oxide) and V is the calculated volume of the NP (V= 4/3πr3, where r is the radius of the 

NP). The number of NP in colloidal solution is N = C/m, where C is the concentration 

of metal in NP solution (0.08 mg/mL) measured by ICP-MS and m is the mass of a NP 

calculated above. The molarity of NP is MNP = N/V x 1/NA, where N is the number of 

particles calculated before, V is the volume of NP solution and NA is Avogadro’s number.

R1 and R2 Relaxivity and R1 and R2 Map Image Measurements.

Both R1 and R2 map images, as well as both T1 and T2 relaxation times, were measured by 

using a 9.4 T MRI instrument (Varian 9.4 T) equipped with a 4 cm Millipede RF imaging 

probe with triple-axis gradients (100 G/cm max). A series of five aqueous solutions of 

different concentrations (1.0, 0.5, 0.25, 0.125, 0.0625, and 0.03125 mM Gd) were prepared 

by diluting each MRI solution with PBS. Then, both map images and relaxation times 

were measured by using these solutions. The R1 and R2 relaxivities were then estimated 

from the slopes in the plots of 1/T1 and 1/T2 versus NPs concentration, respectively. The 

measurement parameters for the fast spin-echo T1 mapping sequence were as follows: the 

external MR field (H) = 9.4 T, the temperature = 22ºC, the number of acquisition (NEX) 

= 1, the field of view (FOV) = 25×25 mm2, the matrix size = 128×128 voxels, echo train 

length = 16, echo spacing = 8.1 ms, slice thickness = 2 mm, seven different repetition times 

(TRs) were used in linear increments from 200-2000 ms, and the echo time (TE) = 32.42 ms. 

Signal was fit to the following equation using MATLAB to find T1:
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S = S0 1 − e− TR
T1

Where, S is the signal for a given voxel, and S0 is the signal of that voxel at saturation. 

T2 mapping was carried out using a multi-echo scan with the same parameters as the T1 

scan with the following exceptions: the number of echoes = 10, 10 TEs linearly spaced from 

10-100 ms, and TR = 3000 ms. T2 mapping was performed using Osirix and linear fitting 

followed in MATLAB.

Animals.

Both male and female 2-month-old C57BL/6J mice (Jackson Laboratory, Bar Harbor, 

ME) and 12-month-old C57BL/6J and CX3CR1-GFP (Jackson Laboratory, Bar Harbor, 

ME) from a C57BL/6J background mice were used. Mice were housed in a 12 h/12 h 

day/night cycle with ad libitum access to standard mouse chow and water. All animal 

work was approved by and performed under the guidance of the University of Nebraska-

Lincoln IACUC. The animal experiments were run in two separate experiments using two 

independent preparations of C1C2-NPs. An initial experiment with n = 3–4 mice in each 

group (control, Cldn146, Cldn53, Ocldn, and C1C2 all in 12 month old mice) was followed 

by a second experiment with n = 4–5 mice in each group (C1C2 in 12 month old mice and 2 

month old mice) to verify our results.

Ktrans MRI.

In vivo NP assessment consisted of dynamic contrast-enhanced (DCE)-MRI using a 9.4T 

MRI system (Varian) to compare targeting agent effect on the uptake as previously 

described.34 Briefly, mice were induced with about 2% isoflurane gas and maintained at 

a concentration sufficient to achieve 50 to 80 breaths per minute. Baseline T1 maps were 

generated using a gradient-echo sequence and the variable flip angle method with two 

angles, 10° and 30°.76 Mice were injected with 100 μL of a 0.5mM NP solution via tail 

vein catheter followed by 100 μL PBS to flush all remaining NP solution. A flip angle of 

30° was used for all post-contrast scans, which occurred for 1 h following injection. TR was 

between 54 and 84 ms, TE between 2.73 and 4.24 ms, matrix size between 128×128 and 

256×256, FOV between 20×20×10 mm3 and 25×25×10 mm3 depending on the experiment. 

NEX varied with matrix size to maintain temporal resolution, with 128×128, NEX = 5 for all 

scans, with 256×256, NEX = 4 for baseline and 1 for post-contrast scans.

Following serial image acquisition, resulting in about 100 post-contrast scans per animal, 

R1, concentration, and Ktrans mapping were performed using custom MATLAB script. 

R1 mapping was performed using the variable flip angle method based on the following 

equation:77

SSPGR
sin (α) =

SSPGR
tan (α) E1 + M0 1 − E1
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where SSPGR is signal intensity, α is FA, E1 is exp(TR/T1), and M0 is a proportionality 

factor related to longitudinal magnetization. E1 describes the linear relationship between the 

two signal intensity ratios, taking the slope, m, of that line enables calculation of T1 as:

T1 = −TR
ln m

Concentration maps were then generated by comparison of baseline R1 maps with post-

contrast R1 maps using the following equation:

C t =
R1 t – R1 t0

r1

where C(t) is the concentration at time t, R1(t) is the post contrast R1-value at t, R1(t0) is 

baseline R1, and r1 is relaxivity of the contrast agent. Ktrans, the contrast extravasation rate 

constant, mapping was then performed using the Patlak model:

C t = vpCa t + Ktrans ⊗ Ca t

where C is the tissue concentration, Ca is the arterial plasma concentration, vp is the plasma 

volume fraction, and ⨂ is convolution. The Patlak model was chosen based on its previous 

use to assess subtle changes in BBB permeability associated with aging.78–79 MATLAB was 

used to execute a least squares curve fitting routine to calculate Ktrans for each voxel in the 

brain.

Microscale thermophoresis (MST).

Human claudin-1 was expressed and purified as reported previously.80 MST measurements 

were performed using a Monolith instrument (NanoTemper Technologies). For experiments 

with human claudin-1, the assay buffer contained 10 mM Tris HCl, pH 8.0, 100 mM NaCl, 

4% glycerol, and 0.04% n-Dodecyl-β-D-Maltopyranoside (β-DDM). NPs and peptides were 

labeled with AF647 prior to MST analysis as described above. For the binding experiments 

the concentration of human claudin-1 was varied from 0.2-74000 nM and the AF647 labeled 

C1C2-NP was fixed at 70 nM, while the AF647 labeled NPs and AF647 labeled C1C2 

peptide were fixed at 1 μM and 0.3 μM, respectively. Binding of the AF647 labeled 

C1C2-NP to human claudin-3, −4, and −9 were tested using 0.4-14000 nM, 0.8-28000 

nM, and 0.6-20000 nM, respectively; with the AF647 labeled C1C2-NP fixed at 70 nM. 

This assay buffer was similar, except β-DDM was replaced with 0.1% n-Undecyl-β-D-

Maltopyranoside. In order to check non-specific binding of β-DDM micelle to the AF647 

labeled C1C2-NP, the concentration of ß-DDM was varied from 0.97 mM – 0.2 μM and the 

concentration of the AF647-labeled C1C2-NP was fixed at 1 μM. A similar experiment was 

performed wherein the concentration of UDM was varied from 10 mM – 0.7 μM and the 

concentration of AF647-labeled control NP was fixed at 1 μM. The non-specific binding of 

human claudins 4 and 9 to the NP was examined by varying the concentrations of human 

claudins 4 and 9 from 0.1 nM - 20.1 μM and 0.09 nM −31.1 μM, respectively. The human 

claudin sub-dilutions were mixed with the NPs or peptides and loaded in standard monolith 
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NT.115 capillary tubes for measurement. All experiments were conducted at 23°C using the 

nano-red channel of the Monolith instrument and the data were analyzed by using either 

Monolith analysis software or Graph Pad Prism, version 9 (Graph Pad Software, San Diego, 

California).

In-vitro analysis over C1C2-NP binding towards Claudin-1.

bEnd.3 cells were cultured according to the ATCC culture conditions in DMEM. These cells 

were subjected to ethanol (50mM) treatment to induce claudin-1 expression and incubated 

with C1C2-NP for 4 hrs. For determining attachment of the C1C2-NP to human claudin-1, 

human claudin-1 encoded PCMV script plasmid was overexpressed in bEnd.3 cells and then 

incubated with C1C2-NP for 4 hrs.

Fluorescence imaging.

A fluorescence microscope (LSM800, Zeiss) was used to take the fluorescence image of 

mice brain. Mice were transcardially perfused after 2h of MRI with 4% paraformaldehyde 

(PFA) in Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Waltham, 

MA). We did not perform a PBS perfusion prior to PFA because of the likelihood of 

washing out materials weakly bound to the vasculature or within the leaky BBB. While 

this experimental design does increase the chance of a false positive caused by NP uptake 

by peripheral macrophages that become fixed in circulation in the brain, the timeline for 

our imaging session and subsequent brain collection (~2hrs post-injection) is much shorter 

than the timeline for this peripheral macrophage uptake and trafficking to occur (e.g., it 
takes 24–48 hrs following a traumatic brain injury for the first circulating immune cells to 

arrive).81–83 Brain tissue was collected, trimmed, and fixed in 4% buffered PFA for 24 h. 

The brains were moved into 30% sucrose in DPBS for 3 d at 4°C for cryoprotection. The 

brains were then embedded in 2.6% carboxymethylcellulose (CMC, C4888, Sigma-Aldrich, 

St. Louis, MO), frozen on dry ice, and sliced coronally at a 15 μm thickness with cryotome 

(Leica Biosystems, Wetzlar, Germany). The brain slices were laid on poly-L-lysine coated 

microscope slides (6776215, Epredia, Kalamazoo, MI) and dried overnight at RT. Sections 

were washed with DPBS thrice for 5 min each to remove the CMC. The brain slices were 

blocked with 3% normal donkey serum, 0.3% triton X-100, and 0.1% sodium azide in DPBS 

for 1 h at RT. The primary and secondary antibody (Ab) were diluted in the blocking buffer. 

The brain sections were incubated with 1:250 dilution of rat anti-CD31 (ab56299, Abcam, 

Cambridge, UK) and 1:100 dilution of rabbit anti-claudin-1 (51-9000, Invitrogen, Carlsbad, 

CA) overnight at 4 °C then washed thrice for 5 min each with blocking buffer before the 

sections were incubated with a 1:250 dilution of an AF488 labeled goat anti-rat secondary 

Ab (ab150157, Abcam) and AF555 labeled donkey anti-rabbit secondary Ab (ab150074, 

Abcam) for 2 h at RT. The brain sections were again washed thrice for 5 min each with the 

blocking buffer before being stained with DAPI for 5 min, washed with DPBS followed by 

water, and mounted with ProLong™ Gold Antifade Mountant (Thermo Fisher Scientific).

Images were acquired with confocal microscopy at 40x objective lens magnification. 

Quantitative image analysis of claudin-1 and CD31 colocalization was performed with 

JACoP and ImageJ software on at least three randomly selected viewing fields for each 

region for each mouse.

Bony et al. Page 13

ACS Nano. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Western blot.

Mice were transcardially perfused with ice-cold DPBS. The brains were extracted; cortex 

and hippocampus were separated. Cortex and hippocampus were then lyzed in RIPA lysis 

buffer and 1 mM phenylmethylsulfonyl fluoride. Protein concentration was measured using 

Pierce™ BCA protein assay (Thermo Fisher Scientific). 30 μg of extract protein was 

resolved by 12% SDS-PAGE and transferred onto PVDF membranes (Bio-Rad). Membranes 

were washed with TBS and were incubated with 3% QuickBlocker (G-Biosciences, St. 

Louis, MO) in TBS for 1 h RT. The membranes were incubated overnight at 4 °C with 

1:500 dilution of rabbit anti-claudin-1 (51-9000, Invitrogen), 1:500 dilution of mouse 

anti-claudin-5 (35-2500, Invitrogen), or 1:1000 dilution of mouse anti-β-actin (A5441, 

Sigma) antibody in TTBS containing 3% QuickBlocker. Membranes were washed with 

TTBS before being incubated for 1 h at room temperature with 1:3000 dilution of HRP-

conjugated goat anti-rabbit or anti-mouse secondary antibody (Bio-Rad) in TTBS containing 

3% QuickBlocker. Membranes were then washed thrice with TTBS and antibody binding 

visualized by chemiluminescence (Clarity Western ECL Substrate, Bio-Rad) and quantified 

using the ChemiDoc system running the Image Lab software package (Bio-Rad).

Biodistribution.

Mice were transcardially perfused with ice-cold DPBS 1 hr following injection of control 

or C1C2 conjugated NPs (100 μL of 0.5 mM NPs) and heart, lung, liver, kidneys, spleen, 

colon, and intestine were collected and weighed. Three 2 month old and three 12 month old 

mice were used for this experiment. Gd concentrations were determined by digesting tissues 

with 600 uL HNO3 at 100 °C for 120 minutes prior to filtering and dilution for measurement 

using inductively coupled plasma mass spectrometry (ICP-MS).

Statistical analysis.

All the data in this study were expressed as mean ± standard error of the mean (SEM). A 

p < 0.05 was considered statistically significant. Data fitting for MST measurements were 

performed with GraphPad Prism 9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NP characterizations. a) HRTEM images of the PEG diacid coated ultrasmall Gd 

nanoparticles. The corresponding circle shows the diameter of the nanoparticle, which is 

3.5 nm. b) From DLS, the average size of the nanoparticle is 10.5 nm. c) The zeta potential 

value is −16.1 mV for Gd nanoparticles. d) FT-IR absorption spectra of (I) free PEG diacid 

(red line), (II) PEG diacid coated ultrasmall Gd nanoparticles (black line). e) R1 relaxivity 

and T1 map images, f) R2, and T2 map images of Gd nanoparticles.

Bony et al. Page 20

ACS Nano. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
NP accumulation in the corpus callosum. a) Ktrans maps showing NPs uptake in corpus 

callosum, b) Mean Ktrans values of different peptide conjugated NPs in corpus callosum. 

Data are presented as an average of mice (3-8 mice) experiments with standard deviations, 

*p < 0.05. Significance as compared to all other treatments was determined using two-way 

ANOVA with Dunnett’s post-hoc test.
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Figure 3. 
NP accumulation in the hippocampus. a) Ktrans maps showing NPs uptake in hippocampus, 

b) Mean Ktrans values of different peptide conjugated NPs in hippocampus. Data are 

presented as an average of all mice (3-8 mice). Significance as compared to all other 

treatments was determined using two-way ANOVA with Dunnett’s post-hoc test.
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Figure 4. 
C1C2-NP specifically binds to both mouse and human Claudin-1. A-C) In vitro 
immunofluorescence of NPs binding claudin-1 in mouse brain endothelial (bEnd.3) cells. 

A) Western blot analysis of claudin-1 in bEnd.3 cells and those induced to express 

claudin-1 through ethanol exposure or exogenous expression through plasmid transfection. 

B) Quantification of claudin-1 expression relative to β-actin. *** indicates a statistical 

difference (p < 0.0001) in claudin-1 expression as compared to control cells. C) C1C2-NP 

(magenta) binding to ethanol induced mouse claudin-1 and exogenously expressed human 
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claudin-1. Scale bar represents 10 μm. D) Dissociation constants (KD) for C1C2, C1C2-NP, 

and NP complex formation with human claudin-1. Binding curves for the complex formation 

between human claudin-1 and C1C2-NP (green), NP (red), and C1C2 peptide (blue) using 

microscale thermophoresis. The concentration of human claudin 1 was varied from 74 μM – 

0.2 nM in all three experiments. The concentrations of C1C2-NP, NP, and peptide were fixed 

at 70 nM, 2 μM and 1 μM, respectively. The buffer used for the measurements contained 10 

mM Tris HCl, pH 8.0, 100 mM NaCl, 4% glycerol and 0.04% b-DDM. The experimental 

data points with human claudin-1 and C1C2-NP are reported as standard deviations from 

two independent measurements. The estimated value of the dissociation constant is 21 ± 

14 μM. Human claudin-1 does not show significant binding to the non-targeted NP as the 

dissociation constant is very high >300 μM. The data with the peptide alone does not fit at 

all indicating little binding with free peptide in solution.
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Figure 5. 
Representative images of in vivo C1C2-NP (red) accumulation in the corpus callosum and 

hippocampus colocalize with the immunofluorescence staining for claudin-1 (green) and 

CD31 (purple). Blue DAPI staining indicates nuclei. Scale bar is 20 μm. NP accumulation 

and high claudin-1 co-localization with CD31 can be observed in the 12-month-old mice, 

but not in the 2-month-old mice.
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Table 1.

Properties of NPs and peptides

Name Sequence of peptides Hydrodynamic size 
(nm)

No. of peptides Per 
NP

Zeta Potential, mV 
(with NPs)

Cldn146-NP QEFYDPLTPINARYE 13.94±0.08 19 1.62±0.13

Cldn53-NP SCVSQSTGQIQCKVFDSLLNLNSTLQAT 13.8±0.11 18 2.24±0.18

Ocldn207-NP GSQIYMICNQFYTPGGTG 14.23±0.11 15 3.65±0.19

C1C2-NP SSVSQSTGQIQSKVDSLLNLNSTQATR 14.5±0.13 19 7.81±0.38

ACS Nano. Author manuscript; available in PMC 2022 November 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bony et al. Page 27

Table 2.

Brain region specific accumulation and retention of NPs targeted with various peptides as measured using the 

permeability coefficient, Ktrans (min−1), with MRI. CC, corpus callosum; HC, hippocampus; CTX, cortex; HT, 

hypothalamus.

NP Type

Control (x 
10−4)

Cldn146-NP (x 
10−4)

Cldn53-NP (x 
10−4)

Ocldn207-NP (x 
10−4)

C1C2-NP (x 
10−4)

C1C2-NP (in 2-
month-old mice) 

(x 10−4)

Brain Region

CC 17±14 14±12 22±12 25±14 58±30 19±19

HC 18±12 12±5 18±85 19±14 40±30 19±17

CTX 16±10 3±3 26±9 20±21 148±67 22±15

HT 12±15 8±2 26±13 37±13 102±56 26±17

Muscle 79±22 16±13 9±13 33±7 57±22 28±29
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